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BF Bright-Field 
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CTF contrast transfer function  
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HR High resolution 
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Introduction 
There is a constant need to characterize the structures of new materials for various 

applications, especially nano-structured materials, to give suggestions for improving both 

their properties and synthesis methods. As a first step it is very important to make clear what 

type of information is interesting to know and also what is the best way to gain this 

information from a certain size of crystal or in fine powder or a single crystal form. For 

example, diffraction and imaging experiments can be done in various ways with a number of 

different sources.  

Materials’ functions are strongly dependent on chemical compositions, their structures both in 

atomic scale and in larger scale such as crystal morphology and surface fine structures.  

Especially surfaces are playing very important role as boundaries/interfaces where electrons, 

atoms and molecules should pass through during the functions are operating. 

Therefore we should study two structural aspects; (i) the three-dimensional (3d-) structural 

solution, determination of atomic arrangement in unit cell and (ii) structural characterisation 

of surface, morphology and defects in larger scale.  

To solve the crystal structure, a single crystal XRD is the most powerful technique, however 

TEM gives possibilities for fine powder samples, which are not large enough for single crystal 

XRD analysis.  Scanning electron microscopy gives valuable information of the surface 

topology and chemical composition.  

It is important to notice that TEM gives projected structural information along the direction of 

incident electrons, while SEM gives surface topological information.  Therefore in order to 

obtain 3d-structural information, (i) in TEM experiment, we have to take images or diffraction 

patterns with many different directions and to combine them for finding a consistent structural 

information, and (ii) in SEM experiment, we have to expose internal structure to electrons by 

cross-sectioning the materials without serious structural changes. 

Crystallography can be applied for periodic structure in both diffraction and imaging 

approaches as all structural information will be concentrated only on reciprocal lattice points.  

Furthermore especially in mesoporous crystals, where local structural modulations are 

common, we want to know both an average structure and a local structural deviation from the 

average. For the non-periodic material, techniques such as SEM, gas adsorption and electron 

tomography are used in order to obtain structural information of the non-periodic features 

through the analyses of morphology, pore geometry and 3d-structure.  
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Mesoporous material 
The formation of silica mesoporous can be basically explained by the liquid crystal templating 

mechanism, therefore mesopores are arranged periodically and are supported by amorphous 

silica [1--3]. Due to the large surface areas for interaction with gases/liquids the mesoporous 

materials has many applications within filtration, separation and chemical catalysis and it is of 

great importance to understand the internal structure of the pores, both the size and shape and 

non the less the connectivity between them. Mesoporous materials have been synthesised with 

various inorganic and organic compounds. The first successful attempt of making mesoporous 

crystals with carbon was CMK-1[4], which was made using MCM-48 as a hard template. 

After this success, a whole series of CMK-n phases have been reported. Even though the 

CMK-n series are called replicas they are not simply the negative replica of the silica 

template. Recent progress has made carbon mesoporous crystals available through an organic-

organic self assembly mechanism. There are several with different structures (Ia-3d, p6mm, 

Im-3m, Fd-3m and Fm-3m) in a range of pore diameters from 2 to 40 nm.  

A nanocomposite material makes it possible to have functionality from two materials of 

different composition which gives unique properties. Here carbon-silica nanocomposite 

mesoporous material loaded with palladium metal particles is investigated. The cavities in the 

mesoporous materials open a possibility for introducing metal nanoparticles also into the 

material. This material has proven to be a good candidate as a heterogeneous palladium 

catalyst in water-mediated coupling reactions of aryl chlorides.  

Hollow spheres 

It is well known that the Au is catalytically active only when it is 

nano-sized and thus agglomeration of the free particles is an 

obstacle. The hollow spheres of TiO2 or ZrO2 nanoparticles 

create a good candidate for a carrier material that prevents the 

agglomeration of the gold nanoparticle since it encapsulates the 

particles inside one by one. The porous shell of TiO2 or ZrO2 

nanoparticles has a diameter of about 100 nm. The diffusion should be smooth and the 

material has to be robust enough not to break and thus let the gold nanoparticles out. The 

sample is synthesised by following three steps (i) covering a gold nanoparticle with silica, (ii) 

putting a layer of the shell material  on the silica particle and (iii) removing the silica [5][6]. 

FIG 1 Schematic image of 
the hollow sphere material. 
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Due to the importance of the gold nanoparticles role as a catalyst the hollow spheres material 

is a very noteworthy new type of material.  

Intergrowth tungsten bronzes 

The intergrowth tungsten bronzes (ITB) are a part of the tungsten bronze family which along 

with perovskite tungsten bronzes (PTB), tetragonal tungsten bronzes (TTB), and hexagonal 

tungsten bronzes (HTB) [7]. The name bronze was given due to the metallic shimmer and 

intense colour that characterizes the family of compounds. The tungsten bronzes has due to 

their physical and chemical properties, such as intense colour, electronic conductivity and 

chemical inertness been of interest over the years. They are non-stoichiometric oxides with 

the general formula AxWO3, where A is typically an electropositive alkali metal, in the range 

0 < x < 1.  

In this study the intergrowth tungsten bronze (ITB) type is in focus, in which corner-sharing 

WO6-octahedra are the main building block in the two phases that are intergrown epitaxially 

in the b-axis direction, the HTB- and WO3 - slabs. Kihlborg and Hussain discovered the ITB 

type from high-resolution transmission electron microscopy (HRTEM) studies of alkali 

tungsten bronzes. One of the most powerful methods to characterize the material is by 

HRTEM studies, since from the [001] direction it is possible to deduce the phase. To 

distinguish different ITB phases from each other the number of octahedra in between the 

hexagonal tunnel rows is given in brackets. Thus a single row of hexagonal tunnels will be 

denoted (n)-ITB whereas if the HTB slab is two tunnel rows wide (1,n)-ITB and so on.  

 

 

 

1

(1,6)-ITB HTBWO3

161

(1,6)-ITB HTBWO3

16

FIG 2 Idealized structure model for a (1,6)-ITB with WO3-slab marked with green and HTB-slab marked 
with orange.  
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Crystalline Material 

A crystal has translational symmetry of 

repeating units, so called unit cells, usually 

the objects are on an atomic scale and thus 

they are atoms, molecules and ions. In the 

case of mesoporous crystals, the pores 

posses the long range order and the wall 

material is in most cases amorphous, thus 

does not have any long range order in 

atomic scale.  
A star is the basis repeated to form a primitive 
lattice. The red square is showing the unit cell.   

A basis, repetition in a lattice, will make up a crystal structure and the symmetries of the basis 

and lattice will determine the size and shape of the unit cell, the smallest repeating unit. The 

unit cell can have 7 different shapes, called crystal systems. The crystal system will have a 

lattice and the simplest one is a primitive (P) with only lattice points at the corners of the unit 

cell but there is also other types such as face centred (F) with lattice points also in every face 

of the unit cell. The lattice combined together with the different crystal systems give the 14 

Bravais lattices which describes all the possible ways to arrange repeating points in space. 

The possible combinations of the symmetry elements with the Bravais lattices give the 230 

space groups.  

From diffraction patterns of X-ray or electrons, we have to determine crystal system and to 
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index all reflections at the same time, then we can determine the 3d-structure in atomic scale.  

Reciprocal space  

A diffraction pattern gives the reciprocal lattice, where the spacing between the diffraction 

spots is inversely proportional to that of the spacing’s in the direct lattice. The diffraction 

spots observed in the diffraction pattern are following the (i) Bragg’s law.  

λθ ndhkl =sin2  

and (ii) extinction conditions which comes from symmetry elements existing in the crystal. 
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Interaction of electrons with matter  

TEM

SEM
Secondary electrons (SE)
Backscattered electrons (BE)

EDS - Characteristic X-rays

Auger electrons
Chathodoluminesence

Incident beam

Elastic scattering – imaging and ED patterns
Inelastic scattered electrons - EELS

Forward scattered electrons

Backscattered electrons/signals

Specimen

 

With an objective lens, a convex electromagnetic lens, a beam of electrons forms diffraction 

pattern and image of the object, which is the electron distribution at the exit surface. As 

electrons interact with matter strongly, not only elastic (interaction without energy-loss) but 

also inelastic (interaction with energy-loss) scatterings are occurring.  The elastic scattering 

can be used for the imaging and for electron diffraction. The secondary signals produced by 

the inelastic scattering processes are useful information such as elemental, electronic state and 

topological information of the materials, which will be discussed later.  Among the inelastic 

scattering, ionisation (or electrolysis) process may break chemical bonds or induce point 

defects and therefore cause electron radiation damages.  FIG 3 shows an example of electron 

beam radiation process observed by JEM-2100 LaB6 at 200 kV and current density of 12 

pA/cm2. It is clear that an internal structure 

of silica spheres with mesopores is 

degrading with time of electron irradiation. 

