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XRD Overview

X-ray scattering techniques are among of the most widely applied
methods used for the characterization of solids

1895: Discovery of X-rays (W.C. Rontgen)

1912-13: Pioneering experiments by W. Friedrich, P. Knipping and
M. von Laue and W.H. and W.L. Bragg

1921 Full interpretation by P.P. Ewald
Since 1950: XRD has become a standard laboratory technique
1967: Full pattern refinement by H.M. Rietveld

Since 1980: New technical opportunities with the easy access to
synchrotron radiation

Current trends in catalysis research: XRD under reactive conditions,
combination with other complementary technigues, and
development of evaluation methods for a detailed defect analysis



Fundamentals of diffraction

Transverse plane waves SN
from different sources | A
can “interfere” when their NN

paths Ove rlap FIG. 3-1. A cosine wave moving to the right.
constructive Interference

(in phase) NN N
destructive interference eAod U
(out of phase), completely

destructive for the same el
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different amplitudes and N
wavelengths o

FIG. 3-2. Interference between two waves. Both waves are assumed to have the same
maximum amplitude (unity) except in (c) and the same wavelength in all cases. (a) Con-
structive interference; (b) complete destructive interference; (c) partial destructive interfer-
ccccc



Diffraction experiments

Interference patterns can be
produced at diffraction gratings
(reqularly spaced “slits”) ford = A
Waves from two adjacent
elements (1) and (2) arrive at (3)
in phase if their path difference is
an integral number of
wavelengths

Kinematic theory of diffraction:

— R >>d: contributions of each
beam can be taken as a plane
traveling wave

— Conservation of energy in the
scattering process
— A once-scattered beam does not
re-scatter
Periodically arranged atoms
(crystals) act as diffractions
gratings for radiation 0.6 < A <
1.9 A

Grating

Screen




The Bragg equation

GE =EH =d sinf
nA = 2d sin@ (Sir W.L. Bragg)
— 2d < A: no diffraction

— 2d > A: different orders of
diffractions (n=1, 2, ...) at
different angles

— 2d >> A: 1st order reflection
too close to direct beam

I/d 2/ 3/d

L 2sin8

d A

FIG. 3-5. Amplitude versus 2 sin /4.

Zero order

Diffroction St order 1st arder o
maximum —" ;,—E:‘hnchuﬁ

Znd order ;’J 2nd order
¢

Advancing wave fronts |

12.3-1.  Reintorced scattering by a regularly spaced row of atoms.



Towards diffraction patterns
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Crystal lattices as gratings

 Crystals can be described as three-
dimensional lattices

* A lattice point at the origin of the unit
cell is reproduced by three translations
a, b and c and three angles a, fand ),
(lattice or unit cell parameters)

 An infinite number of lattice planes run
through the lattice points and their
orientation with respect to the unit cell is
given by the fractional parts of the cell
axes at which they intercept

» Sets of equally spaced and parallel
lattice planes are defined by Miller
indices hkl, representing the reciprocals
of these intercepts in the directions of a,
b and c.

» The spacing of adjacent planes is
termed d,,, and, for example, in a cubic
lattice d;gp = dyy0 = dgo; = @ and dygg =
oo = dgoz = &/2.




A simple crystal structure

Cubic lattices:a=b=c; a= = y=
90°
Other lattice symmetries: hexagonal,

trigonal, tetragonal, orthorhombic,
monoclinic and triclinic

A crystal structure: lattice parameters
+ coordinates x, y and z as fractions
of a, b and c of crystallographically
independent atoms (asymmetric unit),
+ space group (symmetry operations
needed to reproduce the asymmetric
unit to completely fill the unit cell)

NaCl: cubic, a = 5.6402 A, Na: x = 0,
y=0andz=0,Cl=x=%,y=%and
z =%, Fm-3m




Powder method
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Scattered intensity and crystal
structure

 Total scattering power of a reflection

VIN O OF°  1+cos?26 4
P =1 () ()
AN 5 2[Sin O mgc

— m: multiplicity, v_: volume of unit cell, V: illuminated
volume of powder sample

