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s 1-SAXS TUTORIAL
Basic principle of Small Angle Scattering techniques (SAXS, SANS)

https://www-ssrl.slac.stanford.edu/~saxs
https://www.fhi.mpg.de/1075129/armin_hoell _anomalous_small-angle x-ray scattering__ 150116.pdf
https://www.diamond.ac.uk/Instruments/Soft-Condensed-Matter/small-angle.html

R. Heenan, ISIS Neutron Training Course Introduction to SANS

F. Cousin, Small Angle Neutron Scattering, EPJ Web of Conferences 104, 01004 (2015)
DOI: 10.1051/epjconf/201510401004
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Basic principles of SAXS (SANS) W

neutrons interact with nuclei while X-rays interact with e-
X-ray AW\~ *
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old nanoparticles (Au NPs) synthesis begins with the gold precursor ! HAuCI,, stabilizing agent (CTAB

(HAuCl4) which forms small seeds after reduction with the reducing agent HAuUCl;  NaBH, AgNG,, micell )g nﬁ 151 ds 2 H
NaBH4 in the presence of cetyltrimethylammonium bromide (CTAB). The  inwater crag > 0¢85 s o RS Ceres) and go7d seeds S HOW
subsequent reduction of HAuUCI4 using Hydroquinone (C6H6(OH)2) in the C¢H,(OH) do theﬁ( cooperate 1 the
presence of AQNO3, CTAB, and the seed particles leads to the formation S \[,? 674 2 \1/? formation of different
of single crystalline Au NPs. & g\w’é ey size/shape of large stabilized

720 gold nanoparticles ?
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SAXS+SANS =
Complementary nanoscale
structural information at two
different contrast situations
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Time evolution of both SAXS and
SANS 1d profiles during the in-situ
reduction process of gold solution
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T. A novel experimental approach for nanostructure analysis: simultaneous small-angle X-ray and neutron scattering. Journal of Applied Crystallography 2020, 53 (3) 722-733.



W\ /
Basic principles of SAXS/SANS W

Note 1. Small Angle scattering is somehow a diffraction technique probing the
wave interferences from nanoscale scattering objects ! Think about Bragg’s
law, not on atomic planes but at larger scales, e.g. atoms are replaced by
colloids/particles/nanosized areas of the sample !

TEM image of a battery LCO cathode

VIS T HERSEHIRRYE

Fourndaion for Prntion cf Mateiaf Science and Techology o iapan

ABF-STEM image HAADF-STEM imsze  Electronic Diffraction Pattern

MEB image on a nanostructured polymer




Basic principles of SAXS/SANS W

Note 1. Small Angle scattering is somehow a diffraction technique probing the
wave interferences from nanoscale scattering objects ! Think about Bragg’s
law, not on atomic planes but at larger scales, e.g. atoms are replaced by
colloids/particles/nanosized areas of the sample !

How can we look at « nano/microscale » interferences ?

2dsinf = nA
d, distance probed, 1 — 1000 nm Wavelengths of Probe, of the order of
large compared to A 0.1 - 2 nm. Of the order of atomic

spacing. FIXED

A fixed, d large:
0 must be small!

-> Small Angle Scattering !



Basic principles of SAXS/SANS

A small angle experiment always works like that...

X-ray or neutron

. =

k Sample
. P /V

ey wm'

geanered

Y20

Radiation sources

Lab X-ray generator (A = 0.1-0.2 nm)
Synchrotron (A = 0.03-0.35 nm)
Thermal neutrons (A = 0.2-1 nm)

Incident beam

Elastic process and momentum transfer

Transmitted beam

ko-ki=Q . |ki|=|k»

- S5 > | = ‘—)

:2‘k‘ sin (0) =4 sin (0)/A

Magnitude of the scattering vector

Bragg-equation

A

., 4rxsin(6)
gl =

2d sin(6) = A

Small angles 6 < 5°

Q typically [0.001 — 1 A"

[6000 - 6 A] Threshold

value:

lg|— 0 d—> o

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

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




Basic principles of SAXS/SANS

A small angle experiment always works like that...

A —

X-ray or neutron

Incident beam

Radiation sources

Lab X-ray generator (A =0.1-0.2nm) | Eastic process and momentum transfer
Synchrotron (A = 0.03-0.35 nm) -
- -

=2‘k‘ sin (0) =4 sin (0)/A

Thermal neutrons (A = 0.2-1 nm) k,-ki=Q . 1?1 = 1?2 ‘6

The sample-detector distance L defines the smallest accessible q,;,
The detector size defines the maximum gmax accessible

Q-range is (L, A) dependent Beamstop




Basic principles of SAXS/SANS

A small angle experiment always works like that...

A

X-ray or neutron

Radiation sources

Lab X-ray generator (A = 0.1-0.2 nm)
Synchrotron (A = 0.03-0.35 nm)
Thermal neutrons (A = 0.2-1 nm)

The sample-detector distance L defines the smallest accessible q,;,
The detector size defines the maximum gmax accessible

Q-range is (L, A) dependent

To obtain an extended Q-range, detector is moved !