This shows how important it is to make sure 

that what we are investigating is not 

changing/degrading with time. One way to 

overcome the specimen damage problem is 

to work quickly at an electron dose as low as 

possible.  FIG 3 SiO2 nano-particles destroyed under the 
electron beam under TEM studies for a) 0 min, b) 5 
min, c) 10 min and d) 15 min. 
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FIG 4 Schematic drawings of Bohr model of a carbon atom (Z=6) for electron orbits designated as 
K (n=1), L (n=2) and M (n=3) shells (a) and equivalent energy levels (b) are shown below.  The 
dashed arrows illustrate a possible picture for K-shell core-electron excitation to empty M-shell 
(EELS) and the life time (Δt) of this excited state is very short (energy width of characteristic X-
ray ΔE and Δt is combined through uncertainty principle Δt ΔE~h).  L-shell electron fills the 
vacancy of K-shell by emitting characteristic X-ray with an energy corresponding to energy 
difference between L and K-shells (EDS or WDS).  [8] 

Incident electrons with high energy will lose energies by exciting inner shell electrons of 

matter to higher energy states and create a vacancy.  Two spectroscopic approaches will be 

useful to know chemical elements and their compositions and electronic structure of matters. 

One of them is electron energy loss spectroscopy (EELS) where the scattered electrons are 

spectroscopically analysed to give the energy spectrum of the electrons suffered a loss after 

the interaction. There are two types of mechanical setups in the TEM for obtaining an EELS 

spectrum, omega filter and magnetic prism.  In the first case the omega filter is built into the 

microscope and for the latter the magnetic prism is added after the viewing screen. The other 

one is X-ray emission spectroscopy where characteristic X-rays are induced by core electron 

excitations followed by downward transition. The energy of this characteristic X-ray depends 

on the atomic number Z of the atom involved. 

An Auger electron is produced if the energy is transferred to another electron which is then 

released. Both in the SEM and TEM it is possible to analyse the X-ray signal emitted by the 

two methods (i) wave-length dispersive X-ray spectrometer (WDS) and (ii) energy dispersive 

X-ray spectrometer (EDS), where WDS is the more sensitive technique that can detect smaller 

quantities and EDS is the faster of the two and provides a possibility to measure the whole 
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energy range at the same time. The signal from both EELS and EDS can be used to produce 

energy filtered images.  

To understand these processes, we should know electronic structures of materials based on 

quantum mechanics of many electrons-correlated system.  The simplest approach is to start 

from atomic model and to extend it to the solid by introducing bonding or solid-state effects.   

The electron-shell structure of an atom is given semi-classically by what N. Bohr based on the 

Hydrogen-atom model. The energy of an electron with principal quantum number n is given 

by 

En = R(Z 2 n 2),  

where R = K e2 (2aB ) , K =1 (4πε0) : Coulombconstant and  aB = h2 (Km) : Bohr radius. 

By absorbing an energy,  

E f − E0 = R[(Z 2 n f
2) − (Z 2 n0

2)   

from incident electrons, the electron with quantum number n0 will be excited to high energy 

state with quantum number nf or even higher continuous state.  Therefore the inelstically 

scattered electrons carry atomic number information through this inelastic collision.  This is 

not accurate model for electrons other than hydrogen as an element contains many electrons 

(many-electron atoms) therefore electron-electron interaction must be included by quantum-

mechanics.  However, a picture of EDS and EELS for carbon (Z=6) is explained based on this 

model for simplicity.   

 FIG 5 Inner-shell electron excitation and resultant EELS and 
EDS spectra. Figure contributed from Kuroda. 
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Diamond, graphite and fullerene consist 

of only carbon, so that all of these 

specimens have absorption peaks 

around 284 eV in EELS from carbon 

atom.  

From the fine structure of the 

absorption peak, the difference in 

bonding state and local electronic state 

can be detected. The sharp peak of 

absorption edge in graphite and 

fullerene corresponds to the exitation of 

carbon K-shell electron (1s electron) to 

empty anti-bonding π-orbital. No such a 

peak was observed for diamond, 

because there is no π-electron in it. 

 

 

 
FIG 6 EELS spectrum of graphite, C60 and diamond  

 

 14



Transmission Electron Microscopy 
As the name implies, in TEM the transmitted electron after interaction with the specimen are 

used to characterize the material. Thus the image in TEM is a 2-dimentional projected 

representation of the object averaged along the thickness. Four different types of filaments are 

used in TEM; tungsten, LaB6, cold and thermal field emission gun (FEG). The wavelength of 

the electron beam, λ, is related to the energy of the electron, E (non relativistic).  

mE
h

p
h

2
==λ  

A shorter wavelength gives a higher resolution as will be seen later. In TEM information is 

usually gathered from small areas, usually part of crystals, and it should always be 

remembered that it is a local technique limited to the area investigated. Due to this fact TEM 

studies should be combined with techniques such as X-ray diffraction and SEM that give 

more statistical valiability since the information comes from larger areas.   

FIG 7 shows the ray diagrams and positions of the several lenses and apertures in the TEM 

and the different settings for the lenses will fix the mode of an operation for the microscope. 

The electrons transmitted by the specimen go through the objective lens and a diffraction 

pattern is created in the back focal plane of the lens and recombines to form the first 

intermediate image at the image plane of the objective lens. After this the strength of the first 

intermediate lens is set to either in such a way that the second intermediate image is in the 

object plane for the intermediate lens or for diffraction the back focal plane of the objective 

lens, is in the object plane for the intermediate lens. The projector lens will then enlarge the 

diffraction pattern or second intermediate image in the object plane to the viewing screen.  

In TEM the forward scattered, or transmitted, electrons are used as a signal and the interest 

usually lies in the electrons with a direction close to the incident beam direction.  
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The lenses used in TEMs are electromagnetic and have fixed positions, by changing the 

current, the magnetic strength, the focal point of the lens can be changed. There are many 

imperfections in the lenses, which are quite poor compared to those of optical lenses. The 

most crucial lens defects are spherical aberration, chromic aberration and astigmatism.  

Spherical aberration makes electrons that are scattered with a larger angle from the optical 

axis to be brought to focus earlier than the near-axis electrons. Effects of the chromatic 

aberration mainly come from energy spreads of the incident energy and inelastic scattered 

electrons. This will lead to the formation of a disk from a point object. Astigmatism comes 

from an uneven magnetic field that is not cylindrical. The condenser lens is used to control the 

electron illumination onto the specimen. In conventional TEM a parallel beam is desired but 

for techniques such as STEM and CBED a converged beam.  

The positions and sizes of the apertures will control, the beam current, the convergence angle, 

the area of illumination and number of diffracted beams for image formation. 
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FIG 7 Ray diagrams for the electron beam in TEM for diffraction and imaging mode.  
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Electron Diffraction 

The reciprocal lattice points are not points but elongated rods, with a length inversely 

proportional to the thickness of the crystal, along the surface normal of the specimen. This is 

why, together with a short wave length of electrons, we can see so many diffraction spots at 

the same time in the TEM. Selected-area diffraction (SAD) is a standard diffraction technique 

with parallel beam, a selected area aperture is inserted at the image plane of the objective lens 

to chose a region of interest on the specimen. SAD is very powerful especially to study fine 

structure, such as streaks and diffuse scatterings. Convergent-beam electron diffraction 

(CBED) will be used to öbtain symmetry information [9].  