 The structure factor F,
— ™ [Frul?
- Fua =2 fip exp 2ru(hi; + kiy; + 1)
— f; atomic scattering factor



Atomic scattering factor

X-ray photons interact with the electron
clouds of an atom

electron clouds are not points in space, but
possess a finite size of the same magnitude
as the X-ray wavelength

electrons are spread in space and
consequently not all are scattering in phase,
the scattering amplitude will vary with 26

atomic scattering factor (ratio of the
amplitude scattered by an atom to that
scattered by a single electron) fall off with
(SinB)/A

As a consequence, the Bragg peaks at
higher angles will generally exhibit a lower
intensity compared to those at lower angels

b Difference
‘,}/in phase
{

Fig. 3-14. Phase difference in scattering from different parts of an atom.
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Information content of an XRD
pattern

111

””” 111 222
size
strain
""""" 35 40 45 50 55 60

What can we learn from a

diffraction experiment?

Are there peaks? (Crystallinity)

Which crystalline phases are
present? (Phase identification,
database of fingerprint
patterns)

How many crystalline phases
are present? (Homogeneity)

Relative amount of phases?
(Quantitative phase analysis)

Crystal structure refinement
(ideal structure)

Size, strain, defects (real
structure)



lonization

Experimental: X-rays
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X-ray tubes

focusing plates
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Geometry of diffractometers

X-ray tube /
geometry

— 0-26
sample holder
with sample — 06-6

a)

detector o Reflection

...............

b)
focusing primary
monochromato P

N

X-ray tube

\ detector

e Transmission
geometry

% sample holder
=, with sample

[
------
...................



Phase analysis

* Peak positions and intensities are compared to a patterns from the
powder diffraction file (PDF) database

 Generally, ALL peaks found in a PDF pattern must also be seen in
in the diffractogram, otherwise it is not a valid match

» Possible exceptions:

Small peaks may be not detectable if the noise level is too high

Missing peaks may be the result of a very strong preferred orientation
effect (intensities systematically hkl-dependent)

“Missing” peaks may be the result of anisotropic disorder (FWHMs
systematically hkl-dependent)

Very small residual peaks may be artifacts resulting from spectral
iImpurities (other wavelengths, e.g. K, W L)

The peaks are real, but they belong to the reference compound, not an
impurity. It may be that your diffraction pattern is “better” in terms of
signal/noise ratio than the (possibly old) PDF pattern. After all, the
diffractometers have improved with time (Rietveld check required)

« Systematic shifts of peak position might be due to thermal
expansion (check PDF entry) or different composition

F.Girgsdies



Phase identification: PDF
database

d[A] 2Theta Int. h k| d[A] 2Theta Int. h k|
3.2600 27.335 13 111 0.9969 101.193 2 440
2.8210 31693 100 200 0.9533 107.809 1 531
1.9940 45450 55 220 0.9401 110.046 3 600
1.7010 53853 2 311 0.8917 119504 4 620
1.6280 56.479 15 222 0.8601 127.169 1 5 3 3
14100 66.229 6 400 0.8503 129.893 3 6 22
12940 73.066 1 331 0.8141 142240 2 4 4 4
12610 75304 11 420

1.1515 83973 7 422

1.0855 90409 1 511

[5-628] PDF-2 Sets 1-81  Quality: * Wavelength: 1.540598

Sodium Chloride

Halite, syn

Na ClI

Rad.: CuKal (1.5405) Filter: Beta Ni d-sp:
I/lcor.:4.40 Cutoff: Int.: Diffractometer

Ref.: Swanson, Fuyat., Natl. Bur. Stand. (U.S.), Circ. 539, Il, (1953), 41

Sys.: Cubic S.G.: Fm-3m (225) V(redu): 44.8
a: 5.6402 b: C:
A: B: C: Z:4 mp: 804deg

Dx: 2.164 Dm: 2.168 SS/FOM: F17=92.7 (.0108, 17)

ea: nwB: 1.542  ey: Sign:  2V:
Color: Colorless
Ref.: Dana's System of Mineralogy, 7th Ed., I, 4

An ACS reagent grade sample recrystallized twice from hydrochloric // acid. //
Pattern taken at 26 C. // See ICSD 18189 (PDF 72-1668).




