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Introduction (scope)

The lecture is designed a practical oriented guide for energy material
researcher

The fundamentals are not covered:
- Generation of the flux

« Monochromatization

- Derivation of Bragg’s law

« Crystallography

Also things not covered in this lecture:

 Single-crystal diffraction

« PDF (Pair Distribution Function) -

- Magnetic structures 'll

FOR SOCIETY



Introduction (scope)

Scenario 4

Yet another day, customer C comes again to the XRD service provider:
NPD

I'm not an expert in XRD. . _
Could you please do the data analysis for me? What kind of analysis?

Well, just the standard XRD analysis...
Do not be this guy

Sorry, but there is no
“standard” XRD analysis!

Huh...???
Why did you submit
m your samples anyway?
em...
Researcher customer C XRD provider Local contact
Frank Girgsdies, Preparation Group, Dept. AC, Fritz Haber Institute of the MPG, Berlin, Germany
PhD student
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Outline

 Introduction (scope)
Information from powder diffraction
Phase identification

Le Bail and Rietveld method

~ Structure factor

- Phase quantification

- Microstructure analysis (size and strain)
Neutrons vs X-rays

Examples

- Operando NPD

- Bond-valence energy landscapes

- Synchrotron XRD depth profiling (ED)
- XRD-CT

Neutron Scattering - a Primer, Los Alamos Sci., vol. 19, p. 33, 1990.
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Useful information from powder diffraction
Li,PSCl (LPSCI)

800

—— LPSCI
700¢ Peak height (intensity):
I. Representation of
600 integrated intensity
2. Structure factor
| 3. Phase quantity
S 500! I 4. Phase identification
s I
- I
400 i I
|
300| |
|
|
200¢ |
25 30 35 40 45 50 55 60
Peak position: 26 (deg.)
|. D-spacing '.ll
I. Lattice parameters NEUTRONS

2. Phase identification FOR SOCIETY



Useful information from powder diffraction

Peak area:
I. Structure factor
I. Atomic occ.
2. Atomic pos.
2. Phase quantity
3. Thermal parameters

5

©
-

800
—— LPSCI
|
7001 3 Peak height (intensity):
’ I. Representation of
’ ‘ integrated intensity
/ . Structure factor
4 3. Phase quantity
5001 I 4. Phase identification
/ I
s I
v’
/ |
7
300} I
|
|
200} [
N | . . . . . .
25 30 35 40 45 50 55 60
Peak position: 26 (deg.)
|. D-spacing

|. Lattice parameters
2. Phase identification
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Useful information from powder diffraction

800

—— LPSCI
Peak area:
I. Structure factor 700¢ Peak height (intensity):
I. Atomic occ. |. Representation of Peak width:
2. Atomic pos. integrated intensity I. Representation of
2. Phase quantity 600 2. Structure factor peak profile
3. Thermal parameters 3. Phase quantity 2. Crystallite size/
S 500! I 4. Phase identification strain (disorder)
© I IB vs FWWHM
- I
400 i I
| ‘I
300} I
l
I
200¢ |
25 30 35 40 45 50 55 60
Peak position: 26 (deg.)
|. D-spacing '.ll
I. Lattice parameters NEUTRONS

2. Phase identification FOR SOCIETY



Phase identification

800

Important parameters:
- Peak positions
- Correct single wavelength

« Peak intensity
(or integrated intensity) 400

700

600

I(a.u.)

Databases: 200

BOO‘J

—— LPSCI

« COD (Crystallographic Open »
Database)
- PDF (Powder diffraction file)

« ICSD (Inorganic Crystal
Structure Database)

30

35

40

45 50 55 60 65
26 (deg.)
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Phase identification

800

Important parameters: — tpscl
- Background ”
600
5500
-400
SUO'J ‘
200
25 30 35 40 45 50 55 60 65

26 (deg.)
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Phase identification

800

Important parameters: | — tpscl
- Background ” 2
- Label peaks (if monochr, beam) ™

5 500

5

400
300
200
25 30 35 40 45 50 55 60 65
26 (deg.)
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Phase identification

800

Important parameters:
- Background

 Label peaks (if monochr, beam)

- Get intensities for all peaks ™

(or areas) by fitting 00

- Match the profile with the 300
database using some software

700

600

200

—— LPSCI

25

Different software:
« Match!
- Diffrac EVA

45 50 55 60 65
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Phase identification

(Coupled TwoTheta/Theta)

ransmission_Ni _CuKa.txt

PDF 01-090-9049 MnO2 Ramsdellite Orthorhombique Pbnm (62} 4,53200 A 9,26700 A 286440 A