The inelastically scattered electrons followed by elastic scattering by the lattice planes will 

produce Kikuchi lines. They will always come in pairs one bright and one dark, the pair ±g 

lines, and we can observe Kikuchi band from thick crystals. During operation of the TEM, as 

a method to find the zone axes, Kikuchi lines are very useful since they clearly show the way 

to the next zone axis. But in order to be able to use the Kikuchi lines the crystal needs to be 

thick enough to produce them.  

Imaging 

The TEM-image can be considered to be a 2D-projection of the 3D object. There are several 

contrast forming mechanisms.  

(A) For adsorption contrast, the degree of attenuation of the incident beam, comes from (i) 

variations in mass and thickness and can be explained by the Beer-Lambert law where x is the 

path length for the incident beam of intensity, I0; and μ is linear absorption coefficient: 
xeII μ−= 0  

and from (ii) some of diffracted beams that are blocked by the objective aperture from image 

formation.  

(B) The Bragg scattering produced a diffracted beam at special angle (Bragg angle) when 

incident beam satisfy the Bragg condition. By inserting an objective aperture in the back focal 

plane it is possible to choose which electrons that will form the image. If the direct beam is 

chosen we call it bright-field (BF) image and if scattered electrons are chosen the dark-field 

(DF) image. By changing diffraction condition, we can observe contrast in BF image this is 

called diffraction contrast. 

(C) Phase contrast arises from the interference among the beams which the contribution from 

comes inside of an objective aperture. In conventional transmission electron microscopy 
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(CTEM) a parallel beam, plane wave, elastically scattered by the specimen forming direct and 

diffracted beams. Since a parallel beam will be more coherent and thus give more contrast in 

the images. However the higher the magnification the less coherent the beam will be since the 

illuminated area is smaller. Coherence of the electron beam is very important and it is better 

to use a smaller size of electron source and smaller energy spread to obtain better coherence.                 

Both HR-images and electron diffraction (ED) patterns give information of the crystal 

structure and the HR-image gives the real space information and ED the reciprocal space 

information. In the ED pattern, the position of the diffraction spots give information of the 

unit cell size and space group symmetry and the intensities of the spots on the other hand give 

information of the atomic arrangement.  

In an optical microscope, the focus will be the best at Gaussian focus, when defocus is at zero, 

as spherical and chromatic aberrations are well corrected. This is not the case in the TEM 

where a defocus of zero will give the least amount of information. The contrast transfer 

function (CTF) explains how the resolution is changing with the distance in reciprocal space 

(q) depending on the defocus (Δf), wavelength (λ) and spherical aberration (Cs) of the 

microscope.  

⎥⎦
⎤

⎢⎣
⎡ +Δ= 432

2
1sin2)( qCqfqCTF S λπλπ  

The optimal defocus in the TEM is at the Scherzer defocus (Δfsch) and can be calculated by 

knowing the Cs and wavelength. 

( )2
1

2.1 λssch Cf −=Δ  

STEM 

It is also possible to obtain an image in transmission mode by scanning the electron beam 

over an area, called STEM (scanning transmission electron microscopy) bright field (BF) and 

dark field (DF) images. The converged beam will loose the coherency to a large extent and 

thus the image contrast is incoherent contrast. STEM is also a way to get a localized beam and 

thus it is possible to control which area is providing the information, which is important 

especially in analytical EM (AEM).  

HAADF (high-angle annular DF) can be used to gain information about the composition since 

the intensity will be dependent on the atomic number (I ~ Z2) and therefore compositional 

information can be gained. For DF imaging, HAADF detector is used to collect weak 

incoherently scattered electrons at a high angle to avoid the effect from diffracted beams.  
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Crystallography 

Crystallography is to determine the periodic arrangement of atoms in unit cell based on 

translational symmetry. Historically the geometry/morphology of the crystals was used for 

finding point-group symmetry of the crystals but today the diffraction intensity from the 

interaction with probes such as x-rays, electrons and neutrons is used to solve the crystal 

structure. The different source will interact in different ways. The x-rays will be scattered by 

electrons whereas the electrons will be scattered by electrostatic potential produced by both 

the electrons and the nuclei. Neutrons will on the other hand be scattered by the nuclear forces 

and also by electrons with magnetic moments.  
Single crystal X-ray diffraction is a very important and widely most used technique to solve 

crystal structures. However, electron crystallography has a clear advantage over single crystal 

XRD measurements for some type of materials since electrons interact much more strongly 

with matter therefore we can obtain both diffraction and image information even from a 

crystal too small for XRD.  Especially for biological samples, electron crystallography has 

played very important role.  From Fourier transform of the HRTEM images, both the 

amplitudes and the phases of the crystal structure factors are available, whereas the diffraction 

experiments by XRD, ED and ND can give only the amplitudes.  Furthermore for mesoporous 

materials powder XRD can give only a small number of reflections because (i) size of the 

scattering moieties (pores) is very large and therefore scattering amplitude decreases very 

quickly with scattering angle, and (ii) the materials inevitably contain local structural 

fluctuations. 

Therefore mesoporous crystals are suitable to be structurally characterised with electron 

crystallography, and also we can take HRTEM images along principal zone axes rather easily. 

When extracting the structure factors from the images, distortions due to the contrast transfer 

function (CTF) should be corrected. The reconstruction will give the average structure of the 

material, that is, the periodic components.  In order to know the local structural variations in 

pore diameter, size of pore connectivity we need to combine structural information obtained 

by tomography. 

 19



TEM Tomography 
The meaning of tomography is imaging by 

sections or sectioning by the use of wave of 

energy and for example when doing 

conventional medical X-ray tomography the 

sectional images is gained by moving the 

focal plane inside the body . The technique is 

important in many sciences including 

medicine where CT and MRI scans are used 

on a daily basis. In tomography today it is 

more common to collect the projected images 

from many directions.  
FIG 8 Schematic representation of projected 
images, used in TEM tomography. 

In TEM tomography, by computerized 

reconstruction, projected images from multiple directions of the object are collected and then 

the object is gained by a 3D reconstruction. It is important that the contrast in the projected 

image has a linear correspondent to the thickness otherwise the reconstruction will contain 

various artefacts.  

The mathematical basis for the calculations is the Radon transform, here for a reconstruction 

in 2D. 
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Where p(r,θ) is the total attenuation of a ray at position r and on the projection at angle θ and 

f(x,y) the original object. It says that if there are an infinite number of projections of the 

object taken at an infinite amount of directions, the inverse of the Radon transform will 

perfectly reconstruct the object. The micrographs used for tomography have to follow the 

projection criterion, which means that the signal has to vary strictly monotonically with the 

thickness. The defocus effects will however give a small non-monotonic contribution due to 

the Fresnel fringes.  

In the BF-TEM images of strongly scattering crystalline material, the contrast will be 

dominated by a contribution from diffraction contrast. A way to overcome this problem is to 

use STEM-HAADF and EFTEM imaging. In EFTEM diffraction effects will also affect the 

inelastic scattering and thus induce some contribution. The signal decreases with thickness 

and thus only thin samples will show monotonic thickness dependence. For STEM-HAADF 
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the intensity in the image is a function of the atomic number. It is also a linear function of the 

sample thickness. The only artefact comes from channelling effects when crystals are imaged 

exactly along a mayor zone axis.  

It is not possible to collect all 180 degrees; it is more common to sample projected images at 

the range of ±60 degrees. This means there will be a part of the information missing and this 

is called the missing wedge. This will lead to more artefacts in the reconstruction as an 

elongation along z, the direction parallel to the microscopes optical axis, which can be 

calculated with the following formula: 

ααα
ααα

cossin
cossin

−
+

=ze  

The missing wedge can be minimized by using techniques such as dual axis [10] or conical 

tilting [11].  

There are four major steps for doing the tomographic studies (i) acquisition, (ii) alignment, 

(iii) reconstruction and (iv) visualisation. In the acquisition step there is today automated data 

collection system that will do both image tracking and focus tracking in order to compensate 

for the image shift and the possible focus change while tilting the sample. After collection of 

the images, the alignment is the next step, were the exact axis of rotation is identified by least-

square fitting. A weighted back projection (WBP) method is one of the most popular methods 

for the reconstruction. Each 2D image is back-projected along the direction of the projection 

and since it is a linear method the outcome is predictable from the experimental data. A 

downside is that it doesn’t take noise into account, to overcome this; low-pass filter is used to 

remove the effects from the noise.  
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Scanning Electron Microscopy 
There are two main types of electron guns used in 

the SEM, (i) the Field emission gun (FEG) and (ii

thermionic emission gun such a LaB6 or tungsten 

filament. 

