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Full field Tomography imaging of batteries
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Full field Tomography imaging of batteries

P. Shearing, UCL




Structural imaging and characterisation = models
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4D imaging...

Imaging data
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4D imaging...
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In-situ devices @ 4D Imaging Lab




In-situ devices @ 4D Imaging Lab

Electrochemical
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S1-ANODE LIB

» Lithiation/delithiation of silicon during charge/discharge
of LI-ion battery cells causes dramatic volume changes
(up to 330%).

(Siy44Li" +44e” =2 Li, Si




S1-ANODE LIB

» Lithiation/delithiation of silicon during charge/discharge
of LI-ion battery cells causes dramatic volume changes
(up to 330%).

(Si}44Li* +4.4e 2 Li, Si

4.4 mol;; mols; 96485 C mAh ~ 4200 mAh ¢!

mols; 28 g5 moly; 3.6 C

The energy density of Si-based electrodes is higher than graphite
electrodes (~ 4200 mAh/g of Si against ~ 375 mAh/g of C).




S1-ANODE LIB

» Lithiation/delithiation of silicon during charge/discharge
of LI-ion battery cells causes dramatic volume changes
(up to 330%).
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* Repeated expansion and @;ﬁ; |
contraction places huge strain .
on the silicon particles

Lithiation

Components suffer
irreversible damage and
loss of electrical contact




SWAGELOK BATTERY TEST CELLS

Steel current collector
(anode at discharge)
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4D IMAGING

* Lab tomography

“ex-situ” discharging (+ charging)
tomography Lithiation &
“extended 4D” imaging

P B M b Optimal for discontinuous (ex
situ) acquisitions in repeated
charge/discharge cycles over
long periods
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Fully in-situ + operando

 Faster, higher resolution:
- optimal for continuous in-
situ tests
Ei“. “;m‘.';;;;;“ e Limited time and limited
_ e access:
* Continuous acquisition - Inconvenient for repeated

throughout c.eII cyclin.g.tgst charge-discharge cycles
(ca. 8.2 mins acquisition)
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Paz Garcia et al., 2016, J. Power Sources
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TOMOGRAPHY@4DIMAGING LAB
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TIMELAPSE EVOLUTION DURING DISCHARGE

Before discharge (~ 65% lithiation)
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Li,Si

rticl
Unlithiated particles

Si electrode Liz 7551
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Steel current collector

Paz Garcia et al., 2016, J. Power Sources




QUANTIFICATION
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Digital Volume Correlation (DVC)

(in-house code “TomoWarp2”)

X-ray tomography
image volume
before loading

X-ray tomography
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(See Tudisco et al., 2018)
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image volume after

‘ ¥ Displaced volume
loading

# Original volume

3D search 3D for transformation vector based on best image
correlation = displacements (+ rotation / distortion)

Full 3D strain tensor field
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QUANTIFICATION

= g
e it
% ey D}
% ‘g‘, i i
2 el WIiicg
o » ,z,»w g S i
RS iy i sl
v‘"':;’)i;;g;}““wm-»;,,,;;»w « ,,,:’?25'%%2?’31:?’ ,,,,»3333“;3&3‘»3’33533‘”,,&%53”3?& (%F'W%
QP L g IS e G =
22 Sl QURRSNBS R I »
i G b R S
% ) L3930 S GO 303K
B G s I R SN
2SI (L (A BRI LR TDBE
B i “ PR BRI IR
» P e TSI RN
s R B
G PRI e
ey
8 (S
»

i
e
s i,
tc )
"«4’,;4?%"«% S L
g i ) S et
G Sl LR LN L i s
i e o @
Ceoqrel > 2220050 e g
i r(éﬁ«“% g 5 IR AT Al AL A
U S O R IRl i
o e e (e (TR St g
> ’(((,lr«”'(r RS R DL nr,,,’f(q((ﬂr(({(rr«,fr((l%( o 2 - >
gL .,zgy«,‘;;gw.m»gg;,,» g Rl bR B
G, A e DR 08 g S RN > 9
Gt SpDR f g S ) 0 i
g SPI) et SRR “ s
e S e R0 o gkey it "55"'?’”"
VI P (o0 i@t Rnr 2245
RO e G 22 )
« i ST YD) e 2
AN ) (0 PRSI
Lo 443020003055 gl e O W
B Uaggsury oD 22
3 » (i (I MY
O I
e 2002208993200 $90200-
(R4 QU TN
AL
»NNN

(51,"" (et ey Sy )
o

DR
253

caf ot Y 222 2 «
g e dnn 3 «
o I R
L R R DR S
Gl (R e ® NV
L G T 2030730000 OO ML AN
e MG SR ST
s s SR e SRR
v O @Rs BBy
& S i CaemRY) 2
el ‘f‘r‘}"‘%33;""{33{33323»»)3"33’»w“” o )
R Rt e e 25 R
EOUGHR S
S SR
i e »Y
«

A

> :
R R
SRR

Y

16 qct Ceeeq (@I
It Cc G
s oD
s

e
283 DG 2RF RS
3

B3

> 2
QU

s > G

SRR s DI

S i I

s »

s

e
g et 4433

deqe > R

e o2
& DD
R

»
92920244
R

SR ST SO BT
%WW@

Lt

o (0 @ 13 @ 15 1©) |0 @) |® lao)

Cell potential / mV

L
L L L 1 .
'

13 20 26 33 39 46 52 59 65
~ Degree of lithiation / %

Paz Garcia et al., 2016, J. Power Sources




QUANTIFICATION: GREY-SCALE CHANGES (LITHIATION)
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STRAIN VS GREYSCALE CHANGE

* Average volume/grey-scale change in Si electrode from 4D image analysis
versus average degree of lithiation (based on the theoretical capacity of the cell)
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GRAIN SCALE ANALYSIS

0 min 241 min 426 min 592 min 666 min 759 min

944 min 1036min  1129min 1203 min 1258 min

Taiwo et al., 2017, J. Power Sources



Deformation during charge /discharge of a CR2 Li-ion battery
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Collaboration Donal Finegan and Paul Shearing, UCL
Finegan et al., 2016, Advanced Science




Deformation during charge /discharge of a CR2 Li-ion battery
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Deformation during charge /discharge of a CR2 Li-ion battery

In-operandi x-ray tomography during charging

Quantification: Volume change from DVC

Volume strain
from DVC

Collaboration Donal Finegan and Paul Shearing, UCL
Finegan et al., 2016, Advanced Science




Thermal runaway
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In-operando high-speed tomography of lithium-ion batteries during thermal runaway
Finegan, et al., 2015, Nature Comm., 6




Thermal runaway

Battery and
sample holder

=

Time (s) =

217.

3 F 2

oy A
e S P S 1

iy

Kapton
windows

s e ]
e ) ot

X-ray beam
direction

Rotation stage
with inbuilt
W electrical slip ring

TN et s Bl 5 SN . s n.

b

Y

J
| Detector

T

Lk s ot A b i 3 i
LN Wt e i S o i
DRI ™ b ——

e TN

- s b Bl
» -

-y
-

Thermal | {Inertgas [~ 8.
camera | supply ¥ [Electrical connections

In-operando high-speed tomography of lithium-ion batteries during thermal runaway
Finegan, et al., 2015, Nature Comm., 6




Thermal runaway

In-operando high-speed tomography of lithium-ion batteries during thermal runaway
Finegan, et al., 2015, Nature Comm., 6
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