Phase identification: Examples

130

Intensity / a.u.

20 30 40 50 60 70
c) Pd/Fe O, (2 wt.-%) = g
o™ i
PDF 19-629: Fe O,
o
PDF 65-2867: Pd S S
o = < o
— o N = o O N
3 Q N o o o
A i 1L i o1
""" I||I|I| 1
20 30 40 50 60 70



Phase mixtures

111

011

111

20/ °

m-ZrO,

« Pitfalls: Different
proportionality factors for
scattered intensity

» Two strategies: Pattern
fitting or internal standards

* I/l,,: Ratio of the strongest
peak of a phase to the
strongest peak of corundum
ina 1:1 (w/w) mixture



Deviations from the PDF file:
Preferred orientation

\
T\

T ) B I 2

' L s = \\ ;

Substrate == ==
==
AL S
Oriented thin film: Powder of platelets: Supported nano-sized platelets:
All reflection except All reflection except No effect of preferred orientation,

(00/) absent (00/) weakened but anistropic size effects



Deviations from the PDF file:
Chemical variation

110 Pd Pd75X25 X

405 1 Au:4.079 A
400 +

395 1 e Pt:3.923 A
3,90 ir- ——————————————————— Pd:3.890 A
385 1

E*Bﬂ ] oX=Pt

| X=A
375 ¢ .}(=A;
370 + &X=Ni ‘
-l Vegard's rule

360 1
355 1 N _.
: : ; Ni:3.524 A

3,50

0 0,25 05 0,75 1
n(X)[n(Pd}+n(X)]



The Rietveld method

Whole-pattern-fitting-structure refinement

Least-squares refinement until the best fit is
obtained of the entire powder pattern taken as
the whole and the entire calculated pattern

Simultaneously refined models of crystal
structure(s), diffraction optics effects,
Instrumental factors and other specimen
characteristics

Feedback criteria during refinement

Pattern decomposition and structure refinement
are not separated steps




yci =

Experimental data: numerical
intensities y, for each increment i in 20

Simultaneous least-squares fit to all
(thousands) of y,

— mini_mize Sy=Zi Yt (YirYo)?
Expression for y

S thl I—th “:hkll2 ¢(29i-29hk|) I:)hkl A+ Yhi

— s:scale factor, L, contains Lorentz
polarization and multiplicity factors, ®:
profile function, P, preferred
orientation functlon A: absorption
factor, F,,: structure factor, y,;:
background intensity

As in all non-linear least-squares
refinements, false (local) minima may
occur

Good (near the global minimum)
starting models are required

Procedures In Rietveld refinement

oy _— —

1! |
5 l . N |
i ||] l j ||_ . | ri \

0.0 —A—.}Jt_J]._JIUL__J ubua_}\_m_,‘L.fL-JLuH M‘W‘wm
TS Sy ST OSSO S,

Fig. 1.1 Example of a Rietveld refinement plot. The specimen was fluorapatite. The observed
intensity data, y;, are plotted in the upper field as points with vertical error bars representing
the counting statistical e.s.d.’s in them. The calculated pattern is shown in the same field as a
solid-line curve. The difference, observed minus calculated, is shown in the lower field. The
short vertical bars in the middle field indicate the positions of possible Bragg reflections.



Parameters in Rietveld refinement

 For each phase

X; ¥; Z; B; N; (Position, isotropic thermal parameter and site occupancy of the jth
atom'in thé unit cell

Scale factor

Profile breadth parameters (206 dependence of FWHM, typically Cagliotti function
FWHM? = U tan?6 + V tan6 + W)

Lattice parameters

Overall temperature factor

individual anisotropic temperature factors
Preferred orientation

Extinction

* Global parameters

20-Zero

Instrumental profile (+ asymmetry)

Background (several parameters in analytical function)
Wavelength

Specimen displacement, transparancy

Altogether some 10-100 parameters: Keep an eye on the refined

parameters-to-reflections (independent observations) ratio to avoid over-
fitting