PDF 01-091-0241 Li5.82PS4.7CI Lithium phosphorus sulfide chloride | Lithium Phosphorus Sulfide Chloride Cubigue F-43m (216) 9,84930 A
PDF 04-017-5865 Li0.97In Indium Lithium Tétragonal I41/amd (141) 4,78040 A 6,79170 A

PDF 04-003-5293 Li0.14In0.86 Indium Lithium Tétragonal F4/mmm (139) 4,60080 A 493290 A

PDF 01-091-1713 Li0.96Ni0.81Co0.1Mn0.102 Lithium Nickel Cobalt Oxide Hexagonal R-3mH (166) 2,85670 A 14,33890 A

X-rays

NMC/LPSCI
LPSC

Li/In-LPSCI

n

2Théta (Coupled TwoTheta/Theta) WL=1,54060

V[ .
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Phase identification

(Coupled TwoTheta/Theta)
] Il
1 Transmission_NMCSDC_CukKa.txt
1,2e8-] | PDF 01-090-9048 MnO2 Ramsdellite Orthorhombique Pbnm (62) 4,53200 A 9,26700 A 2 86440 A
1 PDF 01-091-0241 Li5.82PS4.7CI Lithium phesphorus sulfide chloride | Lithium Phosphorus Sulfide Chloride Cubique F-43m (216) 9,84930 A
3 PDF 04-017-5865 Li0.97In Indium Lithium Tétragonal 141/amd (141) 4,78040 A 679170 A
| PDF 04-003-5293 Li0.14In0.86 Indium Lithium Tétragenal F4/mmm (139) 4,60080 A 493290 A
1,169~ PDF 01-091-1713 Li0.98Ni0.81C00.1Mn0.102 Lithium Nickel Cobalt Manganese Oxide Hexagonal R-3mH (166) 2,85670 A 14,33890 A
1e9—

wocnod SG mayb«

- SF not reall :
_ Y Lattice parameter

f slightly off Structure factor (SF) is wrong
. Space group (SG) maybe good

\y”4

™ SF quite ok
“‘°°°°°°ﬁ ' Excellent match
o] ‘ | 0L LJ,MI JULLJUUMM ﬂLJ\ IV '.ll
20 30 40 50 80 70 80 NEUTRONS
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Phase identification

PDF 04-011-5423
m Titanium Oxide 97.6% PDF 04-022-2755
Titanium Oxide 84.8% PDF 04-022-2755

W1t% ! Do not do it.

(Coupled TwoTheta/Theta)
i LSCTNM5_H2
1000001 | La5Mo4Q16 Lanthanum Molybdenum Oxide
] ] Sr0.35Ca0.35La0.2TiO3 Calcium Strontium Lanth
E| | Sr0.35Ca0.35La0.2TiO3 Calcium Strontium Lanthan
s0000-] | La5Mo4016 Lanthanum Molybdenum Oxide 1.7% PDI
i 1 Al Aluminum, syn 8.1% PDF 01-071-4625
* | TiO2 Rutile 2.0% PDF 04-016-0561
80000 | CaOLime, syn 3.4% PDF 04-005-4757
muooé
soooo—f
g
3 i
© 50000
mooo—f
aoooo—f
20000—3
1DDQO—§
T T T T T T T T T T T T
20 30 40 50

2Theta (WL=1.54060A)

o I,
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Phase identification

(Coupled TwoTheta/Theta)
i LSCTNM5_H2
1000001 | La5Mo4016 Lanthanum Molybdenum Oxide 2.4% PDF 04-011-5423
i ] Sr0.35Ca0.35La0.2TiO3 Calcium Strontium Lanthanum Titanium Oxide 97.6% PDF 04-022-2755
k| | Sr0.35Ca0.35La0.2TiO3 Calcium Strontium Lanthanum Titanium Oxide 84.8% PDF 04-022-2755
90000} | La5Mo4016 Lanthanum Molybdenum Oxide 1.7% PDF 04-011-5423
i 1 Al Aluminum, syn 8.1% PDF 01-071-4625
* | TiO2 Rutile 2.0% PDF 04-016-0561
80000 | CaO Lime, syn 3.4% PDF 04-005-4757
70000-]
eo000-]
3 i
© 50000
é Unidentified peak
40090—5
: What is this asymmetry?
0000
10000—5

20

&
g
gﬁu
3

2Theta (WL=1.54060A)

Intensities
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Le Bail refinement

Developed by Armel Le Bail around 1988 wirscivan 200

Starting parameters:

unit cell parameters (r)

* space group

Intensity (arb. units)

* Background - i

°p eak profile param eters (r.) ] _WM,M;,WI,M.LWw,‘.ﬂ.-w},w,«.}m-:M.w,‘M-uMM.WW.‘,W,.,MW-Ww@m.mww.\«l.m:'CI =
- Instrumental (r) . 5 » -
- Peak shape (r) :

.