Incident beam

Transmitted beam

Elastic process and momentum transfer

- - 2

- - -
ko-ki=Q . |ki|=|k2 ‘Q=2‘k‘sin(9):4nsin(6)/k

| yd
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Basic principles of SAXS/SANS

Looking at matter /| materials across extended nano-microscales

Crystalline lamellar

Polymer %\\:‘.\%\;}1\\»

o;: A4 v,ifi &
ﬁ%\%\m

b ’1{ Crystal lattice

WW

Plurality of polypeptides

a helix = B sheet
(Quaternary protein structure)

(Secondary protein structure)

Polypeptide
@ (Tertiary protein structure)
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Note 2. Small Angle scattering measures a 2D intensity pattern vs Q

radial averaged intensity | (Q)
1(Q) (cm?)
—k' d Q Reciprocal space
' Isotropic
\ sample
Direct space
beam / detector \ ; .

sample 0.001 0.01 0.1 1

Vertical averaging Q (&)

Anisotropic object  Scattering figure

Anisotropic R
m P . TR ¥ == horizontal

N/ — Il/h sample i averaging
|| Reciprocal space
S B|i |

Direct space

‘- >

d 1/d
@ Direct space Reciprocal space q
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Note 3. SAXS is analytical (sometimes)

\.(aucm» Intensity 1(Q) is the absolute scattering cross section do(Q)/dQ2 in units of
\ cm-! = probability of a neuton of wavelength A being scattered, per unit
. solid angle, at that Q.
k.
beam / | detector 0.001 0'2(A_1) ot 4
sample
Diff tial ti 2
ifferential cross-section do 1 . 1
= scattered intensity | (Q) ﬁ(Q):ﬁ ] drp(r)elQ" N Q
VS

Scattering contrast Ap ~ N ~ .
I(Q) = NAp(r)zF(Q,r)z‘S(Q) Scattering length b of element i 2p (1) _Z(blcl’o s ;(bJCJPJ)thZ
concentration c;, density p;

Form factor P(Q) size, shape of particle (we note P(Q)=F(Q)?)
@ Structure factor S(Q) arrangement of particles
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Note 3. SAXS is analytical (sometimes)

\l(a)(cmm) Intensity 1(Q) is the absolute scattering cross section do(Q)/dQ2 in units of
\ cm-! = probability of a neuton of wavelength A being scattered, per unit

- solid angle, at that Q.

k.
beam / detector | ¢ B g 4 nano objects surface effects on larger objects

sample e
matrix . . .
(solid, liquid) . .. .
~ 1-300 nm particles, pores @ ~ um particles

nanostructures

Scattering contrast Ap _ N ~ .
I(Q) = NAp(r)zF(Q,r)z‘S(Q) Scattering length b of element i 2p (1) _Z(blcl’o s ;(bJCJpJ)Phasez
concentration c;, density p;

Form factor P(Q) size, shape of particle (we note P(Q)=F(Q)?)
@ Structure factor S(Q) arrangement of particles
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Note 3. SAXS is analytical (sometimes)

\l[a)(cml) Intensity 1(Q) is the absolute scattering cross section do(Q)/dQ2 in units of
\ cm-! = probability of a neuton of wavelength A being scattered, per unit
. solid angle, at that Q.
k.

beam /

0.001 0.01 0.1 1
detector \ QY
sample

What do we measure experimentally ?

Counts in detector of area A at radius R and distance L from sample

I(R,A ):1(,(ﬂ).%.AQ(R)J.T(A).q(A) Solid Angle AQ =A/L?

t = sample thickness
T = transmission

n = detector efficiency
Tan(0) = R/L
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Note 4. SANS is like having a microscope with a magnifying glass of diameter 2r/Q
You get a signal when you have a contrast !

Mo objects surface effects on larger objects
matrix
(solid, liquid) O .
¢Wm particles, pores @ ~ um particles
nanostructures
o Interface (Porod's limit)

O Particle size and shape (form factor)

Particles’s organization (structure factor)

v

0.001 0.01 0.1 1
Q (A



Interfaces

(solid, liquid)

SANS/SAXS from disperse particles

Assortment of Porod Exponents

D

thin rod thin sheet 3D object
Log(n\ YQ' Logm‘ \’Qz Log(nl \“Q'
Log(Q) Log(Q) Log(Q)

More Porod Exponents

thick cylinder thick slab 3D object Rod network

1Q? 1/Q2 1/Q° 1/Q2
\1104 Log(l) \1/0‘ Log(l) _\1,04 -og(l) it
@ Log(Q) ' Log(Q) Log(Q) Log(Q)

Log(l)

nano objects

surface effects on larger objects W W

@ ~ 1-300 nm particles, pores
nanostructures

Sheet network

1/Q3
Log( I)‘ \ 1Q2

LogiQ)

@ ~ um particles

Cylinder with R§2 =100 A and Rg1 =10 A

10 1 1 1
o Low-Q
1/Q Guinier
— RegionW&?“”‘ﬁ:h-——
e] ~. 1Q
o g,
L5
=) 0.1 F Intermediate-Q
e = GM
w s
£ 001} ) \
o \ 1Q*
= — ] Porod
ey \ Region
0.0001 L

0.001 001 0.1 K
Scattering Variable Q (A™)

Courtesy of Boualem Hammouda



Interfaces

Slopes are meaningful !

nano objects

surface effects on larger objects W

matrix . . .
(solid, liquid) . .. .

