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Introduction SAS: -some historical remarks

-when can small-angle scattering be used
-kind of samples
Small-Angle Scattering:
-scattering vector, size range to be investigated
-theoretical remarks
-structural parameters, the scattering contrast
-Which are possible structural results of SAS
Model scattering curves:
Example of instrumentation: -ASAXS instrument at BESSY I
Contrast variation: -ASAXS; resonant Small-Angle X-ray Scattering
Examples: -RuSe — catalyst for fuel cells

-degradation of PtNi; catalysts studied by ASAXS

]
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Structural determination of different materials HZB
Helmholtz

Zentrum Berlin
Electron microscopy

(00 . .
& Atomic force microscopy
o
oég Electron diffraction
&e’& Static and dynamic light scattering Biggest advantage of
oy X-ray scattering:
\06\‘ USAXS SAXS WAXS -In situ measurements
XRD -Statistical average
1m 1 mm 1 um 1nm 1pm
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History: SAXS and Anomalous SAXS H/B.. ..

Zentrum Berlin

A

Krishnamurti, P.
1930 Indian J. Phys., 5, 473-500 (1930). ‘‘Studies in X-Ray Diffraction. Part I:
The Structure of Amorphous Scattering. Part II: Colloidal Solutions and
Liquid Mixtures.” Particle size and molecular weights related to extent of

WAXS

Porod region SAXS
10°} . (@xg?)
mnall-angle acattoring. :

ry

-
o
B
T

1940 — Guinier, Debye, Luzatti, Porod and others develop
1960 interpretation for the basic features in SAXS patterns

Intensity (arb. units)

—_
o
w
T

1980 Stuhrmann (EMBL Hamburg; instrument X15) first ASAXS or 0} L
Ferritin and Hemoglobin 107 LR 1

J.P. Simon; O. Lyon; France A Bienenstock; Stanford, USA
ASAXS on alloys and theory

HASYLAB JUSIFA instrument at B1 (Haubold; FZ Juelich)
1991 ASAXS at Al (lower energy range, organic materials) Stuhrmann

No real dedicated ASAXS instruments furthermore:
IDO1 & BM02 @ ESRF; 12ID at APS

3/2006

Our goals:
- Application of ASAXS in the material science field

and materials for renewable energy sources
- Increase the sensitivity and accuracy of ASAXS i
- Further development of ASAXS theory

TMPW-SAXS at BESSY
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What can be characterized by Small Angle Sc HZB A
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-in general all nanostructures containing materials
(in state of solid plates, powders, or liquids)

Examples:

-immiscibility regions and beginning crystallization in e.g. glasses
-precipitations in alloys

-concentrations fluctuations at phase boundaries (e.g. hydrogen storage)
-grain boundaries in polycrystalline materials

-pore structures in aero gels, porous glasses ...

-morphology of biological cells, DNS, bones, woods

-polymers

-colloidal liquids: protein structures, magnetic fluids

-catalysts; especially nonoparticles on different supports

]
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Some Examples HZBH Imholt
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Luminescent Nano- crystals:

ZnCdSe

Different catalysts:

Katalysator-
Teilchen

—

Pk,

( Nafion r
Kohlenstofftrager
(30 -50 nm)
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Motivation: Gold nanoparticle H/B
Helmholtz

Zentrum Berlin

Historical Gold-Ruby Glass: old roman
Lycurgus cup

nature photonics | VOL 1 | APRIL 2007 | www.nature.com/naturephotonics Lumineszierende Gliser
OPTICAL METAMATERIALS

|nV|S|b|||ty Cup UIf Leonhardt DOI: 10.1002/anie.200123456

Intensive rote, griine und weifie Lumineszenz in

Cloaking devices for visible light come a step closer to reality by combining the modem form of photoaktivierten gold- und silberhaltigen
a Rorman technology with ideas from ancient Greece. Silicatoléisern™

ol
UIf Leonhardt

Maik Eichelbaum, Klaus Rademann”, Wilfried Weigel,
Armin Hoell, Dragomir M. Tatchev