This method does not extract infromation from intensity:

- Structure (occupancies, atomic positions)

- wt% -ll
- Thermal parameters NE'UTRONS
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Le Bail refinement

Developed by Armel Le Bail around 1988 wirscivzn e 20c

Starting parameters:

unit cell parameters - |
Good starting point for Rietveld refinement

* space grou ,, ,
pace grotip Refining lattice parameters

° .
Background Unknown/problematic structures

* peak profile parame W@ iR ELE |dent|f|cat|on results S
- Instrumental (r) E " - B 5 o

2009

- Peak shape (r)

This method does not extract infromation from intensity:
- Structure (occupancies, atomic positions)

- wt% -
i F// |

- Thermal parameters NEUTRONS
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Le Bail refinement

Developed by Armel Le Bail around 1988 wirscivan 200

Starting parameters:

unit cell parameters (r)

* space group

Intensity (arb. units)

o | What is this? S

* Background - i
‘ Licl

* peak profile parameters (r) T

- Instrumental (r) . 5 -

20(%

- Peak shape (r)

This method does not extract infromation from intensity:

- Structure (occupancies, atomic positions)

- wt% -ll
- Thermal parameters NE'UTRONS
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Rietveld refinement
Developed by Hugo Rietveld around 1967

* Background

* Space group

lattice parameters

'eg =7 3317

peak profile:
- microstructure (strain, crystallite size)

- Instrumental

* magnetic structure (for neutron diffraction)

weight precentages of phases

Structure factor (database):
- atomic coordinates
- occupancies

- thermal parameter(s) (atomic displacement)

Ayisuajul pageadaiu|
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Rietveld refinement
Developed by Hugo Rietveld around 1967

 Background

* Space group

lattice parameters

Ireg 7 41

peak profile:
- microstructure (strain, crystallite size)

- Instrumental

* magnetic structure (for neutron diffraction)

weight precentages of phases

Structure factor (database):
- atomic coordinates
- occupancies

- thermal parameter(s) (atomic displacement)

F-43M
IAtom TYP
Pl P
Lil Li
s1 S
Ccl1 cl
S2 S
s3 s
c13 cl

Ayisuajul pageadaiu|

<--Space group symbol

Y
.00000
0.00
.02912
91.00
.25000
0.00
.25000

2
0.50000
0.00
0.68267
-81.00
0.75000
0.00

0.75000

0.00
0.62000
0.00
1.00000
0.00
1.00000
0.00

Biso
2.80412
111.00

31.00
1.00000
0.00
1.00000
0.00

Occ
0.04166
0.00
0.25000
0.00
0.02021
131.00
0.02145
-131.00
0.16667
0.00
0.02145
-131.00
0.02021
131.00

In Fin N_t Spc /Codes
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Calculated intensity of one phase

calc (29 ) — Sz LleklzpkAk(b(ze . Zek) + background

Sum over all
Bragg peaks

/[ 4
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Calculated intensity of one phase

Structure factor:
Scale factor: * Atomic positions
* Amount of phase ¢ Atomic occ.
* Flux/sensitivity ¢ Thermal param.
* Atomic scattering factors

back a
yee(20) =[5 L{IFePPaid(26; = 20,0 + 3P 7"
k
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Calculated intensity of one phase

Structure factor:
Scale factor: * Atomic positions
* Amount of phase * Atomic occ.
* Flux/sensitivity ¢ Thermal param.
*  Atomic scattering factors ~ Absorption

yeie(20;) =[s|) [L{IFePP{ado26; = 20,0+ 3P 7
k

Amorphous part
Air scattering
Instr. noise
Incoherent scat.
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Preferred orientation
(alignment in certain direction)

Lorentz-polaization factor:
monochromator
polarization (0 for neutrons)



Phase fraction in Fullprof

W = weight fraction of the phase
S = scale factor
S¢(ZMV)¢,f¢2 /Z'¢ S¢ATZ¢_V¢ Z = number of formula units of phase
N, =N, M = molecular weight of phase
ZS..(ZMV)..f.z /Z'. ZS.ATZ..V. V = unit cell volume of a phase
— B o t = Brindley coefficient (Micro-absorp.)
f = value to transform the site multipl.
To its real value

qﬁ =

ATZ = Zr_Mr_fr_z/z'?_ ATZ calculated automatically (if you put 0)

