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Part 1: Fundamentals
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Diamond has a cleavage plane and is therefore more fragile in some

orientations than others.

Graphite is a good electron conductor along the layers and an insulator in the

direction perpendicolar to the layers.

Silicon and oxygen atoms in glass are randomly positioned.

Amorphous materials can be considered as solids with liquid-

like structure.

Isotropic solids Anisotropic solids
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A crystal is a solid where the atoms form a periodic arrangement. Periodic structure of an ideal crystal is best described by a lattice.

The smallest repetitive unit in a lattice is termed unit cell.

The crystal structure generates from translation of the unit cell in one, two, or three dimensions.

As long as the crystal structure is correctly described the selection of the unit cell is arbitrary.

Initial selection

Unit cell content:

2 ×

2 ×
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A crystal is a solid where the atoms form a periodic arrangement. Periodic structure of an ideal crystal is best described by a lattice.

The smallest repetitive unit in a lattice is termed unit cell.

The crystal structure generates from translation of the unit cell in one, two, or three dimensions.

As long as the crystal structure is correctly described the selection of the unit cell is arbitrary.

Different origin

Unit cell content:

2 ×

2 ×
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A crystal is a solid where the atoms form a periodic arrangement. Periodic structure of an ideal crystal is best described by a lattice.

The smallest repetitive unit in a lattice is termed unit cell.

The crystal structure generates from translation of the unit cell in one, two, or three dimensions.

As long as the crystal structure is correctly described the selection of the unit cell is arbitrary.

Different origin

Unit cell content:

2 ×

2 ×
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A crystal is a solid where the atoms form a periodic arrangement. Periodic structure of an ideal crystal is best described by a lattice.

The smallest repetitive unit in a lattice is termed unit cell.

The crystal structure generates from translation of the unit cell in one, two, or three dimensions.

As long as the crystal structure is correctly described the selection of the unit cell is arbitrary.

Different geometry

Unit cell content:

1 ×

1 ×
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A crystal is a solid where the atoms form a periodic arrangement. Periodic structure of an ideal crystal is best described by a lattice.

The smallest repetitive unit in a lattice is termed unit cell.

The crystal structure generates from translation of the unit cell in one, two, or three dimensions.

As long as the crystal structure is correctly described the selection of the unit cell is arbitrary.

Wrong selection

Unit cell content:

0.5 ×

0.5 ×



Usually, unit cells contain more than one molecule or group of atoms that are converted into each other by simple

geometrical transformations, called symmetry operations.

The independent part of the cell is called asymmetric unit.

The positions of the atoms constituting the asymmetric unit cell must be defined, while those of all of the other atoms in

the unit cell can be derived by transforming the asymmetric unit by means of symmetry operations.

A unit cell can contain from one up to 192 asymmetric units, depending on the number and type of symmetry operations

existing in it.

Fundamentals of Crystallography
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There are four types of simple symmetry operations (elements): rotation (axis), inversion (center), reflection

(mirror plane), and translation (vector).

Simple symmetry elements can be combined to create new complex elements, such as inversion axis

(rotation + inversion), screw axis (rotation + translation), glide plane (reflection + translation).
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The shape of a 3D unit cell is defined by three non-coplanar vectors,

meaning that there are six scalar quantities to be taken into account,

termed lattice parameters: a, b, c, a, b, g.

There are seven possible combinations of lattice parameters, which

define just as many crystal classes.

Inside every crystal class, a various number of possible crystallographic space groups can be identified, which feature

different combinations of symmetry operations.

There are 230 possible space groups, unevenly distributed among the seven crystal classes.

36 Cubic, 68 Tetragonal, 27 Hexagonal, 25 Trigonal (7 Rhombohedral, 18 Hexagonal), 59 Orthorhombic, 13 Monoclinic, 2

Triclinic

Decreasing symmetry
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Fundamentals of Crystallography

Inside a crystal lattice, sets of so-called crystallographic planes intersecting all lattice points can be identified,

which are parallel to each other and equally spaced.

The distance between two adjacent planes is termed d spacing.

2D lattice 3D lattice

Different sets of crystallographic planes are identified using a set of three integer indices h, k, l, named Miller

indices. When referring to a particular plane, the three indices are enclosed in parentheses: (hkl).

Miller indices indicate that the planes that belong to the family (hkl) divide lattice vectors a, b, c into h, k, l

equal parts, respectively.



Seite 14

Fundamentals of Crystallography

Highlights

• Crystalline solids are characterized by long-range order

• The structure of a crystal can be represented as a lattice, where the unit cell is the

smallest repetitive unit subject to purely translational symmetry

• Inside the unit cell a number of symmetry operations exist, which act on the

asymmetric unit generating crystallographically equivalent atoms or molecules

• There are seven crystal classes, each subdivided into various space groups

• The crystal structure can be described by means of sets of lattice planes intersecting

all the lattice points, which are identified by Miller indices
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Fundamentals of X-Ray Diffraction

Slit size = λ Slit size = 5λSlit size = λ

When a wave encounters an entire array of identical,

equally-spaced slits, called a diffraction grating, the

bright fringes, which come from constructive interference

of the light waves from different slits, are found at the

same angles they are found if there are only two slits, but

the pattern is much sharper.

