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Terminology Relevant to Mechanistic Investigations

Exsitu
Destructive analysis of a working battery. Parts removed |mgin s
for analysis outside the functional environment. 2090 7 | operando

In-situ 1900
Measurement of property or material in working '
environment,system may be not operationirag time of
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Investigation oveMutliple Length Scales

Charge transfer (ion and electron) must be considered oudtiple length scales
atomic/molecular, crystallite, particle/aggregate, electrode, system.

Beneficial insights are gained by using multiple probes of the system.

Two main types of active materials: PP APASA

m Intercalation

lon insertion materials - small structural rearrangemenm =3

conversion materials - high capacity ' Convension g
+Lit+e

® Ce® {YAUKZ Y® Wod ¢l ]1SdzOKAZ !'® /& al NAOKAE213T 9ot { ® ¢ 1 Sc
f GNRYk/ FOA2Y [ 2dzL) SR ¢ NI yaLR2 NI Azdounts €hém RegEA NI Ip vi ki © mictBodA O




Magnetite: FgO, High Capacity Conversion Material

high energy density:
environmentally sustainable material
multiple electron transfers (8!) pdfe,O, formula unit—
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Structuredetermined ionic transport in 58,

Detailed lithiation process revealed, wileOformation andccpO framework retention.
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In-situ Electron Diffraction and Atomic Imaging Reveal lo

transport pathways during topotactic reaction
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Size significantly impacts ion transport and functional capac
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Multiscale Continuum Model Affirms Importance of Size

Consideration oboth crystallite and aggregate sizes was necessary to describe diffusion
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Operando Isothermal Microcalorimetry
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Operando IMC Comparison of 12 nm vs. 29 ngfe
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OperandoXrayAbsorption SpectroscopKA9
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OperandoXASMeasurements of Lithiation

Good agreement between model addAup to ~2 eequivalents.

Deviation at higher lithiation consistent with heat generation and SEI formation

In-situ EXAFS
Capacity (mAh/g)
0 200 400 600 800 1000
120 4————
100 —o—Fg’

Bﬂ i +|_I[1.9FE3D..}

Composition (%)
h
=

0 2 4 3] 8
Electron Equiv.

3.9

Potential (V)

0

200 400

In-situ XANES
Capacity (mAh/g)

600 800 1000

— Potential
® Fe ox state

T T
NN W
(&)

on
Avg. Fe Oxidation State

T T
o O -
o

Electron Equiv.

Fe-O :82
\ ——086
) —
- —19
116 7120 7125 5
Y — 18
. 1 ——23
me AR =
= - g r: \‘\
o i : = k
_g ‘1115 7120 7125 @ : : " .....
© = 21
£ AT !
[] R :
[ ]e AL =2
AR
. "'.?1179 ) 7115 7120 s \;\{'\;_.ﬂ
7100 7130 71680 7190 0 1 2 3 4 5 5]
Energy (V) Radial Distance (A)

M. Huie, D. Bock, L. Wang, Marschilok K. Takeuchi, E. TakeuchiPhys. Chem, 2018,122(19),1031610326.



Reactions Observed during Lithiation
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Operando Spatially Resolved XAS
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Tracking Lithiation in thick K8, electrodesg Spatial Resolution
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Of 3:Dimensional Porous Electrode
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Nonplanar3-D Electrode Architectures for Ultrahigh Areal

Capacity Batteries: Effect of Loading
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Multifunctional Material Design: Reductiddisplacement

Active Organic Conductive Active Metal Conductive

material binder carbon material particles  metal film
Composite Formation of conductive matrix AgVQ/(PQ),
electrode through reductiondisplacement

A VD P8O D

Reduction of Agih °(§) during cathode discharge addresses conductivity of phosphate mater

N. Dudney, J. Lscience2015,347(6218),131.



Extending Lifelime of Battery by Eliminating Failure Mode
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Formation of Agvia ReductiorDisplacement
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A.C. Marschilok, K.J. Takeuchi, E.S. Takdtlebtrochem. S.S. Lef2009,12(1),A5-A9.

E.S. Takeuchi, A.C. Marschilok, K. Tanzil, E.S. Kozarsky, S. Zhu, K.JCledaubihater.2009 21(20), 49344939.
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Operando Visualization of Single Particle Electrochemistr

: A
Experimental set up 25 AR
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On discharge, voltage drops initially
Polarization due to lack of electron access

At point C, Agbegins to form
Allows for electrons to access more of particle
Voltage rises with access to undischarged materiz