Only crystalline phases!
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Phase fraction in Fullprof

(Coupled TwoTheta/Theta)

100000

Sy (ZMV -

¢ N¢
> S(ZM
i=1 |

AT -

LSCTNM5_H2

La5Mo4016 Lanthanum Molybdenum Oxm PDF 04-011-5423

Sr0.35Ca0.35La0.2TiO3 Calcium Strontium Lamthanum Titanium Oxide 87.6% PDF 04-022-2755
$r0.35Ca0.35La0.2TiO3 Calcium Strontium Lanthanum Titanium Oxide 84.8% PDF 04-022-2755
La5Mo4016 Lanthanum Molybdenum Oxide 1.7% PDF 04-011-5423

Al Aluminum, syn 8.1% PDF 01-071-4625

TiO2 Rutile 2.0% PDF 04-016-0561

CaO Lime, syn 3.4% PDF 04-005-4757

It is not that easy

I T 1 T T T T
a0 50 80 70

2Theta (WL=1.54060A)
e e ==

of the phase

ila units of phase
t of phase

of a phase

1t (Micro-absorp.)
1 the site multipl.

f you put 0)
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Quantitative analysis

1250 b
1200 ° b a — phase a + dota
i 2 b — phase b — fit

1150+ | ' } & —— difference
~ 1100+ §, L& 2 a
-] A )’ e 1
© 1050 N 2 Pl b b b b b

1000+ LN T . i it 4 i‘ varite . o R TR

950+ A

00 M A Aren A A At Ay MmNt mpsnre NN gy AN AWttt bl P ety g Pk pprrf

20 40 60 80 100 120
20 (deg.)

Amorphous phase

(lets presume) Unknown phase
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Quantitative analysis excercise

1250 b
1200+ a - b a-— phase a . ?_fta
i i b — phase b — fi

oo % P —— difference
~ 1100+ §, I )
= A -: :
© 1050 A b, o b b b2

1000 r y 5 g "r ) . A‘Gi*“‘;' _ g A

00 M A Aren A A At Ay MmNt mpsnre NN gy AN AWttt bl P ety g Pk pprrf
& 40 60 80 100 120
6 (deg
Amorphous phase Can we get absolute phase % of a/b?

(lets presume)
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Quantitative analysis excercise

1250 5
12000 7 . b a — phase a . ?_Sta
_ " b — phase b '
1150 AR i P — difference
S0 B 8} a
3 A " e 1
- \ 5T 3 b - _§ b a 4a § N
osol | Py
00 M A Aren A A At Ay MmNt mpsnre NN gy AN AWttt bl P ety g Pk pprrf
20 40 60 80 100 120
0 (degd
Amorphous phase Can we get absolute phase % of a/b!?
(lets presume) Can we get their relative phase %!?
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Quantitative analysis excercise

1250

1200+ 2 . b a — phase a o ;’i?ta

I (R b —phase b —— difference
oo BN E ) .
@ 105007 L VI | WY b, b b bp b b, k_
~ 1000} R R Andho.. A Wt )

sl | ' A AL Ay

900 WWW—;WMMMM—WMMWW

20 40 60 80 100 120

Amorphous phas Can we get absolute phase % of a/b?
(lets presume) Can we get their relative phase %!?
Is there a way to get absolute phase wt% of a/b!?

Is there any way to give wt% to amorphous phase!?
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Quantitative analysis excercise

1250

1200+ ° . b a — phase a - ;ii:ta

ncq| AN j ; b Phase b —— difference
~1100r fF M &
a b, s b b, b
1000 kR Aedh.. etaid O

950} kil _ Aty

900

120

INNTa et Can we get absolute phase % of a/b? No
(R Can we get their relative phase %! Yes
Is there a way to get absolute phase wt% of a/b? Internal standard V7 i
Is there any way to give wt% to amorphous phase! No NEUTRONS
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Crystallite size/strain analysis

* Peak broadening:
- Instrumental broadening

_ Size/strain

Instrumental broadening needs to be taken into account
when doing size/strain analysis
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Crystallite size/strain analysis

* Peak broadening:
_ Instrumental broadening Instrumental broadening needs to be taken into account

when doing size/strain analysis

_ Size/strain

* Crystallite size = the size of a single coherent crystal domain that scatters X-rays or
neutrons coherently.