Diffraction is an elastic scattering phenomenon occurring when a plane wave interacts with an obstacle or a slit

having size comparable to its wavelength (λ). The scattered spherical wave has the same λ of the original one.

Varying the size of the obstacle or slit, or their number, the same wave will be diffracted in different ways, as a result

of different interference effects.
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Fundamentals of X-Ray Diffraction

The periodic lattice found in crystalline structures may act as a diffraction grating for an electromagnetic radiation

with wavelength of the same order of magnitude as the repetitive distance between the scattering objects of the

lattice, i.e. crystallographic planes.

This means that the wavelength should be in the same range as the d spacing between adjacent planes belonging

to the same series, that is, in the order of Å. X-rays, having λ = 0.01-100 Å, fulfill this criterion.

X-rays interact with the electron cloud surrounding an atom and are scattered in all the directions, as a

consequence an atom can be considered as a single slit of a diffraction grating. The electron density of many

atoms constituting a single crystallographic plane can also be considered as a single scattering object.

As a consequence, a series of crystallographic planes separated by a constant d spacing can be considered as a

diffraction grating. Since a crystal structure features many different series of crystallographic planes, it can be

considered as being constitued of many diffraction gratings, each providing its peculiar diffraction effect.

Every set of planes will have its own conditions for producing constructive interference, determined by the Bragg’s

law:

n λ = 2 d sinθ

Where n = integer value, λ = X‐ray wavelength, d = distance between lattice planes, θ = angle of incidence of the

radiation on the lattice plane.

If the wavelength is kept constant, a series of crystallographic planes separated by a given d spacing produces

constructive interference only if the incident radiation interacts with it at a particular θ angle.
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Fundamentals of X-Ray Diffraction

In phase waves Out of phase waves

Constructive interference Destructive interference

Derivation of Bragg’s law

In order to have constructive interference, two incident waves A and B, hitting at the

same angle θ two adjacent lattice planes separated by a distance d, must produce

two in phase scattered waves A’ and B’. To fulfill this condition, the difference in path

length between the waves, 2l, must be equal to an integer multiple n of the

wavelength λ. According to trigonometric rules, l can be expressed as d sinθ.

A

B

A’

B’
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Fundamentals of X-Ray Diffraction

NaCl crystal

In a diffraction experiment a source of X-rays generates a beam with a particular wavelength (see slides 30 and 31)

interacts with the periodic structure of a crystalline sample, generating a number of diffracted rays which are collected by a

X-ray detector (see slides 34 and 35).

X-ray source
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Fundamentals of X-Ray Diffraction

Incident X-ray beam, λ = 1.54 Å

NaCl crystal
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Fundamentals of X-Ray Diffraction

(002) planes, d = 2.81 Å

Incident X-ray beam, λ = 1.54 Å

θ = arcsin(λ/2d) = 15.9°

θ

θ

θ

2θ = 31.8°
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Fundamentals of X-Ray Diffraction

Incident X-ray beam, λ = 1.54 Å

(022) planes, d = 1.99 Å

θ = arcsin(λ/2d) = 22.8°

2θ = 45.6°
θ

θ

θ
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Fundamentals of X-Ray Diffraction

Incident X-ray beam, λ = 1.54 Å

(111) planes, d = 3.25 Å

θ = arcsin(λ/2d) = 13.7°

θ

θ

θ

2θ = 27.4°
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Fundamentals of X-Ray Diffraction

The diffraction pattern of a single crystal consists of spots whose distance from the center (that is the axis of the incident

beam) is a consequence of the d spacing of the crystallographic planes which generated the diffraction effect.

The closer the spots to the center, the lower the θ angle at which diffraction occurs, the larger the d spacing.
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Fundamentals of X-Ray Diffraction

Every family of crystallographic planes generates a group of spots at the same distance from the center. The number of these

spots depends on the symmetry of the crystal.

The brightness of the spots (i.e. their intensity) is dependent on the electron density of the lattice planes scattering the

radiation (see slide 48).
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Fundamentals of X-Ray Diffraction

If the sample is constituted of four single crystals of the same compound, each oriented in a different way, the diffraction

figure produced will be the sum of the diffraction figures representative of the lattice of each crystal.
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Fundamentals of X-Ray Diffraction

The different orientation of the crystals will generate spots lying at the same distance from the center, but shifted along the

circle.

The spots lying on the same circle are due to the same family of crystallographic planes in each crystal of the sample.
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Fundamentals of X-Ray Diffraction

If the sample is constituted of a large number of crystals oriented in all of the possible directions, the spots belonging to

each crystal will sum up to produce continuous circular lines, the diffraction rings. As for a single crystal, the intensity of the

lines is dependent on the electron density of the crystallographic planes scattering the radiation.
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Fundamentals of X-Ray Diffraction

By «cutting» the diffraction lines in a radial manner and representing this section as a plot of the intensity as a function of the distance

from the center (normally expressed as 2θ), we get the typical powder X-ray diffraction (PXRD) pattern of a polycristalline solid.