=

@ ~ 1-300 nm particles, pores
nanostructures

@ ~ um particles

Fractal aggregates or pores

1(Q) from fractals give straight line regions on log-log plots
Ex : rocks, coals, cement, zeolites, silicas, battery electrodes !

Volume or Mass Fractals give Q9 where
d ranges:

d = 1 - thin rods,

d ~ 1.8 diffusion limited aggregation
( particles stick on first contact)

d ~ 2.1 reaction limited aggregation
( some relaxation after sticking)

d = 3 perfectly rough,

Surface fractals give Q¢4 where
d = 2 - smooth i.e. @* Porod law
up to d = 3 - perfectly rough.

Intemsity iem)”

Other scattering laws also give power
laws in Q !!! Diffuse interfaces can give
steeper than Q4, to Q%

J. Hyeon-Lee, Langmuir 14 (1998) 5751-5756

¥

10

Fumed silicaaggregates

st st o sarand e o aaanala ot i1

0.0001

0.1 0.0 0.1 L

a(A)”

|



nano objects surface effects on larger objects W
Form Factors P(Q) .. [@0@® @]
(solid, liquid) . .. . . :

@ ~ 1-300 nm particles, pores @ ~ um particles
nanostructures

solid sphere  longrod flatdisk hollow sphere dumbbell

ANCE

34

log (intensity)

6 . ' r
0.0 0.1 0.2 0.3 0.4 0.5
q[nm"] r [nm]

Adopted from Svergun & Koch, "SAS studies of biological macromolecules in solution”, Rep. Prog. Phys. 66 (2003) 1735-1782, Fig. 5 (c)l



nano objects surface effects on larger objects ( (
Form Factors P(Q) .. [0 ® _&
(solid, liquid) . .. .

@ ~ 1-300 nm particles, pores @ ~ um particles
nanostructures
9
b JJd
J o
J
Dilute sample
0 , — : 0t . . Dilute sample
Modelling : Form factor of sphere \)
, Modelling : Form factor of sphere \)
ok (sin(gR) — qR. cos (qR) o 1
Pohere(q,R) = |3 I (sin(qR) — qR.cos (qR)]’
(q Pophere (q,R)=|3 (qR)?

3 i;ﬂ E = 10
3 e Calculation of form factor with R~ 86 A i _miiz_[
§ \%b g P(R.R,0)= ! exp o)
g v \ é, e J2zRo 20?

W'l 4 10 =

Why oscillations are not reproduced ?
' - Polydispersity - 1 =2 A =023
wih E > E ‘A:;‘ 10 E
( R -
1 i) R, ’ = HEN
P(R.R,.0)= g exp) 207 : == e,
o 1o e o 10° Log normal L B BT

a0

@ Courtesy of Fabrice Cousin



nano objects surface effects on larger objects ( (
Form Factors P(Q) .. [0 ® _&
(solid, liquid) . .. .

@ ~ 1-300 nm particles, pores @ ~ um particles
nanostructures
9
b JJd
J o
J
Dilute sample
0 , — : 0t . . Dilute sample
Modelling : Form factor of sphere \)
, Modelling : Form factor of sphere \)
ok (sin(gR) — qR. cos (qR) o 1
Pohere(q,R) = |3 I (sin(qR) — qR.cos (qR)]’
(q Pophere (q,R)=|3 (qR)?

3 i;ﬂ E = 10
3 e Calculation of form factor with R~ 86 A i _miiz_[
§ \%b g P(R.R,0)= ! exp o)
g v \ é, e J2zRo 20?

W'l 4 10 =

Why oscillations are not reproduced ?
' - Polydispersity - 1 =2 A =023
wih E > E ‘A:;‘ 10 E
( R -
1 i) R, ’ = HEN
P(R.R,.0)= g exp) 207 : == e,
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@ Courtesy of Fabrice Cousin



Form Factors P(Q)

Concentrated solution

10 %
Strong correlation
peak

| [sans dimansion)
3—
T

1w - .
! Low compressibility!k ]

g (18

matrix
(solid, liquid)

nano objects surface effects on larger objects t ( %?%

@ ~ 1-300 nm particles, pores @ ~ um particles
nanostructures

Lamellar assemblies
Ex : 3% DPPC lipid in D20

_ f Scatter from total stack W
E o \ /hlckness NxD — W%M
) . ;
| i Y
mﬁmw
0

E ', 0.2
Q(A)

Fit has 18 layers of (L = 4.64nm lipid +1.32nm water) D =5.96 nm
0p/D =7%, o /L = 10% (fixed)

Courtesy of Fabrice Cousin
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Practicalities Incoherent scattering ?