is in the School of Physics and Astronomy,
University of 5t Andrews, North Haugh, 5t Andrews,
KY16 955, UK

e-mail: ulf@st-and. ac.uk

0 ne of the things the Romans did

for us was the invention of the first
optical metamaterial — ruby glass.
‘They probably did not know it, but their
recipe for ruby glass contained one crucial
ingredient': tiny gold droplets, typlcally
5-60 nm in size. These gold particles
colour the glass in an extraordinary

way, as demonstrated by the exquisite
Lycurgus Cup (Fig. 1). In daylight the cup
appears a greenish colour, but il

it from the inside and it glows ruby. On
page 224 of this issue, Cal ef al.” present
theoretical simulations that show that a
madified Roman cup based on modern
nanofabrication technology will act

as an invisibility device, albeit for one
polarization and one specific colour

of light. Anv obiect vou pul inside will
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Principle of Small-Angle Scattering (SAS) H/B......

Zentrum Berlin

Sample
Monochromator (containing nano  Detector
AMA structures)

Collimation /
Neutrons‘ | | . 20 lq| =4x sin(0) / A

orX-rayéT Td I. ‘\\M
o \
Beamstop

Inhomogeneity of densities, composition fluctuations and

magnetisation in size ranges of d: ~ 0.5 — 100 nm Intensity I(q) g = 2x/d

Scattering angle 20: 0.1 — 6°

One can get: Size distributions, distances, compositions, /
volume fractions

important: sample properties
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Small-Angle Scattering (SAS)

Scattering cross-section

Scattering vector: Q=k, -k
Q=Q= 477[sin(9)
Resolution limit; r __T
SAS range: 0<Q<
dA
= Colloidal dimensions: ~1— 100 nm

HZB Helmholtz

Zentrum Berlin

Material:
that contains
nanostructures

e
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How can colloidal structures be investigated? HZBH S
eimnoltz

Zentrum Berlin

Magnitude of the scattering vector Bragg-equation
= 47 sin(0) 2d sin(0) = 1
A /
i-=
d
Threshold ~
value: ‘CI‘ — 0 d —>

Scattering also allows to investigate structures in the nm- and um- range.

- Small-Angle Scattering (SAXS, SANS, USAXS, USANS) <

]
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Small-Angle Scattering (SAS) HZBH mholt

Zentrum Berlin

Inhomogenities of scattering lenghtdensity, n, [inyoduction scattering length density later]
in a size range of: ~0.5-200 nm

n(r)|
An(r)
nF--r A==\ --
1 l . :
|
| | | _
| particle!  matrix -
~ . . T
Nt Resolution limit: r. :Q—
resolution of colloidal max
dimensions) WAXS p
(resolution of atomic View field limit: Vinax = Q.

dimensions)

I(Q)

SAS does not have resolution for interatomic
distances.

Therefore, SAS alone can not distinguish

: , whether a nanostructure is crystalline or

Qmin Qmax Q=(4n/r)sin(6) amorphous.
|
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Small- and Wide-Angle X-ray Scattering (SAXS & WAXS) HZB I

Zentrum Berlin

SAXS WAXS

|
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_ HZB Helmholtz
7-~*rum Berlin

: i
- Porod region SAXS : WAXS
1[}5: (1(q) < g*) :
; . !
| Gunier » Power—law region 1
2 | region N :
| x
| 4 1
o 0% 9 13R i
8 :
! |
%* [ 1
c - i 10
s ; i
= 107F 1
5 i
[ ]
| ! :
2 ! L
b NS SN B i
107 10" 10"

q (1/A)

]
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Scattering Intensity:

1(Q)=N, (Ap)’V*F(Q,R)’

HEB....

Zentrum Berlin

Fluctuations of electron density:

Ap(r) = p(r)—p

Scattering Amplitude of a sphere of F(Q,R)=3 sin(QR) — QR cos(QR)

radius R:

A

Guinier region: forQ =0

1(Q) = 1(0)exp(—-R;Q"/3)

RZ =-3 lim{d In(l SQ))}
o d(Q?)