2θ

In
te

ns
ity
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Fundamentals of X-Ray Diffraction

Highlights

• Diffraction is an elastic scattering phenomenon occurring when a wave interacts with

an obstacle of size comparable to its wavelength

• Crystal structures can diffract X-rays because interatomic distances are in the same

range of X-rays wavelength

• X-rays interact with the electron cloud of atoms

• The condition for having diffraction effect is determined by Bragg’s law n λ = 2 d sinθ

• The diffraction pattern of a polycrystalline material is the result of the contribution of

many single crystals constituting the sample
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Where do X‐rays come from?

1. Fire beam of electrons at metal target

Ionization of inner shell electrons results in formation of an ‘electron hole’, followed by relaxation of electrons from upper

shells. The energy difference is released in the form of X‐rays of specific wavelengths.

Commonly used radiations are Cu Kα (λ = 1.5418 Å) and Mo Kα (λ = 0.71073 Å).

Kβ can be suppressed using an appropriate filter, while for Kα2 a monochromator is needed.

Such sources are normally used in laboratory diffractometers.
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Where do X‐rays come from?

2. Accelerate electrons in a particle accelerator (synchrotron source).

Electrons are accelerated at relativistic velocities in circular orbits. As velocities approach the speed of light they emit

electromagnetic radiation in the X‐ray region.

The X‐rays produced have a range of wavelengths, which can be selected depending on the type of application they are

needed for.

Synchrotron radiation features high brilliance, which takes into account the number of photons produced per second the

angular divergence of the photons, the cross-sectional area of the beam and the photons falling within a bandwidth (BW) of

0.1% of the central wavelength or frequency. The greater the brilliance, the more photons of a given wavelength and direction

are concentrated on a spot per unit of time.

Swiss Light Source @ Paul Scherrer Institut
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How is a PXRD measurement performed?

1. Debye-Scherrer geometry

Also termed transmission geometry, it employs a capillary as a sample holder and works best for materials with low

absorption. No effects of preferred orientation exist in this geometry.

A few mg of sample are required and sensitive materials can be easily analyzed.

It is mostly used at synchrotron beamlines.

MS Beamline @ Swiss Light Source
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How is a PXRD measurement performed?

2. Bragg-Brentano geometry

Also termed reflection geometry, it requires a flat sample of virtually infinite thickness, so as to make sure that the

radiation is completely reflected to the detector. Effects of preferred orientation can easily occur in this geometry.

Depending on the absorptivity of the sample, the amount needed for a measurement can be in the range of tens on mg.

Using non-ambient chambers (high temperature, inert atmosphere, reactive gases), in situ experiments can easily be

performed at the laboratory scale.

It is mostly used in laboratory diffractometers.
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How is the information gathered?

The detector is a fundamental part of the diffractometer, and it heavily influences the quality and the speed of a

measurement.

Detection of X-rays is accomplished by interaction of radiation with matter and subsequent production of certain effects or

signals, for example to generate particles, waves, electrical current, etc., which can be easily registered.

Detector efficiency is determined by first, a fraction of X-ray photons that pass through the detector window (the higher, the

better) and second, a fraction of photons that are absorbed by the detector and thus result in a series of detectable events

(again, the higher, the better).

Detectors can be classified according to the capability of resolving the location where the photon has been absorbed

and thus, whether they can detect the direction of the beam in addition to counting the number of photons. Three types of

detectors can thus be identified: point detectors (0D), line detectors (1D), and area detectors (2D).
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How is the information gathered?

Position Sensitive Detectors (PSD) are line detectors. They are the most widespread nowadays, thanks to the short

measurement times and the good accuracy that they guarantee.

LYNXEYE XE installed on Bruker D8 Advance at PSI

• Maximum angular range: 2.9°

• Energy dispersive: able to reduce the fluorescence

• No need for secondary monochromators or metal

filters

MYTHEN II installed at MS Beamline at SLS

• Maximum angular range: 120°

• Constituted of 30'720 silicon elements, divided up into

24 modules of 1280 elements each

• Allows very fast acquirement of high resolution data
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Experimental Overview

Highlights

• X-rays can be generated either by firing electrons against a metal target or by

accelerating electrons at relativistic velocities in circular orbits

• Powder diffraction measurements can be performed either in Debye-Scherrer

transmission geometry or in Bragg-Brentano reflection geometry

• The detector allows to harvest the information and can be designed to operate in

different ways, the most common being the PSD
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What is a polycrystalline sample?

A polycrystalline solid is an aggregate of a large number of small crystals or grains, called crystallites, arranged in a random

fashion, each having its own regular structure.

Polycrystalline materials are employed in a very wide range of practical applications, and even if a material is obtained in

single crystal form it is often reduced to microcrystal form (i.e. powder) prior to use.

As a consequence, PXRD is a very important analytical technique in solid state chemistry, heterogeneous catalysis, materials

science, pharmaceutical industry, and so on.

a) malleable iron

b) electrical steel without coating

c) solar cells made of multicrystalline silicon

d) galvanized surface of zinc

e) micrograph of acid etched metal highlighting grain 

boundaries

a b c

de

Diffraction by Polycrystalline Solids
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What is a polycrystalline sample?

A polycrystalline solid is an aggregate of a large number of small crystals or grains, called crystallites, arranged in a random

fashion, each having its own regular structure.

Polycrystalline materials are employed in a very wide range of practical applications, and even if a material is obtained in

single crystal form it is often reduced to microcrystal form prior to use.