- Perfect Bragg diffraction exists only with infinite crystals, but since that is not the case there is
peak broadening

* Crystallite strain = Instead of all lattice planes having exactly the same spacing d, some
regions are slightly compressed or slightly stretched.
Particle ~ Crystallite =~ Domain

NG| b4

J
: /4
.l c
: V[
\/ / A NEUTRONS
v FOR SOCIETY



Crystallite size analysis

* Scherrer equation (1918)

_ A lvol
’8 " ecosf €= k
- B - FWHM (irf corrected) I
- A -wavelength p=———
l,01 COSO

e — crystallite apparent size
- 1,, — column size (weighted mean column length)
- k- scherrer constant (depends on crystallite shape)

* Laue (1926)

A
Bip cos 6

* B,=Integral breadth (IRF corrected)

lvol —

L.=L,

L

vol ™~

=4/3L,

vol
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Crystallite size analysis

* Scherrer equation (1918)

B A lvol

p= £ cos 0 °= k

- B - FWHM (irf corrected) Id

_ A -wavelength B =

o lyo1 COSO
o,

_ k DCd Ol1€é D4 C alld < U &

- Laue (1926)

A
Bip cos 6

* B,=Integral breadth (IRF corrected)

lvol —

AT T
™

L..=L,

vol ™~
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Crystallite strain analysis
* Williamson and hall (1953)

A
* Assumption: both size and shape are Lorentzian Bsize = Y
l
- Can add B=sizetBstrain ve
- Bcos(0) vs 4sin(0) : slope — strain, intercept — CS Bstrain = 4€tanf
(sometime 2sin(0) is used, depending on strain definition)

+ 4£sin 6

Williamson—-Hall Size-Strain Plot —_
[ cosO =

Williamson-Hall Size-Strain Plot UOl

0.00451 g Example peaks
ar fit

—_— Ll

Al generated plot

0.0 0.5 10 15 2.0 r/
4siné '

NEUTRONS
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Crystallite strain analysis
* Williamson and hall (1953)

A
* Assumption: both size and shape are Lorentzian Bsize = I coso
l
- Can add f=PsizetBstrain ve
- Pcos(0) vs 4sin(0): slope — strain, intercept - CS Bstrain = 4€tanf

(sometime 2sin(0) is used, depending on strain definition)

Williamson-Hall Size-Stra

Better than Scherrer method, 6
. BUT assumes that size and strain are purely Lorentzian
Peaks must be separated

% 0.0035

Al generated plot

0.0030

Bcos@ (

0.0025

20
0.0 0.5 1o 15 2.0 -/
4sin@ '

NEUTRONS
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Crystallite size/strain analysis (profile fitting)

* Double Voigt approach
- Size broadening ->Voigt function
- Strain Broadening ->Voigt function
- Uses full profile (not just width)

* Voigt function — convolution of Lorentzian and Gaussian

* Applied both in Fullprof and Topas

- Instrumental broadening
. Topas — FP peak type
- Fullprof — IRF file
- Fullprof peak type 7 (Thompson-Cox-Hastings formula)

Allows for more reliable determination of crystallite size

and microstrain than simple width-based methods.
Do not trust the absolute values.
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Neutrons vs X-rays

X-rays:

« Interact with the electrons. omecomene

1 1 the dashed staircase are 2
Nonmetals H sometimes called metalloids He

« Scattered by the electron cloud. e Do

Li Be {B C N O F N
s M 12 Transition metals 13114 15 16 17 18

° X f f t tt M Na Mg (sometimes excluding group 12) Al L_&_Sl_ P S C A
ray O rl I I a C O r sCa e rI n g 4 19 20 21 22 23 24 25 26 27 28 29 30 | 31 32 133 34 35 36

K Ca Sc Ti V C Mn Fe Co N Cu Zn|Ga Ge| As Se Br Kr

1 37 38 30 40 41 42 43 44 45 46 47 48 | 49 50 51 | 52 53 54

factor) has atomic number - [ R

6 55 56 LatoYb 71 72 73 74 75 76 77 78 79 80 |81 8 8 84 |8 86

d e e n d e n Ce Cs Ba lu H Ta W Re Os Ir Pt Au Hg | Tl Pb Bi Po I At Rn

p ] , 8 8| . |108 104 105 106 107 108 109 110 111 112|113 114 115 116 117} 118
Fr Ra °%|lr R Db Sy Bh Hs Mt Ds Rg Cn|Nh Fl Mc Lv Ts|Og

. n } ! ‘
° . S m a I I p e n et ra tl O n d e pt h (:‘—:;ogz) | f-block d-block p-block (excluding He)
58 59 60 61 62 63 64 65 66 87 68 69 70

(depends on energy) T s h M mb s u by kb
CuKa ~ 10 — 20 “m inices Th Pa U MNp Pu Am Cm Bk Cf Es Fm Md No
75 keV (ID31 ESRF) ~5-20 Wikimedia commons

mm

(depends on materials)
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Neutrons vs X-rays

X-rays:
- Interact with the electrons.
« Scattered by the electron cloud.