R,: radius of gyration

(QR)’
B

Porod region: forlarge Q

Q)= K,/Q

K, = lim[Q*1(@)|=27(4p)’s,

S, interphase surface area
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Guinier approximation

Approximation at small g

HZB Helmholtz

Zentrum Berlin

0.2
q—0;, R,q, <l .
0.0 -
-0.24
-0.4
— '
U '0.6-
- > o 2 7
IAp(r)rd r = -0.8-
R, = | — — .1.0-
Ap(rydr :
Jap(r) L
V -
-1.4
Table 3.1. Radii of Gyration of Some Homogeneous Bodies
: 3
Sphere of radius R R 'z =3 R?
Spherical shell with radii R, > R Rim Ri-RE
o tTIRI-R
2 2
Ellipse with semiaxes a and b R}= atb
2 2 2
Ellipsoid with semiaxes a, b, and ¢ R= at I; te

0.02 0.04 0.06 0.08 0.10
2
q
Guinier plot
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Porod approximation HZB Helmholtz
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Approximation at large q g — o

1 3 -
0.1+
5 ]
Ko =27(Ap)°S S \
0010 — - 0.01- \ i
=
< \
0.008 i —
Porod plot T1E-3- ;
_ _ = \
0.006
ﬁ'/g\‘ i
= % 1 1E-4 - Data J
Porod Approximation
R METRR PR ] 1 — — - Guinier Approximation
0-000'_: — T T " T T T T T T T T T 1 1E-5 L L L
0 2 4 6 84 10 12 14 16 001 01 1
q -1

K, — proportional to the interphase surface area
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Small-Angle Scattering HZB |
Helmholtz
Zentrum Berlin

Q) = ij {AnV,(R) F(QR)}* S(QR;,¢) N(R) dR 4 | Ant, NY, wi
1 lg()

Size distribution

Inter-particle interference

v

Particle shape factor shape: distribution

v \

Contrast: AN = M uicle slope: S,

- Tlmatrix

Qmi n Qm ax
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The scattering contrast: (Ap)? HZBH ol
Zentrum Berlin

electron density: | , - NaDZicz general:
| Mc
Praricie Pratrx Scattering length density
990049
:.:.:O:. Electron density: p(r) PSOV.V=NY
Ap
(Ap)*>0
AN, B oA

Ap = pparticle ~ Pmatrix

Electron density : p(r)

(Ap)* =0
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Case 1: Monodisperse spherical particles in a solution (matrix)

1(@) = N, x(Ap)" xV,"(R)x F*(q, R)
i $ 4 N

Number of particles

Scattering contrast

Particle volume

Formfactor

Scattering amplitude of a homogeneous sin(QR) - QR cos(QR)

F(Q,R)=3
(Q.R) OR)’

sphere:
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Zentrum Berlin

Case 1: Monodisperse spherical particles in a solution (matrix)

107'5
106; | 5nm Kugel-Teilchen|
§ 10°4
S 10
.
#1073
3 2 ]
o 103 4
s 101 q
g 197
g 104
< ]
@ 10"+
10_2 L B | L R L | — T
0.01 0.1 1 10

g (nm™)
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Zentrum Berlin

Case 1: Monodisperse spherical particles in a solution (matrix)

10° .
7% —— 10 nm Kugel-Teilchen
10 5 nm Kugel-Teilchen

10°
10°
10*

scattering cross section (cm™)

0.01 0.1
g (nm™)

Lecture: Introduction to Small-Angle Scattering: FHI Berlin WS 2014-2015 23



HZB Helmholtz
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Case 2: Polydisperse spherical particles in a solution (matrix) (diluted system)
1(q) =N, x(Ap) xjp(ﬁ)wpz(ﬁ)x F2(g,R)dR

o

Particle number

Scattering contrast

A

A

Size distribution

A

Particle volume

P(R)