) a 

e primary electrons. SE2 are produced 

In SEM a beam is scanned on the surface and by 

collecting the scattered electrons an image is 

recorded. There are commonly two types of scattered 

electrons generated by the electron beam that are 

used in the image formation in SEM: the SE in the 

low energy region with energy from 0 to 50 eV and 

the BE in the high energy region. The SE detector 

uses a field of approximately 10 kV to gather the SEs 

from large angles and thus the SE-image is in that 

sense shadowless. The BE detector is collecting only 

the electrons emitted toward the detector and the 

image will thus be sensitive for specimen tilt and the 

position of the object investigated.  

There are four groups of SE type of signal generated 

and the only signal leading an image with the high 

resolution of the probe is SE1 which is generated by th

by the BE at the surface layer. The SE3 signal comes from BE intecting with the specimen 

chamber and the SE4 signals comes from SE from the column. In order to obtain the 

specimen surface topology SE1 is the most important.  

Electrons scattered at large angles are elastically scattered from deeper part of the specimen 

and therefore the intensity is strongly dependent on Z. This reason compositional information 

can be obtained from BE-images. By using an r-filter the SE and BE signals can be mixed to 

form an image.  

For high resolution SEM (HRSEM) studies at a low landing energy will give the best 

topographical information of the sample since the penetration depth is small and thus 

information comes only from a small part of the surface. For insulating material the lower 

landing energy will also decrease problems of “charging”. In order to obtain lower landing 

voltage (the effective voltage of the specimen to impact electrons), a bias can be put on the 
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FIG 9 a) Schematic overview of the SEM b) 
Representation of the landing voltage on 
the specimen when a specimen voltage is 
used in gentle beam mode.  
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sample, this mode is called gentle beam (GB) mode. This can be especially useful for 

observing a non-conductive material to balance a number of the incident electrons to that of 

the emitted electrons.  

Gas adsorption 
Gas adsorption is the accumulation of gas 

molecules such as N2 on the surface of a solid. By 

changing gas pressure a film of adsorbate on a 

solid is formed first, then gas molecules fill the 

pores. In order to understand the gas adsorption 

process thoroughly, the knowledge of interaction 

between gasmolecule and gasmolecule, 

gasmolecule and solid surface is essential. The 

isotherms are classified into six different types, 

FIG 10 [12], where I is for a microporous solid 

with a small external surface. Isotherm II has an 

unrestricted monolayer-multilayer adsorption but 

the material is nonporous or macroporous. III and V have weak adsorbent-adsorbate 

interactions but for V the adsorbent is porous. IV is for a mesoporous material that contains a 

hysteresis loop related to the capillary condensation. VI describes a stepwise multilayer 

adsorption on a uniform non-porous surface.  

FIG 10 Isotherm types [10] 
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Aims 
(A) The mesoporous carbon (FDU-n) materials:  The aims are to characterize the mesoporous 

strucutre both by electron crystallography, which will give the average (periodic) structure of 

the materials, and by electron tomography, which in turn gives the structural deviation from 

the average, and  to study the bonding nature of carbon atoms in the amorphous wall by 

EELS. 

(B) Gas adsorption process in carbon mesoporous materials:  Gas adsorption technique is 

extensively used for characterization of porous materials; however the gas-adsorption 

isotherm is strongly dependent on various parameters such as pore geometry, interaction 

between gas molecule and carbon-wall and so on.  Furthermore CMK-5 has two types of 

pores with similar sizes.  The aim is to study the gas adsorption process in CMK-5 directly 

through in-situ powder XRD intensity measurement including either internal or external pore 

of carbon cylindrical tube is filled first with gas. 

(C) Silica-carbon nanocomposite mesoporous crystals containing Pd particle which has been 

found to be very active in catalysis. The aim is to make clear the positions of the nano-sized 

palladium particles within pores or outside of pores, which is crucial for understanding their 

activity, with STEM-HAADF. 

(D) Structural characterization of the hollow sphere material:  The aims are to make clear the 

sizes and shapes of the hollow spheres and the gold nanoparticles and to confirm existence of 

pores in the hollow sphere, which are important to understand the activity as a catalyst.  This 

should be studied by combined techniques of HRSEM, CP and EDS. 

(E) Structures of ITB phases:  During the last decade there has been an interest in complex 

mixed metal oxides (containing Sb or Te) with open framework structures of the tungsten 

bronze type due to their expected catalytic properties. Structural studies of the system 

SbxMoyW1-yO3+z were thus undertaken to investigate the influence of the tunnel ions 

(antimony-oxygen) on the tungsten bronze type structure formed. Some questions to be 

answered are: Where are the ions in the hexagonal tunnels located? What is their role for that 

structure type? To what extent can tungsten be replaced by molybdenum in the intergrowth 

tungsten bronze (ITB) type structures?  Can new phases of (n)-ITB-type be formed in the 

system? 
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As a whole the aim is to learn different diffraction and imaging techniques to understand 

structures of nano-structured materials and ITB and structure-function relationship especially 

for nano-structured materials. 
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Experimental 

SAMPLE PREPARATION - TEM 

For TEM studies a key factor is to have an electron transparent 

specimen, which depends on the electron energy and the average atomic 

number of sample. For HRTEM, the technique requiring the thinnest 

sample in TEM, the thickness should be lower than 50 nm. And this 

means in most cases that the material that is to be investigated needs to 

be modified in some way. The common procedure used for the materials 

investigated in this thesis is shown in FIG 11, first the crystals are 

crushed in an agate mortar for 5 minutes, except mesoporous carbon (for 

1 hour). After crushing, the powder has been slurred up with butanol and 

then treated with ultrasonification. Putting a drop on the copper grid 

with an amorphous holey carbon mesh is the last step. For the 

tomography studies a special type of grid for tilting is used with large

likelihood of finding a good particle for tilting large angles without disturbance of the grid is 

increased. This way of preparing samples for the TEM is an easy and efficient way but it also 

has some drawbacks since they can induce mechanical damage to the sample. 

Crushing

Ultrasonification 
in solvent

Crushing

Ultrasonification 
in solvent

Droplet on 
a coppergrid
Droplet on 

a coppergrid

FIG 11 Sample 
preparation for TEM

r holes so that the 

SAMPLE PREPARATION - SEM 

For looking at powders a carbon stub can be used inside the holder. When using SEM to get 

topological information of the surface of a powder, the powder needs to be placed on a 

conducting substrate. The sample preparation method can be of great importance in order to 

obtain the best performance of the microscope. The substrate needs to be conductive to 

transport electrons to the ground. It is possible to place the material directly on a carbon stub. 

A common way is to place a thin layer of the material which is usually epoxy glue or carbon 

paste on a conductive medium. 

Cross-section polisher 

It is very important to know the internal structure of different types of samples such as 

mesoporous carbon crystals and hollow spheres for utilizing their properties. Both techniques 

such as tomography and crystallography can be used in order to understand the internal 

structure. Alternatively with use of High resolution SEM it is today also possible to study the 

internal structure by using cross-section polisher (CP) for sample preparation.  
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CP provides a new opportunity for SEM 

to know more about the internal structure 

of the material, comparable with TEM in 

a nanoscale. The Argon beam in the CP is 

removing 75 um and leaving behind a 

smooth surface to be examined.  

The CP uses a beam of argon ions to 

polish a flat surface on the sample and 

thus provides us a chance to get new 

information of the internal structure of 

specimens. A shield plate is placed in 

front of the sample and this will make the 

surface to be very flat.  

For looking at the internal structure of 

powders, a special type of sample 

preparation technique is used FIG 12 b)). 

In order to reduce beam damage to the samples and to minimize the redeposition of the 

polished matter of the polished matter as much as possible, the powder are glued on the 

backside of a Si-wafer.  