Multiple scattering ?
Samples must be concentrated enough
with a sufficient contrast
Adapt
> — sample
1(Q)-n.Ap?.P(Q).S(Q) & thickness

Calculate SLD prior to experiment

1) Choose X vs N b .
2) Choose set-up - =3 9N,y Maodlso

; M N,
3) Choose sample environment

-r:

b,=-0.374 102 cm; b,=0.667 10-*2 cm; b,=0.580 10-*2 cm

e
= ._l"f * pH0=2bH+bo=(5.81—3.74:-2)fm
{ ./2 H,0 S 304

sample Solvent Empty Container - _056 v 1010(‘]”_2

(homogeneous media...) no.i'-!2

_2b,+b, (6.67-2+581)fm

‘: D0 el Vio 304°

. . =6.-\8.1010 2
Courtesy of Fabrice Cousin Pro =6.38-10%cm
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Practicalities

Lab-SAXS

Wave vector:

Synchrotron SAXS

detector tube

monochromator SeCOII_ltdal}’ manitor guard
e (L) slits  waxcs SAXS/USAXS

undulators /\‘
2xU21.4& U35 /

A 21
D02 M HI L IiI

...... primary slits do_uble MIrror shutter sample beamst o/
s toroidal & planar (I) P

SRF | I | I I I I

The

..
BN

(R
European Sync|

»100 m

A

opean Synchrotron

@ 27m  29m  34m 50 m 61 m 65 m 95 m



Practicalities

Lab-SAXS

Wave vector:

Synchrotron SAXS

secondary

monochromator slits
undulators

2xU21.4& U35

ID02  mmm

e primary slits double mirror
. toroidal & planar
ESRF L |

@ 27m  29m  34m
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Coupled SAXS/SANS

@ E. Metwalli, .., T. Unruh, J. Appl. Cryst. 53, 722 (2020)

D22 spectrometer
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WAXS Detector

Potentiostat

SAXS Detector

Operando

X-Ray Beam Solid-State Cell

J-M. Von Mentlen et al, Batteries and supercaps, 2025, e202500428 C. Berhaut et al, ACS Nano (2019), 13, 10, 11538-11551



SAXS in batteries...not always easy !

L. Karge et al. / Acta Materialia 132 (2017) 354e366

a 100000 T T
= 103 ' rofl
e —_— —— Jreflec 100000 +
10000 + S0l (b) 2 Irp J[lamellae &
s 1L T 0 sessss T o= = ] . il -,
1000 4 2 14 bke =il 10000 5 = experimental full cell
= 2 1 . —_— Tiot +  simulated full cell
7] g o
- 100 = | -1 Py, ] — 1000
g 3 A = 10 xp. data E
2, ol ||| = ST =
o 10 4 \ 40 80 120 o = TR
© Diameter [nm] § 10—3 | S
E 1 - 1 ~ © 104
o 723 K before ageing ; very fine TaC ] 1078 L cosesrsenmmsnnnssrennessionsasnssansonsessusnassrnnss Bgssonresss 4
0.14 - 1173 K [0-60 min] % ] 3 14
1173 K [60-120 min] \\ e o 5
0.014 ¢ 1173 K[120-180 min] ; N 0.1+
1173 K [840-900 min] 10-7 - . ———rrrr
0.001 ~ = Incoherent + Porod BG 10~ 10-1 0.01 0.1 1
- T S | G B LS ORLE =1 T 1
0.01 01 1 q (A ) Q-vectar Inm™
Q [nm.1] Julien Lamolinairie et al Soft Matter, 2022, 18, 8733 Stefan Seidlmayer et al 2015 J. Electrochem. Soc. 162 A3116

Few reviews
A. Black et al, Synchrotron radiation based operando characterization of battery materials, Chem. Sci., 2023, 14, 1641

L. Fang et al, Synchrotron small-angle X-ray scattering technique for battery electrode study, Nano Energy, 2024, 121, 109255

W. Cheng et al, Recent advances in battery characterization using in situ XAFS, SAXS, XRD, and their combining techniques: From
single scale to multiscale structure detection, Exploration, 2023, DOI: 10.1002/EXP.20230056
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Polymer (blends, composites) LNMO | | LTO interfaces

rrreey ey ——; SEl on graphite S o ; —— e
sk o . . . ; 1008 08 04 02 00 Toyle | .
E e r=0 | 10 RO i
".:. ® r=003 (b) 5 : fx.rcap e - a — LTO-F200
2F ; r=0.05] 1 10"+ S SEI fills intergrain g —_ —ggijg:
r=0.08 3 ] Composition \ ° LiCﬁ+dEC i e 10"y = LTO-P-500
[} ® r=0.10 107 ¥ increases 1 2
10 ® r=0.15/ " 3 — =
» ® r=020|3 10"y empty 1 = 100 150 200 250 K300 350 0 50 100 150 200 250 300 350, 5
éF ® r=025]|1 macro-spaces = pecific capacity ( g ) P Specific capacity (mAh-g ) S £ 10°4
](q) 2 Specif mAh =]
4 e r=0.30(17 10'4 {1 i 1.0+ & 2 2
em?) ) . 4 - Sample scat.law, p € =" . 10° g £
3 4 g 10°4¢, 346+ 001 1 8 s [\ ° 5 )
A ] LJuc 3aszom Sos4 N\ gz Em" 104
1071 .ec 3422003 1 8 1 58 5 01 1 10
1034 +4EC__302+001 3 X & 0 Scattering vector, q (nm)
LA = -3 Yic,  3siz00 ! T 2
L e 3 6 7
oF ] 10°4 *:‘ 345003 B Diameter (A) Diometer (k) %0 Pristine C.J. Jafta et al,
L b EC 3072001 mains T T . T
fa) ] 103 : , 01 ad ' 01 : 10.1002/cs5¢.202000802
RN | sl L 10° 10° 10" 10°
8 gq T MAsE 2 34 Q /A" Grenier et al, https://doi.org/10.1021/jacs.1c00497
; R.L. Sacci et al, J. Phys
q (nm™) .L. y J. .
W.S. Loo et al, Macromolecules 2019, 52, Chem. C 2015, 119,
8724-8732 9816-9823