00 5.2+0.3 nm
0.4; 7.5+2.3 nm
0.2+

2 4 6 8 10

2 14 R

A

Formfactor
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HZB Helmholtz
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Case 2: Polydisperse spherical particles in a solution (matrix) (diluted system)

7
10 5nm Kugel-Teilchen (polydisperse 10%)
106_; 5nm Kugel-Teilchen (monodisperse)

105§
1o4§
1o3§
1022
101§
1o°§
104§

10-2- ' L ! L | ! L L |
0.01 0.1 1 10

g (nm™)

. . -1
scattering cross section (cm”)
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HZB Helmholtz

Zentrum Berlin

Case 2: Polydisperse spherical particles in a solution (matrix) (diluted system)

5nm Kugel-Teilchen (polydisperse 20%)

10" <
; 5nm Kugel-Teilchen (monodisperse)

. . -1
scattering cross section (cm”)
|_\
o
N
l

0.01 0.1 1 10
g (nm)
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HZB Helmholtz

Zentrum Berlin

Case 3: Polydisperse spherical particles in a solution (matrix) (dense system)

5nm Kugel-Teilchen (dichtes System)
5nm Kugel-Teilchen (verdiintes System)

scattering cross section (cm™)

0.01 0.1 1 10
q (nm™)

» Interferences between the scattering of single particles
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HZB Helmholtz

Zentrum Berlin

Case 4. Sum of two sort of particles with different size distributions

10° - = =10nm Kugel-Teilchen
- = = 2nm Kugel-Teilchen
—~ 10°- resultierende Streukurve: - - = + = - -
= 10'-
% 3
= 6L — o ___
5 103
[¢D] 3
n 5 -
@ 10 E
o ]
© 10"+
(@] 3
= ]
g 10’3
5
o 10"  polydisperse = 20%

101- ' L ! L | ! ! "\""I
0.01 0.1 1 10

g (nm™)
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One example of small angle scattering instrumentation

e
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The ASAXS-Instrument at the Synchrotron | HZB Helmholt

Zentrum Berlin

Lecture: Introduction to Small-Angle Scattering: FHI Berlin WS 2014-2015 3()



The ASAXS-Instrument from top HZB Helmholt

Zentrum Berlin
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Some sample environments for SAXS HZB Helmholt

Sample chamber under vacuum

Zentrum Berlin

furnaces (293K — 1450K)

Lecture: Introduction to Small-Angle Scattering: FHI Berlin WS 2014-2015
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ASAXS-Instrument at BESSY Il: collectic H/B.. ..

Zentrum Berlin

Powder samples

sheet

> catalysts Scotch tape
X-Ray
>
sample
- standard Liquid samples

samples

optimal sample thickness:

t=exp™™ 1 _-036

Lecture: Introduction to Small-Angle Scattering: FHI Berlin WS 2014-2015
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Introduction to contrast variation HZB
Helmholtz
Zentrum Berlin

Why: more complex systems, mixture of different phases

decide between different structural model solutions

How:

1. Combined use of X-ray and Neutron Small Angle Scattering

2. Isotope substitution in case of neutrons
lack: set of different samples to be prepared

3. Magnetic contrast variation in case of neutrons (polarised N.)

4. Anomalous Small Angle Scattering (ASAXS)
In case of X-rays
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Scattering length densities, p: X-rays and Neutrons HZB I

Zentrum Berlin

X-rays
X rays
p2cz /M
' y | e e OO0
C;: composition p: density
H 'C O Ti Fe Ni
Z:. electron number neutrene

M.: mass number @ O O @ OOO

Neutrons O ©O @QSB
. @ O
nuclear: magnetic:

48@ O ®
p 2. C;b p2c M+ e @62
() o

80
57

b;: scattering M, *: magnetization

|ength -radii of the circles are proportional to the scattering length

-negative values are indicated by cross-hatched shading
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Anomalous Small Angle X-ray Scattering (ASAXS) HZB I