FIG 12 Sample preparation techniques for the SEM 
observation. a) free powder on a stub and b) a method 
for polishing powder samples. 
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Results 
Crystallography and Tomography studies of cage-type FDU-material 

The mesoporous crystals are commonly characterized by the combination of transmission 

electron microscopy, x-ray diffraction and gas adsorption measurements. The gas adsorption 

measurements will determine the pore size and is used to characterize the porosity of 

mesoporous material. In the XRD, structure is studied through the intensity which gives the 

Fourier components of the electron distribution of the object, and not only unit cell length but 

also the pore geometries can be obtained. The FDU series are synthesised through solvent 

evaporation induced self-assembly (EISA)   method [13--15]. 

TEM images in FIG 14 are taken in JEM-3010 and JEM-2100 LaB6 microscopes operated at 

300kV and 200 kV respectively with a defocus ~2000 Å for enhancing the intensity of the 

low scattering angle reflections of the FDU materials. The images are similar as previously 

reported. The pores have long-range order for mesoporous carbon but from the TEM images 

some fluctuations of the pore structures can be seen. 

To obtain the 3d-structure a crystallographic reconstruction was made. Due to the large 

repeating units and difficulty in obtaining large single crystals with high homogeneity the 

powder XRD is of limited use for mesoporous carbon single crystal. Due to the stronger 

interaction of electrons these problems can be overcome in electron crystallography. Several 

HREM images of the crystals were taken and the structure factors were combined. 

For the reconstruction of both FDU-16 and FDU-18, a set of combined structure factors were 

obtained from the best images along [001], [110] and [111] directions. The structure factors 

used for calculating the crystallographic reconstruction and the structure models gained from 

the 3D-reconstruction in FIG 15, which shows the connectivity between the pores and the 

pore shape. 

For the tomographic reconstruction, images were sampled on JEM-2100 LaB6 microscope 

operated at 200kV from -64º to +66º with 1º increments for FDU-16 and -66º to +66º with 1º 

increments for FDU-18. The reconstruction result shown in FIG 16 is noise reduced by 3D 

Fourier transform. From the cross section images (FIG 17) it is possible to see the pore shape 

which has a tendency to have an elongated shape. This is the case for both materials even 

though the reconstruction of FDU-16 indicates a much better crystallinity. 

For the pores size determination from electron crystallography (EC) the density of the 

mesoporous carbon wall for FDU materials is determined by He pycnometer to 2.0 g/cm3, this 
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is within the range of 1.8-2.1 g/cm3 given for carbon black material. N2 gas adsorption 

isotherm of FDU-16 and FDU-18 was measured (FIG 13). The isotherm of FDU-16 shows 

very large hysteresis loop common of materials that contain mesopores.  

 
FIG 13 Gas adsorption isotherms of FDU-16 and FDU-18. 
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FIG 14 TEM images of a) FDU-14 along [111], 
b) FDU-15 along [001], c) FDU-16 along [001], 
d) FDU-17 along [001] and e) FDU-18 along 
[111] 
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FIG 15 Structure model of one unit cell with the structure factors for a) FDU-16 and b) FDU-18. 
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FIG 16 The noise-eliminated volume data via 3D Fourier transform and raw data inserted to the right 
of FDU-16 and FDU-18 respectively.  
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FIG 17 Cross-sections of the tomographic 
reconstruction for FDU-16 and for FDU-18 
from ordered crystal and disorded. 2D-
Gaussian functions are partially overdrawn in 
the image. 
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Internal structure of FDU-18 by cross-polished specimen investigated in 
the SEM 

In order to observe pore structures (pore size and geometry) not as an average but including 

local fluctuations, electron tomography is a very good technique. However the resolution of 

electron tomography is not so high, therefore we tried to observe directly by HRSEM after 

cross-sectioning the sample. A FDU-18 powder was polished by the CP with the setup shown 

in FIG 12 c) for 6 hours in 6 kV. The mesoporous FDU-18 has cage-type pores and from the 

SEM images, FIG 18, some of the pores are seen more clearly and the other seems to be under 

the surface. Depending on where the pores are cut this should give different sizes. From the 

graph showing the pore sizes the maximum value of 16.3 nm could be the value of a pore cut 

in at the widest part and thus close to the value of the pore diameter. 

 

FIG 18 HRSEM image taken at 5.0 kV of FDU-18 prepared with CP at 150K and the measured pore 
diameters. 
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EELS and energy filtered imaging on FDU-16  

Mesoporous carbon crystals have regular periodic pores supported by carbon walls. These 

walls have been reported to be amorphous; however it is important to characterize the 

bonding nature of carbon which can either be graphitic (sp2) or diamond-like (sp3). As a 

preliminary study EELS spectra and energy filtered images taken with a JEM-3200FSK 

microscope equipped with omega filter operated at 300 kV at Kyushu university, Japan, 

during my stay there. The spectrums in FIG 19 sp2/sp3-ratio was done with EELS 

spectroscopy, show great similarities to that of graphite indicating that there should be a large 

amount of sp2-hybridized carbon in the material. For understanding the nature of the material 

and in an attempt to increase the contrast an energyslit was used. 

 
 

 

FIG 19 EELS spectrums of FDU-16 and equation showing a possibily to measure the sp2 and sp3 ratio from EELS 
spectrums. Bottom a CTEM image (left) and EFTEM image (right) produced by insertion of a 200.0 eV slit with 
an energy shift of 110.0 eV and thus forming an image only by inelastically scattered electrons of FDU-16.
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 In-situ Gas adsorption studies of CMK-5 

A mesoporous carbon material named CMK-5 has been synthesised by (i) loading carbon 

source to silica mesoporous crystal SBA-15 into the straight channels, which are arranged in 

p6mm symmetry, (ii) carbonisation by heat treatment at a certain temperature and (iii) the 

silica SBA-15 was disolved.  CMK-5 consequently has two types of pore channels (dual 

mesopore system, i.e. internal and external pores of carbon rods) partitioned by the carbon 

wall. For chemical and medical applications of these materials, the accurate information about 

the mesopore structure and the adsorption process is essential. 

 
In this study the mesoporous carbon, CMK-5 with 2d p6mm, was investigated using in situ 

synchrotron powder XRD as a function of Ar gas loading. We went to Spring-8, Japan, twice 

to measure powder XRD profiles at BL02B2. The observed intensities at different Ar gas 

loadings were rescaled using integrated diffraction intensities from a small amount of the 

internal standard of α-Al2O3.  In order to collect integrated diffraction intensities from the 

internal standard and CMK-5, Le Bail analysis was carried out using a program RIETAN-

2000. 

FIG 20 shows the rescaled XRD profiles as a function of Ar pressure. Four Bragg reflections 

(10, 11, 20 and 21) were clearly observed and we can observe changes in intensities clearly by 

changing Ar pressure. This change comes from the alteration of the mean electron density 

distribution in (i) the carbon wall at the pores in silica-wall of SBA-15, (ii) internal mesopore 

2 and (iii) external mesopore 3 through the adhesion of argon molecules onto the mesopores. 

Since two different kinds of channels, mesopore 2 and 3, exist, it is expected that CMK-5 

shows two-step pore condensation in the volumetric adsorption isotherm unless their pore 

sizes are identical or close to each other. The corresponding change in XRD intensity, 
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FIG 20 In situ powder XRD patterns at various pressures during argon adsorption on 
CMK-5 material. Peak shift was corrected using the internal standard. 

however, shows the gradual changes in the diffraction profiles. It suggests that the size 

distribution of the narrower mesopore is broad. The complete pore condensation occurs in 
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between 57 kPa and 60 kPa, which can be 

noted by the distinct attenuation of 

diffraction intensities in the profile. 

FIG 21 Change in integrated intensities with 
increasing pressure, where integrated intensities were 
extracted by Le Bail method with Pearson VII model. 

FIG 21 shows the plots of the integrated 

intensities of all the observed reflections at 

various gas pressures. All reflections increase 

their integrated intensities in the early stage 

of Ar adsorption. This phenomenon can be 

ascribed to the increase of the electron 

density contrast between the carbon wall and 

the empty mesopore caused by the Ar 

adsorption within the carbon wall.  