- X-ray form factor (scattering
factor) has atomic number
dependence.

- not so easy to distinguish between
,heighbors"

- ,Small penetration depth"

(depends on energy)

CuKoa ~ 10 - 20 um

75 keV (ID31 ESRF) ~ 5 - 20
mm

(depends on materials)

neutrons:

 Interact with nuclei (strong nuclear
force).

Point scattering from nuclei.

~ Strong reflections also at high angle.
Scattering length denisty is
Lrfandom®".

Deep penetration depth.

Isotope sensitive.

Magnetic structure.

- Neutrons have a spin (1/2), an
additional scattering due to -
dipole-diploe interaction. Nggg

FOR SOCIETY



Neutrons vs X-rays

LiNij 33Mng 33C04330,(NMCI T ])

_atom site occupancy
Lil Lil+ 3 a 0 0 0 0.025 0.92(4)

Col Co3+ 3 b 0 0 0.5 0.015(9) 0.3333
Nil Ni3+ 3 b 0 0 0.5 0.015(9) 0.26(4)
Mnl Mn3+ 3 b 0 0 0.5 0.015(9) 0.3333
01 02- 6 ¢ 0 0 0.245(4) 0.017(2) 1
Li2 Lil+ 3 b 0 0 0.5 0.015(9) 0.08(4)
Ni2 Ni3+ 3 a 0 0 0 0.025 0.08(4)

units)

Intensity (arb.

units)

Intensity (arb.

Simulated patterns

Cycle: 1 ChiZ2: 0.00 EntryWithCollCode34304
30004
X-rays
2000
1500
1000 H
.
500+ s
o ‘I l l m P Y e ik -
o
-500 +
20 40 60 80 100 120 140
2Theta
Cycle: 1 Chi2 0.00 EntryWithCollCode34304
3.5 .
- neutrons
2.5 '
2
o
1.5+ t
1 -
' . &
.54 ‘
0 i Ldi i ‘i ﬁ‘ ‘IL
ol [
_.5_
20 40 60 80 100 120 140

2ZTheta



Neutrons vs X-rays

LiNij 33Mng 33C04330,(NMCI 1 )

Mn|Co

Ni

Neutron
Cross-sec

X-rays

-3.75 2.490

https://www.ncnr.nist.gov/resources/activation|

10.30

scattering_table.html#mn

Intensity (arb. units)

Intensity (arb. units)

Simulated patterns

Cycle: 1 ChiZ2: 0.00 EntryWithCollCode34304
3000+
X-rays
2000 4
1500 4
1000
500
i R ke
o P Y e ik Sl
] | o Wil W 1l
-500
20 40 60 80 100 120 140
2Theta
Cycle: 1 ChiZ2: 0.00 EntryWithCollCode34304
3.5
- neutrons
2.5
2
1.5-
1- ' ]
.5 ‘ i
o S B N ..L
ol ] 1
—_.5_
20 40 60 80 100 120 140

2ZTheta

42



Neutrons vs X-rays
Li,PS;Cl (MSE)

Lil Lil+ 48 h 0.3202 0.0183 0.6798 5.5 0.5
cll1 cl1- 4 a 0 0 1 3.94(9) 0.385

Ccl2 Cl1- 4 d 0.25 0.25 0.75 2.96(8) 0.615

P1L PS5+ 4 b 0 0 0.5 2.49(3) 1

S1 S2- 4 d 0.25 0.25 0.75 2.96(8) 0.385

S2 S2- 16 e 0.1200(2) -0.1200(2) 0.6200(2) 4.48(5) 1
S3 S2- 4a 00 1 3.94(9) 0.615

Neutrons



Neutrons vs X-rays

Li,PS;Cl (MSE)

Lil Lil+ 48 h 0.3202 0.0183 0.6798 5.5 0.5 - X-rays 1
Cll Cl1- 4 a 0 0 1 3.94(9) 0.385 - r ]
Cl12 Cl1- 4 d 0.25 0.25 0.75 2.96(8) 0.615 - L i Alba E
P1 P5+ 4 b 0 0 0.5 2.49(3) 1 ! L :
S1 $2- 4 d 0.25 0.25 0.75 2.96(8) 0.385 i~ T i n ‘_ ;
S2 S2- 16 e 0.1200(2) -0.1200(2) 0.6200(2) 4.48(5) 1 = | | ] _
S3 S2- 4a 0 0 1 3.94(9) 0.615 SIS T T
—=a's ,.’v vy
A7/ Y
AN Y—_—
What happens if we put them on the same graph? - | o Neutrons |
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Neutrons vs x-rays (in general)