Criteria of fit

R-Bragg R weighted pattern

_ 2|l ("obs') -1, (calc) |

. >l ("obs") R, =[ Z(y:(0bs) - v, (calc))’ %
2w, (Y, (0bs))®

— insensitive to misfits not involving the
Bragg intensities of the phase(s) being
modelled
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Example: M1 oxidation catalyst

e Q L O Experimental data
: L% —— Calcualted pattern
—— M1 Phase
—— M2 Phase
— VoesM0y 5,0, (x10)

o a0 s 2 MoV TeNbO

h VV-XVV”VV AAVA\/NW Mv \ /\/J\AM;ﬂv WA\J

X




Example: Cu/ZnO catalyst
precursors

220
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Cu:Zn =90:10
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Cu:Zn = 80:20

e e VI e i A e e Ta ¥ e It S e S S W
bt ik

U L T e L TR T AT T

10

15

20

25

30 35 40 45 50
20

b)
. 102+
v 10020
8o o E— 0120 / 240
© 31004 o H o 0 220
= ,f“ - \\
50 5\
g T 98- \a
o O
g \H 211
= 20-1
96 T T T T T T T T T 1
5 20-1
= P 104 21-1
Ew /E/
% T 051 E/
23 / 220
<< < 004 O E E 0120
- H 020
. 240
0'5 T T T T T T T T 1
0,00 0,05 0,10 0,15 0,20 0,25 0,30
C) xin (Cu, Zn ),(OH),CO,
9,55, 12,10
9,501 12,05
°<\i 9,451 =< 12,00
T 9,401 911,95
9,35/ 1.90
9,30 -1
3,35, 100
3,30/ 99\
325} o o 08
s 3,20 ) T Qg
o= T
3,15/ 96
3,101, : : . 95l : : :
0,0 0.1 0.2 03 00 01 0,2 0,3

xin (Cu,_Zn),(OH),CO, xin (Cu,_Zn ),(OH),CO,



Real structure: Line profile
analvsis

IRel IRel
IUU'_ Gauss IUO__ Lorentz [p
80 | Silll g0 | sii1l i
60 - 60
40 - j 40 -
20 J 20
Y |
0 ‘ﬁﬁ?ﬂl%ﬁP‘"TW 0 ' L L Bt B
28.00 28.20 2840 28.60 28.80 29.0 28.00 28.20 28.40 28.60 28.80 29.0
20 [°20] 20 [°20)]
a) b)

Fitting of a suitable profile function to the experimental data
— Gauss, Lorentz, Pseudo-Voigt, Pearson-VII
No structural model
Parameters for each reflection:
— angular position (20)
— maximal intensity |,
— integral intensity A
— FWHM or integral breadth = A/ |,
— profile paramter (P7: m, pV: n)
Patterns of high quality and with low overlap of peaks are required



Instrumental contribution

e Line width dominated by beam
divergence and flat-sample-
error (low 26), slits (medium
20) and wavelength distribution
In spectrum of XRD tube (high
20)

» Peaks of standard sample
(large crystals, no strain,
similar to sample, same
measurement conditions) can
be extrapolated by fitting a
Cagliotti function

FWHM?2 = U tan20 + V tan6 + W

Reflexbreite /2 6

0,16 -

0,14

0,124

0,10

0,08

0,06

Instrumental resolution function

- B
X FWHM

—U =0,00727 V =-0,00193 W =0,00652
—U=0,00467 V =-0,00124 W =0,00419

T T T T T T
40 60 80 100 120
Reflexposition /2 6



Sample line broadening

o Size effect o Strain effect
— incomplete destructive — variationind
Interference at Og,,q,+A0 for — introduced by defects,
a limited number of lattice Stacking fau|t, mistakes
planes _ — depends on 20
— detectable for crystallites
CRYSTAL LATTICE DIFFRACTION
roughly < 100 nm LINE
— no 20 dependence
~| %o}
D?Omm NO STRAIN
S
s ‘fJ — ﬂm
et : NONUNIFOTRM STRAIN 28—