As a consequence, PXRD is a very important analytical technique in solid state chemistry, heterogeneous catalysis, materials

science, pharmaceutical industry, and so on.

UiO-66

Zr6O4(OH)4(bdc)6

Diffraction by Polycrystalline Solids
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Diffraction by Polycrystalline Solids

What does a PXRD pattern tell us?

The diffraction pattern reflects the nature of the material under investigation, it is like a fingerprint.
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Diffraction by Polycrystalline Solids

What does a PXRD pattern tell us?

Peak positions and systematic absences:

lattice parameters, symmetry and space

group
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Diffraction by Polycrystalline Solids

The process of indexing consists in the attribution of Miller indices (hkl) to every observed Bragg peak, i.e. the

determination of the lattice parameters.

It is basically a trial-and-error computational procedure which requires the position of at least 20 reflections as an input and

the definition by the user of some parameters (symmetry, max cell axes length and angles, max volume) to narrow the

search for a unit cell that can predict the correct Miller indices.

The goodness of the indexing procedure can be estimated by various figures of merit.

The typical output of the program TREOR. 
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Diffraction by Polycrystalline Solids

Once the most probable unit cell has been found, analysis of the systematic absences of classes of reflections allows to

identify if specific reflection conditions apply.

Systematic absences derive from the existence of particular symmetry operations inside the cell, which define the

space group.

The pattern of the metal-organic framework UiO-66 is indexed by a cubic cell with a = 20.74 Å. Analysis of the

systematic absences performed with the program Chekcell suggests that the most probable space group is Fm-3m.
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Diffraction by Polycrystalline Solids

The pattern of the metal-organic framework UiO-66 is indexed by a cubic cell with a = 20.74 Å. Analysis of the

systematic absences performed with the program Chekcell suggests that the most probable space group is Fm-3m.

Once the most probable unit cell has been found, analysis of the systematic absences of classes of reflections allows to

identify if specific reflection conditions apply.

Systematic absences derive from the existence of particular symmetry operations inside the cell, which define the

space group.
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Diffraction by Polycrystalline Solids

The pattern of the metal-organic framework UiO-66 is indexed by a cubic cell with a = 20.74 Å. Analysis of the

systematic absences performed with the program Chekcell suggests that the most probable space group is Fm-3m.

Once the most probable unit cell has been found, analysis of the systematic absences of classes of reflections allows to

identify if specific reflection conditions apply.

Systematic absences derive from the existence of particular symmetry operations inside the cell, which define the

space group.
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The correctness of the chosen unit cell and space group can be proved by performing a whole powder pattern fitting

(WPPF), a procedure that assumes that the entire powder pattern of a given compound can be modeled on the basis of a

single profile function.

WPPF is an ab initio procedure that does not require a priori knowledge of the crystal structure, it just refines lattice

parameters, zero error, peak width parameters, background parameters, and calculates the peak intensities in order to obtain

a profile function that fits the experimental pattern. If the selected lattice parameters and the space group are wrong, the fitting

will be poor.

There are two approaches to perform WPPF: the Pawley method and the Le Bail method, which mainly differ for the way the

intensities are calculated.

R3c

Rwp = 7.421

R3c + Pna21

Rwp = 6.373

P11a

Rwp = 6.169



Seite 46

Diffraction by Polycrystalline Solids

Both zero error and sample displacement cause a general and constant shift of the pattern towards higher or lower

2θ angles.

As the relation between d spacing and θ is not linear, the same shift at different 2θ angles will affect more heavily the

reflections associated to large d spacings.

To get rid of zero error, the instrument must be appropriately calibrated using a reference material (normally Si).

Sample displacement can be limited by a careful preparation of the sample, but it is hard to completely get rid of it.

Example:

λ = 1.54056 Å; Shift = +0.1°

2θ = 5°, θ = 2.5°, d = λ/2sinθ = 17.66 Å

2θ = 5.1°, θ = 2.55°, d = λ/2sinθ = 17.32 Å

Error = 0.34 Å

2θ = 50°, θ = 25°, d = λ/2sinθ = 1.823 Å

2θ = 50.1°, θ = 25.05°, d = λ/2sinθ = 1.819 Å

Error = 0.004 Å
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Diffraction by Polycrystalline Solids

Peak intensities: electron density of the lattice

planes

What does a PXRD pattern tell us?
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Diffraction by Polycrystalline Solids

The measured intensity of Bragg reflections is the result of many contributions, the most important being the structure factor,

which is a mathematical function describing the amplitude and phase of a wave diffracted from crystal lattice planes

characterized by Miller indices h,k,l.

The structure factor is the measurable form of the electron density of a crystallographic plane, which is the actual physical

entity generating the diffraction phenomenon. There are three major factors contributing to the electron density of a plane: the

occupation factor, the temperature factor, and the atomic scattering factor .

Structure factor and electron density are mathematically related: they can be converted one into the other by means of a

Fourier transform.

Diffraction experiment

Structure solution

Crystal structure (3D)
Diffraction pattern (1D)
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Diffraction by Polycrystalline Solids

Solving a crystal structure consists in retrieving the electron density distribution inside the unit cell from the observed structure

factors. The information provided by a diffraction experiment is limited to the amplitude of the structure factors, whereas the

phase is lost, meaning that we have no spatial information.