For further analysis of gas adsorption procedure in CMK-5, we have to make a model of the 

mesopore architecture as well as the structure of the fluid film adsorbed.  This will be done by 

extending the previous modelling for 2d hexagonal mesostructure MCM-41 by Muroyama 

and Miyasaka et al, it will take sometime for further analysis, therefore complete analysis will 

be shown in PhD thesis. 
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Mesoporous carbon-silica nanocomposite crystals with Pd-
metal nanoparticles 
The material is synthesised [16] by an evaporation-induced triconstituent co-assembly method 

where a soluble resol polymer is used for the organic precursor, the inorganic precursor 

prehydrolysed TEOS and as template triblock copolymer F127. Once a carbon-silica 

nanocomposite material is synthesised, we can make a silica material by combustion or a 

carbon material by etching with HF. A JEM 2100F microscope, equipped with a field 

emission gun and operated at 200 kV was used to obtain TEM and STEM-HAADF images 

FIG 22. The probe size was 0.2 nm and the inner and outer semi-angles for the HAADF 

detector were 76 and 203 mrad, respectively.  

The material investigated has straight pores with the 2d p6mm symmetry which was 

confirmed by the stripe-like images along [110] and hexagonal pattern along [001]. The 

STEM-HAADF image provided a possibility to see that the Pd nanoparticles were well 

dispersed inside the pores with no obvious aggregation. The particles size could be estimated 

to 3 nm from the image, smaller than the pore size, and this means that the particles are 

accessible for chemical reaction. 

FIG 22 TEM (a and c) and STEM-HAADF (b and d) images of 
directions [001] (a and b) and [110] (c and d)
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Hollow spheres 
Two types of hollow spheres with Au-nanoparticles were investigated with HRSEM 

combined with the sample preparation technique CP, Au@TiO2 and Au@ZrO2. We have 

found that the best conditions for imaging the free powder, mounted on a carbon stub was 

with a landing energy of 0.5 kV and for the powders prepared by CP from 3.0 kV but up to 

15.0 kV. This shows that also the mounting of the sample will have an effect on the optimum 

conditions for the best image quality. For the hollow sphere with wall material of TiO2 a 

better resolution was obtained than for ZrO2. 

For images of the free powder, FIG 24a and FIG 26, topological information of the outsides 

of the hollow spheres can be gained. It could also be noted that for both materials the hollow 

spheres were at times broken and thus revealed the insides. The samples prepared by the CP 

with the method explained before provide a much better possibility to see the inside of the 

hollow sphere and to deduce the position of the Au nanoparticles. From the SEM images the 

average sizes of the different components of the material were calculated, TABLE 1, but in 

the case of ZrO2 the wall material particle size could not be determined. Also the shape of the 

spheres is not as circular and walls seem to be smoother and also contain less open pores for 

ZrO2 than TiO2. The results indicated that the hollow spheres have connected pores to each 

other.  

From the images produced by the BE-signal it is possible to deduce where the Au-

nanoparticles are situated due to the possibility to differentiate between elements throw 

difference in contrast. By comparing the images produced by SE and BE signals the positions 

of Au particles are obvious. This can be seen in the BE images in FIG 25 and FIG 26 shows 

clearly where the Au particles are compared to the SE image both for the free powder and the 

sample prepared with CP. In order to observe both surface topology and chemical information 

it is useful to collect BE and SE and mix them for imaging. 

14.2 ± 2.118.2 ±1.5Diameter of Au nanoparticle (nm)

-19.5 ± 4.6Diameter of wall material particle (nm)

11.3 ± 2.619.0 ± 4.5Wall thickness of hollow sphere (nm)

115.2 ± 9.4190 ±12Diameter of hollow sphere (nm)

Au@ZrO2Au@TiO2

14.2 ± 2.118.2 ±1.5Diameter of Au nanoparticle (nm)

-19.5 ± 4.6Diameter of wall material particle (nm)

11.3 ± 2.619.0 ± 4.5Wall thickness of hollow sphere (nm)

115.2 ± 9.4190 ±12Diameter of hollow sphere (nm)

Au@ZrO2Au@TiO2

TABLE 1 Average size of components of the hollow sphere materials calculated from HRSEM 
images for Au@TiO2 and Au@ZrO2 material. 
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In the case of hollow spheres of titanium oxide with the gold nanoparticle, the size of gold 

was on the limit to collect EDS-data. The EDS-spectra from the gold nanoparticle (FIG 24b) 

and the titanium oxide wall show however a much increased AuMα peak for the spectrum of 

the gold particle and thus confirms that the particle contains gold. And by doing EDS 

mapping, using an energy window at the AuMα peak, the positions of several gold particles 

can be recognized. It seems however that the particles in closed hollow spheres are not 

detected with the EDS measurements, although we can observe them by BE-image. A reason 

why we can observe more Au-nanoparticles in the BE image than EDS mapping is that the X-

rays emitted cannot reach the surface from underlying hollow spheres.  

 

 

 

 41



FIG 24a Toporaphical SEM images of free powder of TiO2 hollow spheres taken with a landing energy of 
0.5 kV (A and C) and prepared by CP (B and D) taken at 15.0 kV C and D are enlargements of A and B. 

FIG 24b EDS spectrums 
taken of Au@TiO2 from 1) 
the position of a Au-
nanoparticle and 2) TiO2 
wall, where it can be seen 
that the particle contains 
gold.  
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FIG 25 SE- (A and C) and BE-images (B and D) of free powder (A and B) and prepared by CP (C and D). 
E) SE-image taken at 15.0 kV and F) image from EDS – mapping with the signal from AuMα1 overlayed 
in red. The blue rings show the Au-nanoparticles that clearly can be seen in both images.  
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FIG 26 SEM images of Au@ZrO2 with showing the free powder (A-D) and prepared by CP (E-F). A and 
B show topological information about the particles. Images A-C and E produced with SE electrons and D 
and F with BE electrons.   
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Intergrowth tungsten bronzes 

Experimental 

As starting materials Sb2O3, WO3, W-metal, MoO3 and MoO2 powders, were used with MoO2 

and W as reducing agents. The purity of the starting material was checked with powder x-ray 

diffraction. The reactants were grounded in an agate mortar with compositions of SbxMo yW1-

yO3+z 0.1 ≤ x ≤ 0.5, 0 ≤ y ≤ 1 and 0.1 ≤ z ≤ 0.4.  Reaction took place in evacuated and sealed 

quartz tubes at 500–900 ºC for 4 to 10 days.  

Powder XRD films were recorded in a Guiner-Hägg camera using Si as an internal standard 

(a = 5.4301 Å). The films were evaluated by the processing system Scanpi version 9. Pirum, 

version 921204, was used to index and refine the powder patterns. 

SEM studies were made in a Jeol JSM-7000F equipped with an Oxford EDS – system. The 

specimen was prepared by mounting crystals on a Cambridge aluminium stub with a 

conducting carbon tape. The EDS analyses were made on several different particles. 

TEM was used; A JEOL 2000FX (200 kV) with Link EDS system was used for SAD studies 

and JEOL 3010 microscope (300 kV), with an Oxford EDS system for HR-imaging and SAD 

studies. For the STEM  and STEM-HAADF imaging a JEM 2100F microscope (200 kV), 

equipped with a field emission gun, with a probe size of 0.2 nm, inner and outer semi-angles 

of 76 and 203 mrad respectively for the HAADF detector. For the TEM studies a small 

amount of the sample was crushed in an agate mortar and then slurred with n-butanol. The 

slurry was treated with ultrasound and a droplet was put on a holey carbon film supported of a 

copper grid. EDS analyses were combined with both imaging and SAD studies.  

A quartz glass capillary with a diameter of 0.1 mm was used when measuring 1-D powder 

synchrotron X-ray data at Spring-8 with the beam line BL02B2. Measurements were made 

with the maximum exposure time and a wavelength of 0.4220311804 Å (0.0000002463 Å). 

New phases in the Sb-W-Mo-O system 

The compositions investigated in the study followed the formula SbxMo yW1-yO3+z. Thus Sb3+ 

is used as the tunnel material and differs from the typical alkali metal due to the lone pair and 

higher charge. Three parameters were changed in the starting material: Mo-W ratio, oxygen 

content and antimony amount. The previously reported phases in the system of the ITB type is 

the (2)-ITB and it was reported in both the Sb-Mo-O and Sb-W-O system.  
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The WO3-slabs has a ReO3-type structure but with tilted octahedra in the a-b plane. In the 

HTB-slabs the octahedra builds a net of hexagonal tunnels interconnected to each other with 

trigonal tunnels in the space in between.  