Abb. 16: 111- und 200-Reflex von Kupferproben mit unterschiedlicher Teilchengrofe (C)



The term strain

No strain

Tensile strain

Compressive strain

Micro- or lattice
strain:

Ad/d

Non- un!form strain

Vacancy

Stackingfault
Dislocation l

]

1’\;:

Interstitial
defect

Substitutional
defect



The term size

a) Aggregate of several particles

b) Polycrystalline particle
with several grains

c) Mosaic grain with several crystallites

d) Crystallites with two domains
separated by a twin boudnary




Scherrer equation

« Determination of size effect, neglecting strain
(Scherrer, 1918)

« Thickness of a crystallite L = N d,,,

L = kA/(BcosO), B has to be corrected
for instrumental
contribution:

BZ - Bzobs _ sttandard
(for Gaussian profiles)

— k: shape factor, typically taken as unity for 3 and 0.9
for FWHM
» Drawbacks: strain not considered, physical
interpretation of L, no information on size
distribution, works best for L <5 nm (not for L >

100 nm)



Wilson equation

Determination of strain, neglecting size effects
(Stokes & Wilson, 1944)

[B=4¢tand B has to be corrected
for instrumental
contribution:

BZ - Bzobs _ sttandard
(for Gaussian profiles)

Drawbacks: size not considered

In reality often:

:Bobs = :Bmstr T :Bsample = :Bmstr T :Bsize T :Bstrain



Pattern decomposition

° Bsize’ Bstrain and Binstr contribute to Bobs
e Correction for (3., from IRF
* Reciprocal quantities for each reflection

— B*=pBcosO/A
— |d*|=1/d=2sinB/A



Willamson-Hall analysis

e Indexed plot of 3* vs d*

— Horizontal line: no strain,
Isotropic size effect

— Horizontal lines for higher
order reflections: no strain,
anisotropic size effect

— Straight line through the
origin: isotropic strain

— Straight line for higher
order reflections but
different slopes: anisotropic
strain

B

By

B (h00)
(hkl) (0kO)
(00I)
d* d*
B*
(h0O)
(hkl) / (0kO)
/ / (00I)
g
d* d*



Example WH-analysis: ZnO
\ \\\ff"’ 4?
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0 e e hk0 Fig. 28.8. Scction through 1he “average’ cylinder (7o) used to mode! the form of the crystallites of the
°< == £ — ex-hydroxide-pitrate ZnO sample. —-; observed apparent size £qp,, ———— actual observed size Tp,
—~ 6 ; OhOh in the direction hkl, the dotted curve is the loci of the calcnlated apparent sizes (from Langford e al,
) — 1993)
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Fig. 28.?. 1\-’\"’”“3]]‘[501]*}"{ a].l plgt fﬂr S[I‘Hill-fl’l?,d E‘}a-h}d l'Oxide-!litl"dlt‘, ZHU Fig. 28.9. TEM micrograph of ex-hydroxide-nitrate ZnO showing hexagonal crystallites (bar = 200 A)

J. I. Langford, A. Boultif, J. P. Auffrédic, D. Louér, J. Appl. Crystallogr. 1993, 26, 22.



Example: Peak sharpening of a
PdGa hydrogenation catalyst
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TEM-size:
4-6 nm

Example: Microstructure of

catalysts

[ IPSD(TEM)

Log-Morma=l fit

Frequency

o 2 4 6 & 10 12 14
Zrﬂz particle diameter, nm

[ IPSD {TEM)

G euExian fit

- IErequency

r TEM-size:
i} 5 10 15 20 7_8 nm

Cu particle diemeter, nm

Snm



Neutrons

According to the wave-particle dualism (A =
h/mv, de Broglie) neutrons have wave properties

As X-rays neutrons may have a wavelength on
the order of the atomic scale (A) and a similar
Interaction strength with matter (penetration
depth from pm to many cm)

Neutrons generate interference patterns and can
be used for Bragg diffraction experiments

Same scattering theory for neutrons and X-rays



Generation of neutrons

e Neutron must be released from the atomic
nuclel, two possibilities:

— FiIssion reactor

235U nuclei break into lighter elements and liberate
2 to 3 neutrons for every fissioned element

fission

. @

._.} S } 1&*
236y, U g T
u e

unstable ;
. T (LR
intermidiate nucleus St

www.hmi.de

— Spallation source

e proton bombardment of lead nuclel, releasing
spallation neutrons



Research reactor at Helmholtz
Zentrum Berlin

S sr e eaesesaeees ey Forschungsreaktor BER |1

- .H;;K;th;-."-e. ; (Berliner-Experimentier-Reaktor Il)

Druckloser Leichtwasserreaktor mil offenar Wasseroberldche (Schwimmbad-Typ)

Ausschlielich im Einsatz zur Erzeugung von Neutienensiranlung fur die Forschung

Thermische Newtronenfiulidichte: 1 bis 2 mal 10'4 Meutrenen pro em< und Sekunde

MTR-Brennelemente mit 322 Gramm Uran-235 jo Elemant

19,75 % Anreicherung Uran-235 (LEU - Low Ennched Uranium)

Reakiorkern mit 24 MTR-Brennelementen und & Kontroll-Brennelementen

Stahimantel

Benylhumreflektor

28 Expenmente an 9 Strahlrohren, & Neutronenleitern, 3 Bestrahlungseins#tzen und
einer Schnellen Rohrpost

Experimentierhalle
und Versuchshalle

Kby asse
pumgen

Primir -
Wisma-

—_—

| Barymern

Realkdnckerm
Rellklor
| et




Properties of neutrons

e Fission process: 1 MeV - too high for practical use

* Neutrons are slowed down (moderated in water or
carbon)

— hot neutrons:
 moderated at 2000°C f\
* 0.1-0.5eV, 0.3-1 A, 10 000 m/s

— thermal neutrons: |/

* moderated at 40C :
« 0.01-0.1eV, 1-4 A, 2000 m/s e

Fig. 2.16. Spectral distribution of moderated meutrons from a nuclear reactor. A

— CO | d neutrons: A K ol aSEIENg s o e SElEctEA For BIINGE0HT e
 moderated at -250°C
e 0-0.01 eV, 0-30 A, 200 m/s

LA



Neutrons vs. X-rays

Particle wave * Electromagnetic wave

Mass, Spin 1/2, Magnetic  NoO mass, spin 1, no magnetic
dipole moment dipole moment

Neutrons interact with the o X-ray photons interact with the
nucleus electrons

Scattering power independent » Scattering power falls off with

of 20 20

ensity

Figure 3.16 Variation of scatter-
ing amplitude with angle



Scattering lengths

X-ray Relative SL

Neutron Scattering Length Average

©c 00 O O
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Neutron vs. XRD pattern
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Neutrons vs. X-rays

Lower absorption

Large amounts of sample
needed

Neighbors and isotopes can be
discriminated

Light elements can be seen

Low availability (nuclear
reactor)

Magnetic structures can be
iInvestigated

Incoherent scatterers (eg. H)
have to be avoided

« Stronger absorption

 Lower amounts of sample
needed

* Neighbors and isotopes cannot
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» Light elements hard to detect

« High availability (lab
Instrument)
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FIG. 427, Schematic neutron diffraction patterns from polycrystalline {a} bec ferro-
magnet and (b) bec antiferromagnet. The shaded area represents the contribution of the
magnetic scattering which decreases with 8 due to the decrease in magnetic scattering
factor foag.



Defect analysis of fcc Cu
catalysts

M.S. Paterson, J. Appl. Phys. 23, 1952, 805: (h+k+l = 3N+1) broadened and shifted; (h+k+l = 3N) not affected
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Summary

 Powder XRD can give information on crystalline
phases identity (fingerprint), crystal structure and
guantitative phase analysis (e.g. from Rietveld
refinement) and size/strain effects (from line
profile analysis)

« Neutron diffraction is a non-routine
complementary technique allowing detection of
light elements, recording of higher intensity
Bragg reflections at high angle, discrimination of
neighbouring elements, resolution of magnetic
sub-lattices
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