There are two main approaches to solve crystal structures: direct methods and real space global optimization methods.

Direct methods (implemented in the program EXPO) were initially developed to solve structures from single crystal data and

successively adapted to PXRD data. They rely on the intensities extracted by WPPF to retrieve information about the phases of

structure factors and are based on two main general assumptions: the map of electron density is always positive and the

atomicity, that is, the electron density is not uniformly distributed in the unit cell, but is more concentrated nearby the atomic

positions. Direct methods work best when the only available information is the observed profile and the unit cell content, and no

a priori model can be hypothesized.

Real space global optimization methods (implemented in the program FOX) require a priori knowledge of the building blocks

constituting the crystal structure, besides the unit cell content. They basically exploit simulated annealing algorithms, varying

the set of degrees of freedom, both internal (torsion angles) and external (rotational and translational), of the molecular models

inside the unit cell, in search of the best configuration, that is the one generating the calculated pattern most similar to the

experimental pattern.

Direct methods and real space global optimization methods can be used in combination, for example when a structure is

constituted of heavy metal atoms and organic molecules: direct methods can identify the positions of the metal atoms thanks to

their high electron density, while real space global optimization methods can look for the arrangement of the organic molecules

around these metal atoms.
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Preferred orientation of crystallites is one of the main factors generating errors in the measured intensities. Certain

anisotropic crystal shapes favor stacking in a particular way (e.g. needles or plate‐like). As a consequence, not all

crystal orientations will be present in the sample and the intensity distribution will be different from the expected.

Preferred orientation can be minimized by carefully preparing the sample.

Isotropic shape

Anisotropic shape

Random orientation

Preferred orientation

Diffraction by Polycrystalline Solids
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Diffraction by Polycrystalline Solids

Peak shape: crystallite size and strain

(defects, residual stress)

What does a PXRD pattern tell us?
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Diffraction by Polycrystalline Solids

In an ideal diffraction experiment carried out on a perfect crystal (incommensurate size and no defects), a reflection

would be a sharp line, whose intensity is solely represented by its height, but in a real diffraction experiment it appears as

a broadened peak.

The shape of bragg peaks can be best described by convolving a gaussian function (no tails at the base and has a

rounded maximum) and a lorentzian function (sharp near its maximum but has long tails on each side near its base).

Both functions are centrosymmetric, but a certain degree of asymmetry (mainly due to instrumental factors) is always

observed in experimental data and must be taken into account when the profile is fitted.

Peak broadening is the result of both sample and instrumental contributions.

Typical profile functions:

Pseudo‐Voigt (linear combination)

Pearson VII (exponential mixing)
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Diffraction by Polycrystalline Solids

The instrumental profile function can be determined by measuring a reference material having ideal structure

(normally LaB6).

Once the instrumental contribution has been identified, the broadening due to the sample can easily be isolated.

Sources of instrumental broadening:

1. the source of radiation (X-rays or neutrons) has a finite physical size (i.e. is not a perfectly sharp spot or line);

2. the radiation is not perfectly monochromatic, but rather consists of a small range, δλ, of wavelengths around the mean, λ

3. the active diffracting volume within the sample is finite and therefore diffraction occurs away from the true centre of the

diffractometer

4. axial divergence of the incident/diffracted beams

5. the configuration of defining slits used in the diffractometer

6. any misalignment of the diffractometer
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Diffraction by Polycrystalline Solids

 





cos
2

L

K
B 

The Scherrer equation defines the

inverse proportionality relationship

between peak broadening (B) and

crystal size (L).

Sample contributions to the peak broadening arise from two features: crystallite size and strain.

Crystallite size broadening is due to the limited number of diffracting lattice planes of a real crystal: the smaller the crystal,

the fewer the lattice planes, the broader the peak. Crystallite size is a measure of the size of a coherently diffracting

domain. Due to the presence of polycrystalline aggregates, crystallite size is not generally the same thing as particle size.

Strain can be due to different types of structural defects: extended defects (such as stacking faults, dislocations, antiphase

boundaries) disrupt the atomic arrangement of a crystal, typically along a 2D plane and effectively terminate a

crystallographically ordered domain of the crystal; point defects (such as site vacancies or interstitial defects) can lead to

systematic shifts of atoms from their ideal positions.
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Diffraction by Polycrystalline Solids

Site vacancy

Interstitial defect

Sample contributions to the peak broadening arise from two features: crystallite size and strain.

Crystallite size broadening is due to the limited number of diffracting lattice planes of a real crystal: the smaller the crystal,

the fewer the lattice planes, the broader the peak. Crystallite size is a measure of the size of a coherently diffracting

domain. Due to the presence of polycrystalline aggregates, crystallite size is not generally the same thing as particle size.

Strain can be due to different types of structural defects: extended defects (such as stacking faults, dislocations, antiphase

boundaries) disrupt the atomic arrangement of a crystal, typically along a 2D plane and effectively terminate a

crystallographically ordered domain of the crystal; point defects (such as site vacancies or interstitial defects) can lead to

systematic shifts of atoms from their ideal positions.
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Diffraction by Polycrystalline Solids

Anisotropic broadening can appear for samples constituted of crystallites having limited size in one or two dimensions.

