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(cyclability, power, charge retention...)

Simple fabrication process (similar to Li-ion)

Huge interest regarding criticity of raw materials supply
Cost analysis : lower price of Na-ion confirmed
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Na-ion technology can have performances close to Li-ion’s
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Potential vs. Sodium (volt)
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ALL-NASICON Battery

Composite electrode &

Active Material NVP/NZSP/CSP
Electrolyte Electrolyte

NZSP
Carbon

Composite electrode &ii!
NVP/NZSP/C,, =

Preparation:

» Stacking by cold-press
» Sintering by SPS at 900°C

» Monolithic Full Solid State Battery




ALL-NASICON Battery

Electrochemical cell, can cycle up to 300°C !!!
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Diffraction in Real Time
Lab X-Rays

XRD in the lab for In Situ and Ex-

Situ studies
Application: Na,MnV(PO,),

Neutrons Synchrotron X-Rays

* A new Electrochemical cell to High-angular resolution for battery
study Li-ion battery materials materials

Application: LiFePO, Application : Liy sMn,0,




Diffraction in Real Time
Lab X-Rays

XRD in the lab for In Situ and Ex-

Situ studies
Application: Na,MnV(PO,),
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Challenge: Following the crystal structure cha";,'-'

upon cvyclino

Anode
Active Material

N

Separator Be Window
(current collector)
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Potentiostat
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How to mount the cell ?




Intensity attenuation using Be window
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Intensity attenuation using Be window
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Intensity attenuation using Be window
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Beer-Lambert law

— -I,l.X
I=l, e

I: observed intensity
lo: initial intensity

H: Mass Attenuation Coefficient
x: thickness crossed

x=h/sin(26/2)

Source: NIST

Or fendp. cmifg

wia

= 4, BERYLL UM

For A¢y ko1 M=1.61cm?
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Intensity attenuation using Be window
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Operando Measurements using Lab X-rays ﬁ

The example of Na,MnV(PO,)

1 Na*/20h, wav =83.3 %

39
6] D=
3.3 \\
3.0, ~ ’\
27y LV
30 32 34 36 38

2.4 T ’ T ’ T ’ T ’ T ’ T ’ T ’
21 24 27 30 33 36 3.9

x in Na,MnV(PO,),

E vs. Na*/Na (V)

26



Operando Measurements using Lab X-

The example of Na,MnV(PO,)

45 minutes/scan
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Operando Measurements using Lab X- rays --

The example of Na,MnV(PO,) w» |
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Operando Measurements using Lab X- rays

The example of Na,MnV(PO,)
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Operando Measurements using Lab X- rays &

The example of Na,MnV(PO,)
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Operando Measurements using Lab X- rays

The example of Na,MnV(PO,)
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Operando Measurements using Lab X—
The example of NaMnV(PO)

Na4MnllleI(P04)3

NazMnlllle(P04)3
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Na,Mn''V!'(PO,), .



Diffraction in Real Time
Lab X-Rays

XRD in the lab for In Situ and Ex-

Situ studies
Application: Na,MnV(PO,),

Synchrotron X-Rays

High-angular resolution for battery
materials

Application : Liy sMn,0,




Operando Measurements using
Synchrotron X-rays
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Operando Measurements using
Synchrotron X-rays
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Operando synchrotron XRD, ALBA, Barcelona
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M. Bianchini, et al, Acta Cryst., B71, 688-701, 2015




Intensity (a.u.)

(311)

*cell

Operando synchrotron XRD, ALBA, Barcelona
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Discharge
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Charge Ordering in Li; :Mn,O,

LiosMn204 « Mn3°75+ »
(111)2
(110) I (200)

Intensity (a.u.)

8892 96 1904 128 132 13614

Fd-3m

Disordered Mn3*/Mn** cations
Lithium in 8a position, SOF = 1,
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Intensity (a.u.)

(111);
(110) |

Charge Ordering in Li; :Mn,O,

T 3.75+ T 3+ 4+
Li, :Mn,O, « Mn » = LipcMny2*Mny ¢

(200) P 4,32

28 132 136140 -

EaMn 0 e ) e
LiMn 0, + -
4 g = 1 16 %N ol

Ordered 1:3 Mn3*/Mn?%* (Mn3-75+)
Lithium in 8a position, SOF = V>
Similar to LiNiy 2*Mn, 4O,
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LiosMn204 « Mn3°75+ »
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Diffraction in Real Time
Lab X-Rays

XRD in the lab for In Situ and Ex-

Situ studies
Application: Na,MnV(PO,),

Neutrons Synchrotron X-Rays

* A new Electrochemical cell to High-angular resolution for battery
study Li-ion battery materials materials

Application: LiFePO, Application : Liy sMn,0,




Neutrons : pros...