X-rays (synchrotron): neutrons:
 Possibility of lab-scale * No lab-scale
« Super high flux « Good to determine atomic
- Fast measurements positions, isothermic factors
- Lower penetration - Slower measurements
_ Less choice for sample cells - Higher penetration
- Sensitive to heavy elements - Sample cell versatility

(no hydrogen containing plastic)
- Sensitive to light elements

No magnetic structure

Possibility of profiling, and special _
methods (XRD-CT) - Magnetic structure

Microstructure
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Neutrons vs x-rays (in general)

X-rays (synchrotron): neutrons:
« Possibility of lab-scale * No lab-scale
« Super high flux « Good to determine atomic
. Fast measuremente positions. isothermic factors
- Lower penetration VVhy not use both ! easurements
_ Less choice for sample cells - Higher penetration
- Sensitive to heavy elements - Sample cell versatility

(no hydrogen containing plastic)
- Sensitive to light elements

No magnetic structure

Possibility of profiling, and special _
methods (XRD-CT) - Magnetic structure

Microstructure
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Neutron operando cells for EC

Neutrons can have negative scattering lengths (wave is
shifted in phase by n (180°) relative to the incident wave)

Bianchini et al., |. Electrochem. Soc., 160 (11) A2176-A2183 (2013)

=

ILLBAT#1
(2013)

TOP VIEW
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TiZr current collector
Li metal (negative electrode)
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Gasket

TiZr container

Powder (positive electrode)
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Prof. Matteo Bianchini

Intensity (a.u.)

110

60

70

50 -
40
30 -

20

—— Empty cell measurement

T .

100 120
I/
NEUTRONS
FOR SOCIETY

210 ' 4IO ' 610 ' 810
20°,1=1.455AD19



Li, . Mn,_ O, operando cycling

yinLiMn,_ 0,
A1 08 06 04 02 0

_..Phasediagram
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Li,. . Mn,_ O, operando cycling

yinLiMn,_ 0,
1.1 08 06 04 02 0

Li; osMn, 450,
a o+A

_.._Phasediagram

Time(h)*2

Charge

Scan number

4
0
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Li,. . Mn,_ O, operando cycling
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Li,. . Mn,_ O, operando cycling

yinLiMn,_ 0,
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Cycling of solid-state batteries

" . e Stainlessteel
Screws

¥~ PEEK isolation

> Rubber o-rings

¥~ PEEK isolation

o PEEK isolation
S TiZr, piston

Li

}Tin, cell body
PEEK isolation

!é BN-mask
Y (absorbing neutrons)
(4
[ -
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Cycling of solid-state batteries

Stainlessteel
Screws

SR TiZr, piston

Li
iZr, cell body

(absorbing neutrons)

Screw for Torque
application

Screw +——
Dr.Anil Kumar

Ring «——

Upper Piston «—
Ti-Zr Cylinder «——
ASSB Pellet ~——__
Mylar sheath ~

Lower Piston «——

Ti-Zr Container«——

il .
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Cycling of solid-state batteries

x in Li,Niy qMn, ,Co, ,0,

3.8 , , , , 100 000000 ' '
x=0.52 = < \
361 ——1*'Charge o S 75| o
3.4 \h o '.g —O— H1
£ 32 T
; v ] C-rate : C/60 B 25+ =
2.8 4 -rate : N 1 N 1 1
24 «1‘101'0 -
" ’5;—100.5 : @
1.8 x=0.96 1000 © H1
T T T T 707 H2
0.5 0.6 0.7 0.8 0.9 1.0 1 1 1
x in Li,Nig gMn; ;C0,,0, 14.5
Solid solution LA o H1
g . 3 —0O—
mechanism until: 143f O M2
Lig gsNMC622 structure 142 |_oo009%° . .
. . : 2865 “©%c0ge
In biphasic regime:: z
H1 phase > LipgsNMC622 28501 o
structure 2835} O H1
—0—H2
2.820 | . . .
1.0 0.9 0.8 0.7

0.5

/L /L

T 7/ T 771 T

#7

81.9(1.4) wt% H1-NMC622 +
18.1(1.4) wt% H2-NMC622

H1- NMC622

Intensity (a.u.)

a=2.86586(11) A
c=14.2310(9) A
V= 101.221(8) A®

H2- NMC622
a=2.8432(5) A
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T
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Cycling of solic

3.8 T T
x=0.52
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Cycling of solid-state batteries
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Bond valence energy landscapes

BVEL is a semi-empirical method based on the bond valence model.