As a consequence, in some directions there will be less diffracting planes than in others. Accordingly, some reflections

will be broader than others.

Anisotropic broadening in the PXRD pattern of Ni(OH)2
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Diffraction by Polycrystalline Solids

Background: presence of amorphous matter, diffuse 

scattering (fluorescence), air scattering (at low

angle)

What does a PXRD pattern tell us?
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Diffraction by Polycrystalline Solids

Fluorescence by a Fe-containing hematite sample

Typical bump in the background due to the presence of

amorphous matter

Pattern of UiO-66 taken with (green line) and without (brown

line) the knife edge to reduce air scattering
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Diffraction by Polycrystalline Solids

All the features of the diffraction pattern seen before can be simultaneously modeled by means of a full pattern non-linear least

squares minimization procedure, known as the Rietveld method.

Differently from WPPF methods, the Rietveld method calculates the intensities on the basis of the electron density associated

to an atomic structure.

In Rietveld refinement all the measured points of the profile are used as observed parameters and the function minimized

during the refinement is the following:

SY = Σ(w(Yobs-Ycalc)
2)

The calculated intensities are the result of the following contributions:

Ycalc = Ybck + Σi[ Si Σhkl Chkl (θ)F2
hkl (θ)Phkl(θ)]

Background

Scale factor
Corrections

Experimental setup

Structure factor

Atomic positions, site occupancy, 

thermal factors

Profile function

Crystallite size and strain
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Diffraction by Polycrystalline Solids

Which information can be extracted from a PXRD pattern? How?

• Unit cell

• Qualitative phase analysis

• Structure solution

• Structure refinement

• Quantitative phase analysis (including amorphous content)

• Microstructural analysis (size/strain)

Indexing methods – WPPF (Pawley – Le Bail)

Rietveld method

Search/match routines – Structural database

Real space global optimization methods (FOX) 

– Direct methods (EXPO)
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XRD

Analysis of long range order.

Limited to crystalline materials.

Not element specific.

Distinguishes different crystallographic sites.

Averages over different elements on the same

crystallographic site.

Distinguishes different crystalline phases.

X-Ray Absorption Spectroscopy (XAS)

Analysis of short range order.

Covers both crystalline and amorphous materials.

Element specific.

Averages over different sites (for the same element).

Distinguishes different elements on the same

crystallographic site.

Averages over different phases (containing the same

element).

XRD alone cannot provide all of the information needed to have a satisfactory description of the system under investigation.

The best approach is to combine different techniques that can provide complementary information.
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XRD alone cannot provide all of the information needed to have a satisfactory description of the system under investigation.

The best approach is to combine different techniques that can provide complementary information.

XRD

Averaging over the whole sample.

Limited to larger crystallites (reflection broadening).

Amorphous material invisible.

Usually no beam damage.

Electron Microscopy

Relatively local.

Covers both very small crystallites (a few nm, TEM) and

large crystallites (up to several μm, SEM)

Amorphous material visible.

Beam damage possible.
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XRD

Interaction with electron shell.

Atomic order only.

Scattering power depends on atomic number.

Cannot distinguish isotopes or neighboring elements in

the periodic table.

Light elements hard to localize (hydrogen almost

invisible).

XRD alone cannot provide all of the information needed to have a satisfactory description of the system under investigation.

The best approach is to combine different techniques that can provide complementary information.

Neutron diffraction

Interaction with nucleus.

Atomic and magnetic order.

Scattering power depends on nucleus structure.

Distinguishes isotopes and neighboring elements in the

periodic table.

No problem with light elements.
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Diffraction by Polycrystalline Solids

Highlights

• Polycrystalline solids are constituted of many crystallites randomly oriented and are

ubiquitous

• The powder diffraction pattern contains information about the unit cell and symmetry,

the distribution of the electron density inside the unit cell, the crystallite size and strain

• The information contained in the powder pattern can be extracted using a number of

mathematical and computational tools

• The Rietveld method for structure refinement is the ultimate tool for treating PXRD

data
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In the web (open access):

http://pd.chem.ucl.ac.uk/pdnn/pdindex.htm#powintro

http://www.xtal.iqfr.csic.es/Cristalografia/index-en.html

On paper (or pdf):

“Fundamentals of Powder Diffraction and Structural Characterization 

of Materials” by Vitalij K. Pecharsky and Peter Y. Zavalij

http://pd.chem.ucl.ac.uk/pdnn/pdindex.htm#powintro
http://www.xtal.iqfr.csic.es/Cristalografia/index-en.html
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Part 2: Applications in 

Heterogeneous Catalysis
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Selected Examples
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Selected Examples

Perovskites are inorganic solids of general formula ABO3, where A is a metal cation having large ionic radius and B is a

metal cation having small ionic radius. The crystal structure is constituted of corner-sharing BO6 octahedra with A ions

occupying the interstitial cavities.

NaTaO3 is known to be an active photocatalyst for water splitting under UV illumination, thanks to its ability to efficiently

separate photogenerated charges, attributed to the B-O-B angle close to 180°.

The A site in NaTaO3 is larger than required for Na ions, with the consequence that TaO6 octahedra are slightly tilted to

reduce the size of the A site.

Introduction of a larger cation, such as K, can rectify the structure and improve the photocatalytic activity.