Lithium metal batteries Lithium sulphur batteries

ot Si+G Porous Carbon o . TR
_ 10 I r a) o -:—'- E 3!-, b o Ao =
k. - o ’ » -
8o 8 e Sog 5 _ 2 B
g  SiGprsting 2 E 10° 1 " Sig. . | » em--:,.-:h:-.'u.-,ux: fully discharged 20 —— modelfit (Lorentzian)
% 10! SiG:A0 cycles = o ° "ii‘ o 4 chargss + 1 Gikcharge 2 mAsom? 104 7Y
b il e 3 .E; z Vo4, | @ 4 chamea 2 maem? 3 ocv 3 15
10 "H-base -onl lectrol = E * 3 3
TETT L 8 S o | g £
8 = 3 %3 > =
ooyt = Pora size after > 0408 12 16 20 24 28 g * . Yoy T 102 25
y £ 20 cycles “‘—n“ g ;10. 13 o g 5
T § a5 g q{nm) 8 vy V‘.. 'n,‘ = 101 Discharge = Ui i |
g 3 2 2 o2, *y ! Discharge
g > 0g) = ] ] -5
Tl Sicsratie 2 ol i Bl — oV 2104 .% ] 1 0.1 1.0 6.0 26 28 30 32 34
ol badudissied / 7*0-33 E ? g (nm 1) Two Theta (*)
‘ ’SDL-E:::dsfg:;nly electrolyte 06V (§ , B .|
g L i ! 2 3 19 A - C. Prehal et al, Nature Communications | (2022) 13:6326
1 Q (A7)
N. Paul et al, Journal of The q (nm’) o
Electrochemical Society, 166 (6) C.Kocswara et al, ACS Appl. Mater. C. Didier et al, Adv. Energy Mater.

A1051-A1054 (2019) Interfaces 2019, 11, 42214-42220 2023, 13, 2301266



Main applications of SAXS/SANS in batteries

Polymer electrolytes Silicon-based anodes for Li-ion Hard carbons for Na-ion
_1E#2 2 A
3: *E :_ e 9
5 2 E % _ 1
51E+1 é r TReeme HC-2000
= 1= o | e 4
S 1E+0 2 =1 o G- 1600 ]
E [%2] .a
- ch = =
1E-1 = ]
1072 [ ]
1E-2 E QY [ 1
! L I LA R t LI SR SR AL Y L R 2 =5 b 1 | o
0,001 0,01 q(A?) 01 1 £ o2 0.01 &
21 L. ql A
c 0 Morikawa et al, Adv. Energy. Materials
E 0 500 1000 1500 2000 2500 3000 3500

Capacity (mAh/g)
Courtesy of Xaver Brems
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#1 Nanostructure of block copolymer membranes
A platform of single-ion conductors

H* conducting fuel cell membranes Li* conducting polymer electrolyte for Li-ion batteries
g
S Ve 2N ST — DS‘:PES. Tg—1507 : = R FR F FPESVOTQKZZDEC F FFR F
PES block JF‘I_Q\_)F(‘S‘,—&J* ~ po Cb Q o } ~-° 5 ,7 L0 /@@ﬁl
i cm’“z "FPES block M B F RE ¢ % b
Q/CFZ cm\b n=37+2 O'CFn F\Co
InX/Y FaC CF, m=27 2 o ;) .
\ .o / - v .
Ot}sq; OS £ ’ S\N' Li**Li Ns
Li LI O‘S( \S’
IEC series

/S sod FOW do the transport properties relate to the
nanostructure and chemical architecture ??
In5/5 [5.000 l 5.00M

J ’ L A J
In7.5/5 [7.500 I 5.000] 1.56 In15/15 [15.000 1 15.000] 1.32

FPES block
psi-PES block
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#1 Nanostructure of block copolymer membranes

Microstructure by SANS

beam /
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sample

Effect of chemical design on nanostructure
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#1 Nanostructure of block copolymer membranes

Microstructure by SANS
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#1 Nanostructure of block copolymer membranes

SANS allowed to « picture » the complex multi-scale structure of
these materials ! (but many samples were needed to vary

WW

parameters and obtain the key features)

Characteristic lengthscales
Domain interfaces

Highly hydrated
state ) 530

Diluted solution Membrane

Low hydrated
state )X <30
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g
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(i 45
: i ._ L
‘;;. ) . < 1 o
L u flat I
Rod-like Intercalated sfrijact\:jrea 10-
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Vit ot ‘ T 0,001
particles ydrophobic Nafion of block structure  Ribbon-like to
domains ey and horizontal cylindrical
Segregated agETessied swelling of ionic conversion
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regions reorganization)
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#1 Nanostructure of block copolymer membranes %%