It estimates the energy of placing an ion in the structure

using bond valence mismatch with surrounding atoms. _
Li,PS:Cl

Workflow: 5= |
* Refine structure (Fullprof) -
° EX ort C|F Li-ionpercolatioL

P isosurface

e Remove mobile ions
e Run BVEL calculation
* Visualize pathways

i .

NEUTRONS
FOR SOCIETY



lonic conductivity LPSCI (mS.cm™)

High pressure application on LPSCI

3.5

3.0+

‘—s— LPSCI|
—=—LPS

750

1500 2250

Pressure (MPa)

3000 3750
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1015
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lonic conductivity LPS (mS.cm™)

|0 GPa maximum
A3 x 0.6mm < |0 GPa
D6 x 0.6mm < 5 GPa
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lonic conductivity LPSCI (mS.cm™)

High pressure application on LPSCI
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Depth profiling using at synchrotron

White beam Battery charge: delithiation
EDXRD  ESELE S E e mam M e Do ae B B e e a |
% = .0 1 -
d&?k‘ f ]”(] I :ﬁgf;:qq E__ E .
é"b&_ ﬂ Y- "g\_‘_‘_ o o o & .
oq - - p : - -
c g
208 i
c
8 X
J o6l i
0.6 S

110p% ]
v

0 50 100 150
Cathode depth (um)

Liﬁ.x}NiuaMﬂﬂaCDuaOz + LiaPSaC] cathode

/[ §
NEUTRONS
FOR SOCIETY



Depth profiling using at synchrotron

(X-T) Jusu09 I

(a) 80% CAM cell (b) 70% CAM cell (c) 40% CAM cell (d) 70% CAM cell with cathode coating
Li content (1-x) Li content (1-x) Li content (1-x) Li content (1-x)
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14 20k 17 e
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Li content estimated from LP (3 peak fit) Mo



Depth profiling using at synchrotron

Volume Percentage of CAM

. L 9.0 85 20.0 34.0 56.0 100.0
White beam Battery charge: delithiation We———r—T—7
i i o i i £ (a) = Electronic conductivity
EDXRD — 1 0 L !:,Na_ ' I 1 I_ 10—3; @ lonic conductivity
S, FLOP N2 TN ;
l-‘ = = y S 10—4 ; ° E
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c " 8 106} |
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e 10 107 : : :
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v 4 0 50 100 150 & | = e can
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- . Charge 1 midpoint
0 50 100 150 -,
Depth (um)

Li content estimated from LP (3 peak fit) Mo
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XRD-CT

0 -2V s Li-In Oskar Thompson
Li-In | LPSCI | Stainless steel ,

= 5§
) b
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Stainless steel

i |

e I
S I

S | I

| I
. | I
I I
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: LPSCI !
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I |
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X | |
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Stainless steel
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XRD-CT

0 -2 Vs Li-In
Li-In | LPSCI | Stainless steel

I

I

—_— |
Stainless steel :

|

|

|

LPSCI !

|

Li-In !

|

Stainless steel !

|

I

~——— |
|

|

[ POF 040258850 (Tune Celly LIEPSSCI Uthium Phiosphorus Chioride Sufide FA3 (216)
9839354

L- S POF 04-004:7737 (Tune Cell) In Indium, syn 3,25200 A 4,94660 A
| 2 PDF 00-004-0664 (Tune Cell LICI ithium Chioride 5,13960 A

|_POF 04:003-7095 (Tune Call) LI3P Lithium Phesohide 4.26400 A 7.57900 A
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XRD-CT

0 — 2V vs Li-In
Li-In | LPSCI | Stainless steel

Stainless steel

LPSCI

Li-In

Stainless steel

3.6mm

Li-In Electrode
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XRD-CT

Bevel = 0.2 mm 270 Profile View

a.) LPSCl
|

b.) LiCl

LPSCI/LiCl signal inversely
proportional

Porosity is greater around the
perimeter of the cell
Perimeter porosity appears to
be correlated to degradation

Li-In Electrode
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XRD-CT

Bevel = 0.2 mm Profile View

* Li/ln-phases with different
Li-content

Li-In Electrode 0

! |
. HEES S 2 ToEa
Li-In Electrode 0

255
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Thank You
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