* Neutrons’ sensitivity to Lithium!
* Neutrons’ contrast between neighbouring elements

2.0 N 1 3 L Ll 1 3 L] | | i !
- Dy
1.5 F
" Sc
C Ni
= CLLE. NGl
E 1'0 -Be Ge Ru La
S ),
= 0-5 AL v
= [}1’ Pr
Co
0.0 / ......
0.5 S Me),
0 40 80 120 160 200

* Neutrons probe the whole electrode

Atomic weight
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.. and cons

¥ Availability
¥ Powder quantity ~200 mg

¥ Hydrogen incoherent scattering (replaced by
deuterieum)



Bergstrom et al.,
J. Appl. Cryst,1998

65 mm

Rosciano et al,,
J. Appl. Cryst, 2008

Side View Whole Cell

Top View Cell Interior

Swagelock
‘Wound Jaints sealing
Electrical laminate The cell
Contacts of electrodes
i — | —
j D i ' l ) Wound laminate made up
L =} | l
~15¢cm of cathode, anode, current

collectors and separator

Roberts et al.,,
J. Power Sources, 2012

(6)
(5)
(4)
(3)
(2)
(1)

Godbole et al.,
RSC advances, 2013

TN
WY
.\

Sharma et al,, S.
State Ionics, 2011

A\
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Positive electrode:
« 80 wt% Active Material
* 10 wt% Csp
« 10 wt% Binder C,F,
Total mass =200 mg

Plunger

Mylar foil
A8 / Spring
R TiZr current collector
Li metal (negative electrode)

Separator Electrolyte:
 LiPF; in deuterated
TiZr container — EC/DMC
_____ Powder (positive electrode)
Separator

« SiO, glass fiber

¥’/ NO HYDROGEN

NEUTRONS M. Bianchini et al, J. Electrochem. Soc., 160(11), A2176, 2013 47
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Plunger

Mylar foil

Spring
TiZr current collector
Li metal (negative electrode)

i
NEUTRONS M. Bianchini et al, J. Electrochem. Soc., 160(11), A2176, 2013 48
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ngh |nten5|ty neutron qux
1 pattern=10 minutes
For Rietveld = 3 or 6 patterns merged together

s
NEUTRONS M. Bianchini et al, J. Electrochem. Soc., 160(11), A2176, 2013 49
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High resolution diffractometer
1 pattern=2-5 hours
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Voltal\ge (Volts vs. Li*/Li)

)
I~

o8
(@)

LiFePO,

——31mg C/10 (LP30)
—33 mg C/10 (deut.electrolyte)
——105 mg C/24 (deut.electrolyte)

b /Ll
o o

Volts vs. Li*
w
]

[
(@]

60 120 180
Capacity (mAh/g)

00 01 02 03 04 05 06 07 08 09 10

Composition (x in Li,FePO,)
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LiFePO, POWDER
measured from High Resolution

Neutron Diffractometer
D2B at ILL Grenoble
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powder LiFePO, POWDER
measured from High Resolution

Neutron Diffractometer
AT D2B at ILL Grenoble

LiFePO, ELECTRODE
oL in the in-situ cell,
—~ .~ in a full-battery configuration,

Lk skl measured from High Flux
S /\ : Neutron Diffractometer

WWMMWMWWWWMMW D20 at ILL Grenoble 54

electrolyte
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Validation of the cell : LiFePO,

Cl24
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Conclusion

V" Diffraction is an essential for the search of materials for Li and

Na batteries

— NEW materials, new structures
— Materials stoichiometries, defects, charge ordering
— Mechanisms of Li+ insertion/extraction (reversibility/metastable phases

¥ Neutron, Synchrotron but also Lab X-rays sources may be

used once appropriate operando/in-situ cells are designed: the
best is to use all of them !'!

¥ A Ti-Zr cell, fully transparent to neutrons + high flux neutron
source provides high quality data for Rietveld refinement

¥ A fully Li* and Mn3*/Mn** ordered composition was spotted for
Lig sMn,0,
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What's Next ?

Powder diffraction & cycling
in the single crystal diffractometer

!
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What's Next ?

Powder diffraction & cycling
in the single crystal diffractometer
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What's Next ?

Powder diffraction & cycling
in the single crystal diffractometer

A 20s snapshot provides reasonable counting statistic already.

" |1 20s80mm.raw
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%j 1 30s80mm.raw
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g_: | | 120s80mm.raw
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5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
2Theta (TwoTheta) WL=0.71073 61



What's Next ?

Mo TXS source
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What's Next ?

¥ Sample-Detector 240 mm
= Acquisition time 20 s, 10s, 5s, 2s, 1s
E Frame integration Full frame

Counts

ik bkt Lk AL bt AR LALA LALL RALL ISk MALL idd LA R 2 Ll R AL Lidd i)
1} 20 b 22 3 24 25 26 a7 28 28 30

llI‘;[DI1|1II‘II|2I‘I|3“1|4I;Iﬁll1lﬁl1|TII;|B 1
2Theta (TwoTheta) WL=0.71073
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What's Next ?

§'— i Wi A T8 S s |
S |
'E i I \ Sample-Detector 240 mm
o g '| Jﬂ| || i| | :I Acquisition time 5s
§ = | | ‘ ' . :
. : || o I | ,-h I '\', Frame integration Full frame
1 | | | A ll}" A |H| | LA |I
yoh b A D i
: \ _.' ) | MI' J ATV
i?fw W vr W e W, “*’ *"*‘.Ef f“ \' =i
g .. N s B
“ \
g
< Sample-Detector 240 mm
L Acquisition time 2s
g_
§' Frame integration Full frame
el
]
2.
: : Sample-Detector 240 mm
B Acquisition time 1s
. Frame integration Full frame
#
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What's Next ?

Can we cycle 1 single Crystal??
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What's Next ?

Can we cycle 1 single Crystal??

"vy, 3
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