We could correlate the nanostructure (characteristic distance extracted by
SAXS/SANS using d=27/Q) to the transport properties (ionic conductivity) and
extract « universal laws » that can be used to guide materials design.
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#1 Nanostructure of block copolymer membranes
The Li+ conducting single-ion polymer

psi-PES, Tg ~ 150 °C FPES, Tg~ 220 'C
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Excellent single-ion conductivity and cycling stability
for high-energy Lithium/Li[Ni,;;Co4,3Mn,,5]O,

37

FQ EF,
O-’GFE cm\o Nguyen, H-D et al. Energy & Environmental Science, 2018, 11, 3298-3309.
n =_3? ﬂr._2 :C.F: FEC.'
?:42715 d FQ &= ;_CF-__-
P~ ar =
oS, S0
N Li"*Li"N
0./ \ .0 a
o
<
—m— SI-S65 E e
Z
§ 1E-3 —&— SI-S60 §
= ] —x—§1-S55 2 - Cnarge
= 2 . isc_arga
% e SI-SSO w . ' - Eﬁiclelncy
=] 50 100 150 200
'g 1E-4 - SI-S45 Cycle Number
O 3
= e LiTFSIEC
--u--LIPBTFSI/EC
1E"5 T T T T T T T T T T T T T T T
27 28 29 3 31 32 33 34 35 batteries
1000/T (K1)




A / %
#1 Nanostructure of block copolymer membranes W

The Li+ conducting single-ion polymer CSANS Dried membranes
1E+2 5
SI-S0 H |
= 1E+1 ] 0SI-A0 omageneausly .
= ] dispersed rigid hydrophobic
Self-assembling, nanophase-separated morphology 2 1E+0 4 nano-domains of about 20—
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@ Nguyen, H-D et al. Energy & Environmental Science, 2018, 11, 3298-3309.
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#2 Operando investigation of silicon-based anodes for batteries W

High first-cycle irreversible capacity +

Alloying process: 300% volume expansion
Si = best gravimetric and volumetric capacity

Pulverization

2500 4000
} " = Volume Many
2000 L cycles
3000 —_— —_—

@
o
©

2
153
153

Delamination

Volumetric Capacity (Ah/L)
3
o

w
S
3
Gravimetric Capacity (mAh/g)
g
(=]
5]

Graphite

o

Anode graphite silicium
Theoretical specific 372 3579 Unstable SEI layer
cacapity(mAh/g)
Potential vs Li/Li+ (V) 0,1 0,4 " it
Type Intercalation  Alliage
Lithiated phases LiCe Li1sSiy J. W. Choi, D. Aurbach, Nature Reviews Materials. 1, 1-16 (2016).

Obrovac, M. N. & Chevrier, V. L. Chem. Rev. 114, 11444—11502 (2014). . . .
¢ Nanoparticles, nanowires, nanostructured materials

¢ Particles dispersed in a conductive matrix

@ 0 Dual-phase composite materials 39
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#2 Operando investigation of silicon-based anodes for batteries W

Si-FeSi, / Graphite composite anode

0 50% L20772, 41% graphite, 7%LiPAA, 2% Super P
L20772 : 20% graphite, 25% a-Si, 55% c-FeSi2

¢ Large graphite chuncks (1-50 mm ; Smaller composite a-Si/ c-
FeSi2 microparticles (100 nm to 5 mm), which are nanostructured

¢ c-FeSi2 is a ductile, conductive and close to inactive phase

Graphite *.,.\

porosity, | \
Al
T "v*;.'

\ :1 o f___)':
V(

L TR
Si/FeSi, domajask, _ void " o
— C i

Cu current colleéltor L ;"
FIB-SEM cross section STEM-EDX

@ TIntbat wvARTA

a-Si active (green) + c-FeSi,
inactive (magenta) alloy

@ chbiack
O binder

. a-Si active (green)

+ c-FeSi, inactive (magenta) alloy |nternal

, porosity porosity
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#2 Operando investigation of silicon-based anodes for batteries W

Loss of capacity in full cells (against NMC)

20 mAh pouch cell 30 mAh cylindrical cell

24 T T T T T T T T
2.2 t—_« L B T T "))
20 ;
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14 ---- Ny --mp---g=-=-frr-rBencecnan B i o o o o o
I ’K’ e . " G T . Jeo0
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e R
= S
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a | \‘ w
S 06
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@ Need to understand reaction/degradation mechanisms at multiple scales 41
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#2 Operando investigation of silicon-based anodes for batteries

¢ 20 mAh pouch cells
using a-Si/c-FeSi2/Gr /
NMC622 (loading 2.4 and
2 mAh. cm-?)