The hexagonal tunnels are occupied by a cat ion, A. Since the hexagonal tunnels are only 

present in the HTB slabs the maximum amount of the A atom depends on the HTB-slab 

thickness and can be calculated using formulas reported by Kihlborg et al 2001[17]. 

The phases found in the system are shown in TABLE 2 where it can be seen that the average 

antimony ratio is agreeing well with the calculated amount. The unit cell axes are refines from 

the powder XRD profiles shown in FIG 27. 

ED patterns of [001] direction with the extinction condition h+k = 2n for (3)-, (5)- and (1,2)-

ITB due to the antiphase relation of the hexagonal tunnels. If there is an even number of 

adjacent octahedra in between the hexagonal tunnels they will be in phase to each other, if the 

number is uneven they will have an antiphase relation. This will affect the symmetry and unit 

cell length. FIG 29b shows the HRTEM images, taken near the Scherzer defocus at the 

direction [001], confiming the ITB phases. 
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FIG 27 Part of the powder XRD profiles for samples indexed with the parameters of (3)-ITB, (4)-ITB, (5)-
ITB and (1,2)-ITB respectively. 

4.0274(7)7.263(1)32.23(1)Sb0.27MoOx(SbO)0.5MoO30.250(1,2)-ITB

7.8427(2)7.3247(5)42.46(1)Sb0.11Mo0.22W0.78Ox(SbO)0.2Mo0.25W0.75O30.091(5)-ITB

3.9483(3)7.2860(4)17.474(1)Sb0.10Mo0.55W0.45Ox(SbO)0.1Mo0.5W0.5O30.111(4)-ITB

3.8687(5)7.3671(5)27.790(4)Sb0.14WOx(SbO)0.2WO30.143(3)-ITB

3.9670(3)7.2861(5)20.086(1)Sb0.18Mo0.45W0.55Ox(SbO)0.2Mo0.5W0.5O3(2)-ITB

4.0448(4)7.2003(3)10.0164(5)Sb0.21MoOx(SbO)0.3MoO3(2)-ITB

3.8037(2)7.4231(3)10.1983(4)Sb0.18WOx(SbO)0.3WO3

0.200

(2)-ITB

c (Å)b (Å)a (Å)

Powder X-ray diffraction
Average composition 

from EDS-
measurements 

Starting composition
Calculate

d Sb-
contentPhase

4.0274(7)7.263(1)32.23(1)Sb0.27MoOx(SbO)0.5MoO30.250(1,2)-ITB

7.8427(2)7.3247(5)42.46(1)Sb0.11Mo0.22W0.78Ox(SbO)0.2Mo0.25W0.75O30.091(5)-ITB

3.9483(3)7.2860(4)17.474(1)Sb0.10Mo0.55W0.45Ox(SbO)0.1Mo0.5W0.5O30.111(4)-ITB

3.8687(5)7.3671(5)27.790(4)Sb0.14WOx(SbO)0.2WO30.143(3)-ITB

3.9670(3)7.2861(5)20.086(1)Sb0.18Mo0.45W0.55Ox(SbO)0.2Mo0.5W0.5O3(2)-ITB

4.0448(4)7.2003(3)10.0164(5)Sb0.21MoOx(SbO)0.3MoO3(2)-ITB

3.8037(2)7.4231(3)10.1983(4)Sb0.18WOx(SbO)0.3WO3

0.200

(2)-ITB

c (Å)b (Å)a (Å)

Powder X-ray diffraction
Average composition 

from EDS-
measurements 

Starting composition
Calculate

d Sb-
contentPhase

TABLE 2 New ITB phases in the Sb-W-Mo-O system 
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FIG 29a ED patterns of [001] direction of a) (3)-ITB a) (4)-ITB a) (5)-ITB and a) 
(1,2)-ITB. 

FIG 29b HRTEM images of a) (3)-ITB, b) (5)-ITB and c) (1,2)-ITB
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Disordered intergrowth situation for ITB phases 

 

FIG 30 a) ED pattern of a (4)-ITB particle viewed along [001] 
containing the characteristic streaking when the intergrowth 
situation is unordered in the a*-direction. b) HRTEM image along 
[001] showing mainly (3)-ITB phase. 

Streaking of the reflections in the b* direction, as seen in the diffraction pattern in FIG 30 

indicates that there is disorder in the structure along the b-axis and is usually due to a 

disordered intergrowth situation of the ReO3-slabs. The disorder situation should be 

confirmed from a HRTEM image and here an image of (3)-ITB is included with the three 

octrahedra wide ReO3-slabs interrupted by a four octahedra wide slab. This type of disordered 

intergrowth situation is quite common for the ITB phases and has been reported previously in 

a number of different systems [18--21]. 

Comparison of the unit cell axes for (2)-ITB 

The (2)-ITB phase was observed in all three systems, Sb-W-O, Sb-Mo-O and Sb-Mo-W-O. 

The W:Mo ratio seemed to be non-stoichiometric. Trends for the unit cell axes could be seen 

however where the a- and b- axes decreased and c-axis increased when the molybdenum 

amount, y increased as can be seen in graphs shown in FIG 32. 
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FIG 31 Part of the powder diffraction pattern for three bulk samples, containing the (2)-ITB phase, with 
different ratios between W and Mo. 
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FIG 32 Cell axis length with molybdemun content (y) 
for 2-ITB phases of composition SbxMoyW1-yO3 
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Structural studies of the (2)-ITB in the Sb-W-O system 

TEM Electron Diffraction  

Further structural investigation was done on the sample with starting composition Sb0.3WO3.3 

containing the purest phase of (2)-ITB. SAD patterns (FIG 33) were taken of the axis 

directions and in the ED-patterns of the [010]- and [100]-directions super cell reflections at l 

= ½ was revealed indicating a doubling of the c-axis, with also containing streaking in the 

super cell reflections for the latter one in the b-axis direction. An explanation for the super 

cell reflections found for the c-axis could be the antimony and oxygen arrangement in the 

hexagonal tunnels. Due to the lone pair on antimony it is likely from sterical reason that there 

are Sb-O-Sb units formed along the c-axis inside the hexagonal tunnels, as reported for 

Sb2Mo10O31 [22].  

For the ED-patterns taken of the [001]-direction variation among the patterns could be seen, 

where some patterns contained additionally to the lattice reflections a diffuse intensity 

distribution, not previously reported for the ITB phases, in form of curves stretching in 

between the reflections formed by the lattice indicating a doubling of the a- and b-axis. Non-

maximum random antimony occupancy giving only short range order could be the 

explanation for the diffuse intensity distribution in the ED pattern of direction [001].  

The values for the unit cell axis calculated from the SAD patterns confirmed the lengths for 

the (2)-ITB structure previously reported but the super cell reflections reported by 

Triantafyllou et al. [23], for [010]-direction at l = 1/4 and h = ½ leading to the super cell; ass = 

2a, bss = 2b and css = 4c, are not seen in this study, which could be an indication that the 

phases are very sensitive for variations in the starting composition. 

CBED patterns (FIG 34) of the ZOLZ in the [001], [014]- and [104]-directions show mirror 

planes perpendicular to the a- and b-axis and presence of them in the patterns for the FOLZ 

[014]- and [104]-directions confirms them as mirror planes. With no systematic absences 

detected and the two mirror planes this leads to two possible space groups; Pmm2 and 

Pmmm.  

TEM HR-Imaging 

HR-images for the axis directions was taken where for the [001]-direction (FIG 33) the rows 

along b-axis of WO3-slabs are seen like pairs of dark dots and resemble the two octahedra and 

the white dot in between the pairs in the b-axis direction is the tetragonal space. The WO3-

slabs are interrupted by the hexagonal tunnels in the a-axis direction, which 
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confirms the periodicity of the (2)-ITB phase. In the HR-image shown the HTB-segments 

contains non-continues wavy lines moving along the b-axis and this could be explained by the 

antimony ions, that due to a smaller ionic radius [24], compared to larger ions such as K+ or 

Cs+ that have been reported in the centre of the hexagonal void, is most likely to occupy a 

couple of different positions in the a-b plane of the hexagonal tunnels.  