O
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Selected Examples

Doped Na1-xKxTiO3 materials were prepared varying the amount of K from 0

to 0.5. At x > 0.2 the K2Ta2O6 phase appears, meaning that the perovskite

structure can include only a certain amount of K ions before undergoing

phase transition.

Rietveld refinements were performed on patterns collected with a laboratory

diffractometer.
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Selected Examples
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The sample containing 5% of K turns out to be the most active catalyst for the water splitting reaction. This suggests that the

Ta-O-Ta angle effectively influences the recombination of the electron-hole pair.

Samples with a higher content of K have an increased amount of vacancy defects, which have a negative impact on the

catalytic activity, promoting the recombination.
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Selected Examples
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Selected Examples

Zeolites are microporous crystalline silica-alumina frameworks widely employed in the chemical industry as acidic

catalysts.

Prolonged steaming of zeolite tipe Y leads to partial dealumination of the framework, removing the most unstable Al3+

species and creating mesoporosity. The resultant material is termed ultra stable zeolite Y (USY) and is a widely used

catalyst in several industrial processes, the most important being fluid catalytic cracking (FCC) of the high-boiling

hydrocarbon fraction of petroleum crude oil.

Sodalite cage

Supercage
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Selected Examples

PXRD patterns of a sample of zeolite NH4Y with a 2.6 Si/Al ratio at 300 K, heated at 873 K and subsequently cooled

again to 300 K were collected with synchrotron radiation and refined with the Rietveld method. Upon heating, water and

ammonium ions are removed and 8% of the Al atoms migrate to the extraframework site I’. Cooling down to 300 K, water

is readsorbed and additional 34% of total Al atoms leave the framework.
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Selected Examples

In situ PXRD analysis was performed while heating the sample from 300 K up to 873 K and subsequently cooling it down

to 300 K.

The diffraction patterns collected during heating and cooling were first refined by considering each diffractogram as an

independent data set. With this approach, the parameters that behaved in a physically predictable manner during the

dynamic experiment were identified: they were the scale factor and the coordinates of the framework atoms. The

variation in such parameters was then parametrized according to P(i) = a*i + P0, where i represents the number of

diffractograms (from 0 to 61), P0 the starting value of the parameter, and a the slope that defines the variation in the

series. With the standard approach, 62 independent P(i) parameters could be optimized as compared to only two (a, P0)

with parametrization. Successively, a second refinement step was executed by adopting the parametrization for the scale

factor and the framework atom coordinates. The remaining parameters (cell parameter, extraframework site occupancy,

and background factors) were independent during the refinement.
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Selected Examples

Water molecules at site C leave the framework first, reaching zero occupancy at around 410 K. Water molecules at sites A

and B desorb simultaneously at 450 K. NH4
+ cations in the supercages are depopulated at 570 K and those in the sodalite

cages at 670 K. According to TGA and Rietveld refinement, there is a weight loss of about 30% accompanied by minor

changes in the aluminum coordination (evidenced by XAS data). At high temperature, some 3-fold coordinated aluminum

probably forms (less than 10%), which populates site I′.
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Selected Examples

The main structural changes occur during cooling. XAS shows that down to 393 K about 10% of framework aluminum had

changed its coordination and up to 30% during further cooling. Only minor structural changes occur in the presence of

moisture at high temperature; a steady state is reached after 40-50 min at 873 K, and the fraction of extraframework Al3+

species increases from about 3 to about 6 atoms/unit cell. These defects are probably the starting points of the large

structural changes that occur in the cooling experiment after readsorption of water into the pores, with the fraction of

extraframework Al3+ species increasing to as much as about 30 atoms/unit cell. In other words, Y zeolite has a partially

defective phase; its moisture content is very low at high temperature, and it undergoes further and more important

dealumination at lower temperature due to the action of water.
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Selected Examples
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Selected Examples

The gas-to-liquid (GTL) process is the conversion of natural gas derived synthesis gas into hydrocarbons via Fischer–Tropsch

synthesis (FTS). The currently commercialized GTL technologies use supported cobalt catalysts for the Fischer–Tropsch

synthesis step, in which CO and H2 are transformed to a wide range of linear long-chain hydrocarbons and water.

One of the challenges in applied Co-based FTS is the lifetime of the catalyst. Due to the relatively high price of cobalt,

continuous operation without catalyst replacement for long periods is favourable.

Deactivation of the catalyst has been attributed to various factors: sintering of cobalt particles, formation of inactive cobalt-

support mixed phases, and formation of stable carbon species.

A spent Co-Re/γ-Al2O3 catalyst (20 wt% Co, 0.5 wt% Re) operated in a semi-commercial demonstration GTL unit with

production capacity of 1000 bpd [16] was analyzed and compared to its fresh analogue.
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Selected Examples

The fresh catalyst was calcined at 573 K for 16 hours and analyzed by PXRD using synchrotron radiation. Co3O4 crystallite

size was estimated using the Scherrer formula to be 13.2 nm, which upon loss of oxygen should lead to Co particles of 10.6

nm.