Zentrum Berlin

> Scattering Intensity effective electron density
T N,D F(E
[' @.E)= [N(N,)PF(@r.anE)) s(a, r)dr] A Zi:C| (E)
0 | | l | n(E) = M
Size distribution l Form factor l
Volume Structure factor

JE)=fot [(E)+if "(E)

e Sc. Amplitude for a homogenous sphere of radius R:

sin(qR) — (qR) cos(gR -~ 3T
[F(q,R,An(E)) - an(E)3 Il >]
o —————
!
2 . o~
% Particle Contrast: g S s
o© gL
S IAU(E) = Mparticle — Tmatrix < E‘
) <
g Matrix 10 —
o Energy (eV)
\ Size g / « ASAXS: Energy dependency of the atomic
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Elektronendichte p(E)

Anomalous Small Angle X-ray Scattering (ASAX HZB Helmholts

Zentrum Berlin

> effective “electron density” becomes energy dependent.

45
Ruthenium
40} 10° 3
o ] Energie E1
s 10 3
El £ :
351 Selenium ~ 107-;'
c ]
il je! 6 ]
5 10 3
30} a ]
8 107
o 1
S 10%3
25k = 3
6f Carbon g ; 3
5 i 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 P
10 12 14 16 18 20 22 24 % 10 3
3 10°+
101 L L RS L B LR L AL L L e
0.01 0.1 1 10

-1
0000 q(nm7)
IR > <<
00000 . 00000000000000000

I <<
00000000000 :°000000 . 5000
X oocooooooooo %

ADIRIACITY 4 & O
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Elektronendichte p(E)

Anomalous Small Angle X-ray Scattering (ASAXS

> effective “electron density” becomes energy dependent.

45
\

- Ruthenium 10° E

40 - Energie El

~ 10°4 Energ|§ E2

E2 g ] ] El-E
35 Selenium ~ 10 3
c 3
. 6 ]
g 10 E
30+ ) 5 ]
5 10
o i
S 10%3
22;_5 Carbon 1 g’ ]
5L [T R TR 1 1 1 ‘q__) 103 5
10 12 14 16 18 20 22 24 %
@ 107
10"
0.01
B -1
pSe q (nm )

¢¢¢4¢¢¢¢4

(XX
<RI
COC.QQOO

.O. QQO

oooooo,o,o,o,op,op,o

...¢¢4¢¢¢¢44‘ - Pru
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Elektronendichte p(E)

> effective “electron density” becomes energy dependent.

45

Anomalous Small Angle X-ray Scattering (ASAXS)

40

35

30

Ruthenium

E3

Selenium

HZB Helmholtz

Zentrum Berlin

Energie E1
Energie E3

E1-E3

ML)

Carbon

A\

\\

10 12 14 16 18 20 22 24

scattering cross section (cm™)

0.1 1 10
q (nm™)
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ASAXS Movie: AlgNiclLa, aro H/B.. ..
elmholtz

Zentrum Berlin

measured: o 8000eV — 8450eV
o AE = 2.25eV
e 201 energy steps
e constant g-range
on 2D gas detector

2D gas detector:

corrected by deadtime, monitor,
transmission, detector sensitivity,
solid angle distorsion,

projection of detector surface on
a sphere, and background
subtraction

100 200 300 400 500 600 700 8O0 900 1000

Instrument: SAXS @ BESSY

E 1 1 1 1 1 1 1
8000 8050 8100 8150 8200 8250 8300 8350 8400 8450
Energy [eV]
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ASAXS Movie: AlgNi.La. arou HZ/B
Helmholtz

Zentrum Berlin

— — below edge
— — at edge
current
10°}
=
=
2
@
E10}
3
10 . . ’ .
100 100 102 10!
q [1/nm]
5 T .
— ]
fll J
of
q
=il ff

-0 " j L L
8000 8100 8200 8300 8400
Energy [eV]

100 200 300 400 500 600 700 800 900 1000

scattering curves are extracted from the corrected 2-dim. detector pictures
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HZB Helmholtz

Zentrum Berlin

Example 1. RuSe Nanoparticle for fuel cell applications

Example 2: In situ study of the degradation of PtNi; alloys

]
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Catalysts for polymer electrolyte membran fuel cells HZB
Helmholtz

Zentrum Berlin

H, -> 2H" +2e % O, + 2H* + 2e- -> H,O
. . e e’ .
Hydrogen Oxidation || Oxygen Reduction

Slow electrode kinetics,

Katalysator-
Teilchen

 mschicht e Cost of catalyst,

45 e

Catalyst degradation...