The indication of a doubling of the c-axis seen in the ED patterns could also be seen in the 

Fourier Diffractogram (FD) for the [010]-direction but not in the [100]-direction.  

No indication of regions of unordered intergrowth situation, with varying thicknesses of the 

WO3- and HTB-slabs previously reported for the (2)-ITB phase as well as for other ITB 

phases [19,25], was observed in this study. The images from the HR-imaging indicated a well 

ordered phase for the sample with starting composition Sb0.3WO3.3 and also the electron 

diffraction patterns didn’t show presence of the streaking that would appear along the a-axis 

in case of the unordered intergrowth situation.  

Defects were observed in two crystals for the [010]-direction (FIG 33), where the two sides 

seem to be shifted half the length of the WO6-octahedra along the a-axis direction. The part 

joining the sides together is most likely constructed of tilted deformed WO6-octahedra. 

STEM and STEM-HAADF imaging 

In the STEM image (FIG 34) the dark dots will resemble the tungsten and antimony atoms 

showing an image that is very close to the structure model. For the STEM HAADF image the 

tungsten atoms will be bright and the antimony atoms, being a lighter element, are not seen. 

The images indicate that the occupation of antimony atoms varies within the crystal since 

some of the antimony positions have a much less intensity in the STEM-images.  

Synchrotron X-ray diffraction 

Rietveld refinement was made on the synchrotron PXRD indicated the space group Pmmm 

(47) and the average structure of the 2-ITB was confirmed, with a split position that reported 

for the antimony and an occupancy of 80%. Each antimony is here proposed to form bonds to 

the oxygen in the hexagonal tunnel thus forming units containing two antimony and one 

oxygen that are loosely bound to the tunnel with forming bonds from the antimony to two of 

the oxygen on the WO6-octahedra. The average structure confirms the previous single crystal 

study by Triantafyllou et al. [23]. The doubling of the axes seen from ED could not be seen in 

the synchrothron powder XRD data.  
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FIG 33  
(Top) SAED patterns, HRTEM images with 
FD included and structural models of 
directions a, d, and g) [001], b, e, and h) [100] 
and c, f and i) [010]. Arrows shows the diffuse 
intensity distribution in SAED-pattern of 
direction [001] and supercell reflections in 
SAED patterns of directions [100] and [010] 
at ½c*. For the HR-image for direction [001] 
the arrows mark the wavy lines in the HTB 
slabs. Super cell reflections at ½c* are 
marked with arrows in the FD of direction 
[010].  
 
(Right) HR-image of [010]-direction showing 
a defect with FD inserted of the a) left and b) 
right side of the boundary. 
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FIG 34 CBED patterns for directions [001] (a), [014] (b and c) and [104] (d and e) with c and e taken of 
the ZOLZ reflections at a different camera length. f) STEM image and corresponding g) STEM-HAADF 
image of the (2)-ITB in the [001]-direction. 
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Structural studies of the (3)-ITB in the Sb-W-O system 

The preliminary results for the single crystal XRD studies (see ) gave the following extinction 

conditions; h00: h = 2n, 0k0: k = 2n, hk0: h+k = 2n, h0l: h = 2n and 0kl: k = 2n with a 

possible C-centring. This led to the possible spacegroups C222 (21), Cmm2 (35), Cm2m (38) 

and Cmmm (65) if there is a C-centering or Pban (50) if the C-centering is not present.  

The SEM studies showed a particle shape and when going to a higher magnification fine 

structure, FIG 36b, believed to be due to growth mechanisms were observed. 

  

 
 

FIG 35 Single crystal XRD unwarp images of (3)-ITB phase. 
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FIG 36 HRSEM images of (3)-ITB phase. Where a-c are enlargements of area shown in image in the top 
right corner. 
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Conclusions 
Mesoporous carbon FDU-n materials:  We have obtained electrostatic potential maps of the 

FDU-16 and FDU-18 with electron crystallography.  In order to transfer the potential maps to 

carbon wall structures, carbon wall-density is necessary to have and I am trying to measure 

them.  The structural fluctuations, in the sizes of pores and their openings, have been observed 

by electron tomography.  The local pore shape tends to be deformed rather than spherical.  

The fluctuations are estimated as a first trial and these should be refined further. EELS 

spectrum of the FDU-16 material shows a large contribution of sp2 bonds, which indicates 

graphitic nature is prevailing over diamond-type one in the amorphous carbon walls. 

The change of integrated intensities of powder XRD profiles at various gas pressures clearly 

shows gas adsorption process.  The analysis indicates that the external pore of CMK-5 seems 

to be filled earlier than internal one with Ar gas. It is not clear whether this comes from a 

difference in effective pore size or curvature of two types of pores. 

We have confirmed some Pd nanoparticles (size ~ 3 nm) are located within mesopores of 2d-

hexagonal carbon-silica composite, which may be the main reason of stable catalytic activity. 

For the hollow spheres, from the HRSEM study we have observed (i) the clearly separated 

gold nanoparticles, (ii) the diameters and wall thicknesses (which in the case of TiO2 are the 

sizes of primary nanoparticles) of hollow sphere of TiO2 and ZrO2, (iii) we could confirm 

existence of pores in hollow sphere walls, and also (iv) connectivity between the hollow 

spheres.   

The X-ray powder diffraction studies of SbxWO3+z samples showed that both Sb and 

additional oxygen atoms were present in the (n)-ITB type phases. The ED-patterns and the 

HR-investigations of SbxMoyW1-yO3+z samples showed that new phases of (n)-ITB type were 

formed for n=3, 4 and 5. The HR-images also indicated a local variation in the antimony-

oxygen content in the hexagonal tunnels. The Sb-ions seemed also to be slightly displaced 

from the tunnel centre. The EDS-analyses confirmed that tungsten could be replaced by 

molybdenum in the (n)-ITB structures. 
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Summary 
The aim of this work is to investigate the 3D-structure of three very different types of 

materials, the mesoporous carbon, hollow spheres and intergrowth tungsten bronzes, which all 

requires to be characterised in diverse ways and in all cases EM has played a central role. 

Crystallography is a common method for solving crystal structures on an atomic scale but 

here also the structure of the mesopores in mesoporous crystals have been solved with 

electron crystallography. 

The strongest conclusions will be obtained when various techniques are used for 

characterising a structure, size or shape. For all of the three materials investigated imaging in 

both TEM and SEM combining images with high spatial information combined with 

elemental information such as STEM-HAADF imaging in the TEM or BE imaging in the 

SEM or EDS analyses is an excellent example of a powerful combination.  
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Future work 
• For further qualitative analysis on the tomography and crystallography on the FDU 

material is needed to correlate the results from the two techniques to each other. We 

will also do a more comprehensive study on the internal structures, investigated with 

HRSEM combined with CP for knowing more about how the growth is influencing 

the connectivity to the pores. 

• Investigations with EELS on Mesoporous carbon, CMK material, is planned in order 

to know more about the nature of carbon (graphite or diamond like) through 

investigation of the sp2/sp3-hybridization of the carbon atoms. These studies are 

undertaken to know more about the local atomic arrangement in the amorphous wall 

and understand relationship for various chemical applications.  

• For the hollow sphere material the following points will be studied; 

(i) structure of Au@Carbon 

(ii) Structure of Au nanoparticle. 

(iii) Concentration and spatial distribution of Si (SiO2) in Au@TiO2, Au@ZrO2 and 

Au@Carbon. 

• The occupancy of Mo and W atoms in ITB phases will be investigated with STEM 

HAADF on an aberration corrected microscope to be able to know if there is an 

ordering of the positions. By exit wave reconstruction the atom positions will be 

deduced and compared with the results from single-crystal XRD studies. 

• Recently mesoporous zeolites have been successfully synthesized, which are materials 

that overcomes the diffusion limitation drawback of zeolites. The structure and growth 

mechanism of the mesopores inside will be studied by HRSEM combined with CP 

specimen preparation method.  
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