In situ PXRD measurement were performed during a temperature-programmed hydrogenation (TPH) process (heating to 673

K at a 3 K/min rate and 4 h isotherm), showing that Co3O4 is initially reduced to CoO, as observed by XAS measurements,

and subsequently to Co in face-centedred cubic (fcc) arrangement, with evidence of the presence of some Co in hexagonal

close-packed (hcp) structure. Crystallite size was estimated to be 7.9 nm.
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Selected Examples

The spent catalyst was first de-waxed and then subjected to the same TPH treatment. Wax is still present in the sample even

after de-waxing, but it melts above 313 K and is no more visible. The reflections of fcc-Co start getting sharper at 443 K, at

the same time the intensity of the reflections of CoO decreases.

The crystallite size of fcc-Co increases from 8.7 nm to 11.3 nm during the treatment, indicating that sintering happens.

Comparing the crystallite size of the fresh and the spent catalyst after the same TPH treatment, a 43% increase is apparent in

the spent sample.

Intensity of hcp-Co multiplied by 2.2.
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Selected Examples

TEM analysis shows that the Co nanoparticles consist of both fcc and hcp regions. Particle size distributions are shifted

towards higher diameters than those observed by PXRD (11.5 nm for the fresh catalyst, 16.9 nm for the spent one), but the

approximate increase from the fresh to the spent catalyst is 47%, in agreement with that obtained by PXRD.
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Ammonia is an excellent hydrogen carrier (17 wt% H, liquefies at 8-10 bar at RT) and the decomposition of ammonia

is considered as a possible method to generate hydrogen for fuel cell applications without formation of COx. On the

other hand, ammonia can be used directly as feed for solid oxide fuel cells.

The benchmark catalyst for the ammonia decomposition reaction is ruthenium dispersed over carbon nanotubes.

Molibdenum-based catalysts are also being studied due to economical advantages.

MoO3 heated in a NH3 atmosphere can form Mo nitrides, thus triggering the decomposition of ammonia to N2 and H2.



Seite 86

Selected Examples

A catalytic test on a laboratory-prepared sample was run heating up to 800 °C and exposing the catalyst to a stream of

ammonia. Complete conversion was achieved at 650 °C.

In situ PXRD showed that the catalyst first undergoes insertion of H2 with formation of molybdenum bronze (HxMoO3),

followed by reduction to MoO2 and concomitant transformation into MoxNy. Quantitative Rietveld refinement was

performed, showing that over 650 °C no oxides are present anymore.
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Selected Examples

SEM micrographs show that upon nitridation the particle size is strongly reduced and the molybdenum nitride contains

a significant amount of porosity. As a consequence, the surface area is significantly increased.



Seite 88

Selected Examples

If MoO3 is pre-reduced to MoO2 by heating at 550 °C under hydrogen, the formation of molybdenum nitrides starts at 700

°C. This can be imputed to the larger size of the crystalline domains in this sample than in the pristine one.

The activity of the pre-reduced catalyst was found to be lower than that of the pristine one. Both of them lost activity during

a second cycle, probably due to sintering of the crystalline domains.
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Selected Examples

If the catalyst is ball-milled prior to ammonia decomposition, the size of the crystalline domains is decreased and, as a

consequence, the catalytic activity is improved.
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Heating up to 650 °C instead that 800 °C, sintering of the particles is reduced and the activity during following cycles is

improved. After 5 cycles, the performances of the pristine and the ball-milled catalyst are almost the same.

Analysis of the domain size by means of whole powder pattern modelling (WPPM) shows that sintering slowly occurs

when the catalyst works at 650 °C. After 5 cycles, the domain size of the pristine and ball-milled sample are very similar.
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Titania crystallizes in three natural phases: brookite, anatase, and rutile. The brookite and anatase crystalline phases

transform into rutile when the sample is calcined at higher temperatures.

It has been demonstrated that some properties of TiO2 are very sensitive to its structure. Since the anatase phase is

chemically and optically active, it is suitable for catalysts and supports. However, it is metastable and tends to transform into

the rutile phase, decreasing the surface area and inducing a loss of catalytic activity. The anatase-rutile transformation begins

with the nucleation of rutile on anatase and the rutile nuclei grow throughout the anatase particle until completion.

The stabilization of TiO2 in the anatase phase can usually be achieved by changing its bulk or surface composition, and it is

usual to add other atoms to titania in order to improve properties such as structural stability. CeO2 has the property of

stabilizing the active phase in a fine dispersed state and improving the resistance to thermal loss of the supported catalyst

surface area and the catalytic activity.

Orthorhombic Tetragonal Tetragonal
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Selected Examples

The behaviour of copper supported on anatase was studied, as it is a widely used catalyst in the industry for selective

oxidation of o-xylene to phthalic anhydride, steam reforming and methanol dehydrogenation, CO oxidation, NOx

decomposition, and complete mineralization of a variety of volatile organic compounds (VOCs).

After calcination at 450 °C, the Ce-doped catalysts show broadened anatase reflections.

Calcination at 650 °C causes a a decrease of 81% and 88% in surface area in the non-ceria doped materials. The ceria-doped

materials undergo a decrease of 49%. The presence of Cu promotes the transformation into rutile, whereas in the presence of

Ce the anatase structure is preserved.

After calcination at 850 °C all of the materials show surface areas smaller than 8 m2/g. At this temperature, all of the samples

contain only rutile.
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