Lithiation & Aging
Mechanism

¢ Swagelok cells (half-cell
against Li) using a-Si/c-
FeSi2/Gr / NMC622

Loading 2.4 mAh.cm-

Depth-resolved charge
dynamics

¢ 30 mAh industry-grade
cyclindrical cells

3D heterogeneities and
defects

Multiscale Multiphase Lithiation and
Delithiation Mechanisms in a Composite
Electrode Unraveled by Simultaneous
Operando Small-Angle and Wide-Angle X-Ray
Scattering

Christopher L. Berhaut,*'® Diana Zapata Dominguez,"® Praveen Kumar," Pierre-Henri Jouneau,”
Willy Porcher," David Aradilla,"* Samuel Tardif,** Stéphanie Pouget,**® and Sandrine Lyonnard*

V|

— Operando WAXS
Cycling Li-ion battery cell Operando SAXS

| : Nanoscale
—_— {nm)

Siiicon fithiation)
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I EP)ARK
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Separator 2%

Charge Dynamics Induced by Lithiation Heterogeneity in
Silicon-Graphite Composite Anodes

Christopher L. Berhaut, Marta Mirolo, Diana Zapata Dominguez, Isaac Martens,
Stéphanie Pouget, Nathalie Herlin-Boime, Marion Chandesris, Samuel Tardif;
Jakub Drnec,* and Sandrine Lyonnard*

Energy & 3 i Combined Measurement Rendering

Environmental " S STy
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Science

PAPER w “I:Lﬂcll Online

M) Check for updates The origins of critical deformations in cylindrical
silicon based Li-ion batteriest

Cite this: DOI: 10.1039/d4ee00590b
Erik Lubke, ©* Lukas Helfen, (3** Phil Cook.” Marta Mirolo,” Valentin Vinci,”
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#2 Operando investigation of silicon-based anodes for batteries

Reaction & degradation mechanisms in pouch cells =

Christopher Berhaut
Diana Zapata-dominguez

French Beamline BM02 @ ESRF
A unique combined WAXS/SAXS set-up

Synchroton ESRF
X-Ray radiation e Eiropeen Syschectron

Cycling in full cell Operando experiments on several cells
(pouch geometry) simultaneously (pristine and aged)

NMC positive electrode
20 mAh
55 pum (15um aluminum)

Separator + electrolyte
40 um
1 mol L LiPFy in 3FEC/7EMC

FeSi,/Si+graphite negative
electrode

24 mAh

55 um (10um copper)

@ C. Berhaut et al, ACS Nano (2019), 13, 10, 11538-11551 43



#2 Operando investigation of silicon-based anodes for batteries

Reaction & degradation mechanisms in pouch cells »
Christopher Berhaut

Diana Zapata-dominguez

e ta e
ceeg .
e

SHE b noh Beamline BMO2 @ ESRF
ESRF c

A unique combined WAXS/SAXS set-up

Synchrotron
X-Ray radiation

(C/10

Several cycles at
different C-rates in fresh
and aged cells

Ewe (V)

SEI formation]

Time (hours)

@ C. Berhaut et al, ACS Nano (2019), 13, 10, 11538-11551 44



#2 Operando investigation of silicon-based anodes for batteries

Reaction & degradation mechanisms in pouch cells s

Christopher Berhaut
Diana Zapata-dominguez

Silicon lithiation
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C. Berhaut et al, ACS Nano (2019), 13, 10, 11538-11551 QA Q1) 45



#2 Operando investigation of silicon-based anodes for batteries

Reaction & degradation mechanisms in pouch cells

WAXS data analysis

Real-time diffraction peaks
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#2 Operando investigation of silicon-based anodes for batteries %%

Reaction & degradation mechanisms in pouch cells
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#2 Operando investigation of silicon-based anodes for batteries

Reaction & degradation mechanisms in pouch cells
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#2 Operando investigation of silicon-based anodes for batteries

Reaction & degradation mechanisms in pouch cells
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#2 Operando investigation of silicon-based anodes for batteries W

Reaction & degradation mechanisms in pouch cells
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#2 Operando investigation of silicon-based anodes for batteries W

Reaction & degradation mechanisms in pouch cells
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SAXS

#2 Operando investigation of silicon-based anodes for batteries
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#2 Operando investigation of silicon-based anodes for batteries

Can we probe potential 2D / 3D heterogeneities in the electrode ?
Depth-resolved charge dynamics by scanning uSAXS and SAXS-CT

53



#2 Operando investigation of silicon-based anodes for batteries

Can we probe potential 2D / 3D heterogeneities in the electrode ? ﬁakrj ;rnoelg
Depth-resolved charge dynamics by scanning nSAXS and SAXS-CT PITESRE
Electrode diameter 7 mm
Half-cell configuration — 2D slices

% Spring
|/ Steel disc

ID31 high energy 70 keV — SAXS/WAXS-CT

——

CE metal connector

Counter Electrode (CE)
17 eg. Lithium metal

PEEK (1 mm)

Separator+ electrolyte

| Working Electrode (WE)

eg. Silicon/graphite
Copper current collector

WE metal connector

- AA
Christopher L. Berhaut, Marta Mirolo, Diana Zapata Dominguez, Isaac Martens, Stéphanie Pouget, Nathalie Herlin-Boime, Marion Chandesris, Samuel PILOTHL
@ Tardif, Jakub Drmec*, Sandrine Lyonnard*. Charge Dynamics Induced by Lithiation Heterogeneity in Silicon-Graphite Composite Anodes. Adv. Energy Mater.
2023, 13,2301874. DOI:10.1002/aenm.202301874 54