' Nafion

...are the most critical

issues in fuel cell
talyst for fuel cells research

(30 -50 nm)

Lecture: Introduction to Small-Angle Scattering: FHI Berlin WS 2014-2015
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Anomalous Tlc HZB Helmholtz

Zentrum Berlin
F(E)=fot f(E)+if "(E)

Sample preparation

42
sheet o .
= e Ruthenium
8 gop — Ru K edge
@ e :
Scotch tape s B S Y -442 eV
X-ray B A g ) - 277 eV
> ; 36l Y| - 83eV
sample @ o i -
P % Selenium | "/q’\/ 26 eV
EepSds :‘ I - 8eV
2100 2125 2150 2175  22.00
_ ) ) energy / keV
Atomic scattering amplitudes
45 T T T T T T T T
= - Rutheni b 2‘2”; JI«
S 40} uthenium S Ruthenium 7
5 Y g 82} Selont Se K edge
o R S nium
o 35‘ ] 3 301k = 438 eV
— i = e T -134 eV
o 30t Selenium . Wwooglt M K
T | e © L\ - 44eV
ﬁti 251 ; g 261 Sy - 15eV
>~ L | +g
+, 6:': Carbon 7 = 24} | s - SeV
S S N 118 120 122 124 126

10 12 14 16 18 20 22 24

energy / keV
energy / keV

e
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ASAXS curves obtained at the: HZB Helmhottz

Zentrum Berlin

Ru-K-edge (22117eV) Se-K-edge (12658eV)

Ru on Black Pearls RuSe, on Black Pearls RuSe, on Black Pearls
X

107 ——————————
? SeK edge: E, = 12658eV
—E,-5eV
1027 _— EK - 14eV
5107 5107 5 ——E, - 44eV
° 8 © ——E, - 134eV
> > =~ ., .2 - 438eV
= = 10 E K E
2 1026 8 2 é‘
T £10* 2
k= £ i)
g 2 | =10” ]
T o £
% 10 E T 125 )
S 810 T 1 £
7] T 7} g 10% |
1024 I
10”°t —— Black Pearls E
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ASAXS: Rusexlc HZB Helmholtz
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Structural model for the Ru-Se based catalyst HZ et
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G. Zehl, G. Schmithals, A. Hoell, S. Haas, C. Hartnig, I. Dorbandt, P. Bogdanoff,

and S. Fiechter, Angew. Chem. Int. Ed. 2007, 46, 7311 —7314
- |
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Example 1:

Example 2: In situ study of the degradation of PtNi; alloys

]
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Experimental setup for in situ ASAXS at H/B......
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electrode

Counter
electrode

Reference
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droplet
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Atomic-Scale Structural Dynamic HZB
Helmholtz

Zentrum Berlin

SAXS is capable to distinguish the mechanism of particle surface area loss

1. Dissolution

4. Oxidation/Poisoning

5. Mechanical detachment from
conductive support
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ASAXS: Selected Energies at Ni-K and Pt- HZBH _—
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For Ni-resonant scattering For Pt-resonant scattering
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The protocol was kept the same as for the electrochemical
characterization.

ASAXS was monitored during a chronoamperometry at 0.5 V after
a certain number of stress cycles (0.5-1.1V)
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0 ASAXS results HE-XRD: PDF-analysis
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Popularity of Small-Angle Scattering / P HZ/B
Helmholtz

Zentrum Berlin
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Publication Year

@ Year of an international SAS conference

Next international Conference on Small-Angle Scattering:
13. — 18. September 2015, TU Berlin (about 500 participants expected)
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