K. Kirshenbaum, D. Bock, A. Brady, A. Marschilok, K. Takeuchi, and E. TRkgsicBhhem. Chem.
Phys.2015,17(17),1120411210.



Conductivity of Single Particle using Nanoprobe

Color of | Resistance | Distance
measured Q) between
Particle details region probes
(um)
Black 6.5x10° 196
Partially discharged particle
Orange | 8.7x 10" 204
Black 2.0x 10° 72
Partially discharged particle
Orange | 2.9x 10" 68
Non-discharged particle Orange 1.4x 10" 161
Non-discharged particle Orange 52x 10" 173
R=8.7x10" Black 8.2x 10° 187
Fully discharged (to approx. 5
100 250 mAh/g) Black 725 x 10 318
o : Black 7.8 x 10° 546

Using STM tips, contacted surface, measur€dclrves
Black section shows 300° greater conductivity than orange section

Reduction including Ag metal formation greatly enhances conductivity and
electron access

K. Kirshenbaum, D. Bock, A. Brady, A. Marschilok, K. Takeuchi, and E. TRkegsicGhem. Chem. Phy€15,17(17),1120411210.



Discharge Rate affects Homogeneity
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K. Kirshenbaum, D.C. BockYClLee, Z. ZhonK,J TakeuchiA.C Marschilok E.S TakeuchiScience2015,347(6218)149.



Discharge Rate affects Homogeneity

e- pathways through
Ag® nanoparticles

C/168 (faster)
discharge:
Ag(111) intensity
varies greatly
among locations

Conductive Ag°
nanoparticles

C/1440 (slower)
dischargesimilar
In both locations

Insulating Ag,VP,0¢
articles

Fast discharge can result in raniform
spatial distribution of AQwith electronic | [ endfusien
Isolation and incomplete utilization

E. S. Takeuchi, A.\@arschilok K. J. Takeuchi, lgnatoy Z.Zhong M. Croft,Energy and Environ. Scien2813 6, 1465.
Kirshenbaum, K. C.; Bock, D.Zbgng Z.;Marschilok A. C.; Takeuchi, K. J.; Takeuchi,,Ph8s Chem. Chem. Phy2Q14,16(19),9138.



SVPO +
PTFE

SVPO +
PTFE +
carbon
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Cells w/o carbon deliver little to
no energy < 0.2 electrons

Resistance of PTFE cells is
greater at all stages of reduction

D. Bock, A. Bruck, C. Pelliccione, Y. Zhang, K.J. Takeuchi, A.C. Marschilok, E. SR$akéuhB)16,6, 106887.



LNLOg: A layered high capacity cathode material

Layered cathode material comprised gfOf anionic layers R PSS B LT
In Oh sites, nkin Td sites in interlayer $ 7o) 7Y $
Undergoes insertion upon electrochemical lithiation. $ $ a4’ $ al $48

Li, V,0; +3.9LF +3.9¢ £ LiV,O,

Appealing due to high theoretical capacity: 362 mAK3)9 electron eq.)
Previous XRD showed transition from parent phaged defective rocksalt phasel() upon lithiation
t NSOA 2dza 5 C¢.V,OQINF R ALDItE #e sthble [with two phase region at 5Lio Li,

L. dePicciottq K.Adendorff D. Liles, M. Thacker&plid State lonic4993,62,(3-4), 297307.

R.Benedek M. Thackeray, L. Yanly,Power Source£999,81¢82,487-490.

T. Jiang, M. FalRhysical Review B012,85, 245111.

S.JouanneauA.Verbaere D.GuyomardJ. Solid State Cher2(05,178,22-27.

S. Sarkar, A. Bhowmik, M. D. Bharadwaj, S. MitEdectrochen8oc.2014,161,A14A22

Z. Wang, J. Shu, Q. Zhu, B. Cao, H. Chen, X. Wu, B. Bartlett, K. WangJ).JPGRenSource2016,307,426-434.



LNLOg: Structural Change upon Lithiation

Li, V305 (@) + 1.4 e~ = Li, V304 ()

(1)

Li, sV50g (@) + 1.0 e~ (or 1.5 e7) & Liz V504 (01 Liy zV505)(B) (2)

Li; sV30g (o1 Liy oV305)(B) + 1.5 e (or 1.0e7) = LisV;05 (B) (3)

a (Li-poor)

a (Li-rich)
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Lipoor M (LiV;Og): StackedV;04 layers with L
residing in the interlayer space.

Lirich b (L, V50g): Same stacked,Oq layers as
Lipoorh, however more distorted with
elongatedb axis and shortened axis.

I (Li,V50y): Defective rocksalt structure. V and
Li have octahedral coordination.

On LINJA GLKK Ih & Sphasetransformation, ti
ions in Td environments shift to Oh sites, ardd O
lons displace to adopt a more cubic close packed
structure

Q. Zhang, A.B. Brady, ®dllicione D.C. Bock, A.M. Bruck, J. LaftbadaR. Hull, E./AStach K.J TakeuchiE.S Takeuchi, P. Liu,
A.C Marschilok Chem. Mater.2017,29(5),2364-2373.