#2 Operando investigation of silicon-based anodes for batteries

Can we probe potential 2D / 3D heterogeneities in the electrode ? ﬁakrj ;rnoelg
Depth-resolved charge dynamics by scanning nSAXS and SAXS-CT PITESRE
Electrode diameter 7 mm
Half-cell configuration — 2D slices

% Spring
|/ Steel disc

ID31 high energy 70 keV — SAXS/WAXS-CT

——

CE metal connector

Counter Electrode (CE)
17 eg. Lithium metal

PEEK (1 mm)

Separator+ electrolyte

| Working Electrode (WE)

eg. Silicon/graphite
Copper current collector

WE metal connector

0045

graphite
In each pixel : WAXS == .. .. ..

silicon

SAXS

Christopher L. Berhaut, Marta Mirolo, Diana Zapata Dominguez, Isaac Martens, Stéphanie Pouget, Nathalie Herlin-Boime, Marion Chandesris, Samuel
@ Tardif, Jakub Drmec*, Sandrine Lyonnard*. Charge Dynamics Induced by Lithiation Heterogeneity in Silicon-Graphite Composite Anodes. Adv. Energy Mater.
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Depth-resolved charge dynamics by scanning uSAXS and SAXS-CT
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Depth-resolved charge dynamics by scanning uSAXS and SAXS-CT
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Depth-resolved charge dynamics by scanning uSAXS and SAXS-CT
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#2 Operando investigation of silicon-based anodes for batteries W
Depth-resolved charge dynamics by scanning uSAXS and SAXS-CT
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3D heterogeneities and defects in cylindrical cells by SWAXS-CT ElPILOTERY

E. Libke
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3D heterogeneities and defects in cylindrical cells by SWAXS-CT garéy

BATTERY —
PILOT E. Lubke

Operando WAXS-CT ID31QESRF

@ Graphite =——3 LiC;; —P [ LG,

70 keV
Beam 5*10 um
1 slice-CT

in 5 minutes

5.74 mAh 10.72 mAh 14.82 mAh 17.83 mAh 22.11mAh 27.07 mAh

@ E. Liibke et al, Energy Environ. Sci. 17, 5048-5059 (2024). 62
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3D heterogeneities and defects in cylindrical cells by SWAXS-CT

EI?OTERY E. LUbke

Operando WAXS-CT ID31@ESRF « dead » graphite areas correspond to

locally bent current collector and compacted
anode microstructure

70 keV
Beam 5*10 um
1 slice-CT

in 5 minutes

Al c.c. Compressed
Anode Structure

o Cathode

@ E. Liibke et al, Energy Environ. Sci. 17, 5048-5059 (2024). 63
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3D heterogenceities and defects in cylindrical cells by SWAXS-CT ’;IEAnﬁQ

ILOTHUE E. Lubke

Silicon is nanostructured : SAXS informs on both the 102
amount of LixSi and characteristic “swelling” state (d*)
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3D heterogenceities and defects in cylindrical cells by SWAXS-CT @BAnﬁQ

PILOTHUE E.Lubke
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Averaged raw SAXS profiles extracted in regular, bent and agglomerate areas for both

the formed and aged cell plotted against each other to highlight the differences ) .
between the defect within a certain state of health/charge. Averaged raw SAXS profiles extracted in regular, ben.t and agglomerate
@ areas for both the formed and aged cell plotted against each other to

highlight the differences between the discharged and charged state for 65
the different types. The output d* is in A.
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3D heterogeneities and defects in cylindrical cells by SWAXS-CT @BATT@‘;Q :
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3D heterogeneities and defects in cylindrical cells by SWAXS-CT

BATTERY
= PILOT

Operando WAXS-CT ID31QESRF SAXS-CT ID31@ESRF

70 keV
Beam 5*10 um
1 slice-CT

in 5 minutes

Si-content (Intensity) Si expansion (d*)

The defects are due to localized Silicon agglomeration

E. Libke
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3D heterogenceities and defects in cylindrical cells by SWAXS-CT .BATT@?&

PILOT E. Labke

Correlative analysis unravels the origin of local defects

NeXT: High-Res XCT: WAXS-CT: SAXS-CT:
Deformed Compressed microstructure Lower graphite lithiation Silicon material accumulation
Different Li-distribution Slower kinetics

Lower Si-expansion
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Conclusions and take-home message

(Q),
SAXS/SANS is very powerful to look at:

Soft matter / organic species
Sizes and shapes of objects /| Nanoscale
Organizations / Porous materials/ Interfaces

0001 001 0.1 1
Q (A
Energy storage and conversion : structural evolution of a nanostructured material

Suitable to nanosized particles-based electrodes and composites

Suitable to see nanopores and/or interfacial evolutions (Graphite, Cathodes)

Suitable to look at nanosized intermediates (Li-S)

Suitable to investigate polymer/hybrid electrolytes Small is good !

It is not always easy to be quantitative..... Do not hesitate to go to small angles !

= :
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