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Terminology Relevant to Mechanistic Investigations

Ex-situ
Destructive analysis of a working battery. Parts removed
for analysis outside the functional environment.

In-situ

Measurement of property or material in working
environment, system may be not operationing at time of
measurement.

Record Count

Operando

Probe of electrochemistry while operational. lon transport
and electron transfer are taking place simultaneously with
measurement. Gain information on kinetics.
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Center for Mesoscale Transport Properties
http://stonybrook.edu/m2m

Mission: To understand and ultimately control transport properties in complex battery
systems with respect to multiple length scales

To build the scientific knowledge to enable creation of scalable electrochemical energy
storage systems through fundamental understanding of transport properties.
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Investigation over Mutliple Length Scales

Charge transfer (ion and electron) must be considered over multiple 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: P PPAP RS
m Intercalation

ion insertion materials - small structural rearrangement 99999999 *- -°

conversion materials - high capacity
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P. F. Smith, K. J. Takeuchi, A. C. Marschilok, E. S. Takeuchi, “Holy Grails in Chemistry: Investigating and Understanding Fast
Electron/Cation Coupled Transport within Inorganic lonic Matrices,” Special Issue: Accounts Chem Res., 2017, 50, 544-548. Invited.



Magnetite: Fe,O, High Capacity Conversion Material

high energy density T
environmentally sustainable material T
multiple electron transfers (8!) per Fe;0, formula unit T
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Structure-determined ionic transport in Fe;0,

Detailed lithiation process revealed, with FeO formation and ccp-O framework retention.
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In-situ Electron Diffraction and Atomic Imaging Reveal lonic

transport pathways during topotactic reaction
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voltage (V)

S. Zhu, A. Marschilok, E. Takeuchi, G. Yee, G. Wang, K.

Size significantly impacts ion transport and functional capacity
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Takeuchi, Electrochem. S.S. Lett., 2009, 12(4), A91.

S. Zhu, A. Marschilok, E. Takeuchi, G. Yee, G. Wang, K.
Takeuchi, J. Electrochem. Soc. 2010, 157, A1158.
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Multiscale Continuum Model Affirms Importance of Size

Consideration of both crystallite and aggregate sizes was necessary to describe diffusion

during load (V) and relaxation (AV,.,)-
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Operando Isothermal Microcalorimetry
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Operando IMC Comparison of 12 nm vs. 29 nm Fe,0,
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Operando Xray Absorption Spectroscopy (XAS)

Operando XAS provides insight on:
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Operando XAS Measurements of Lithiation

Good agreement between model and XAS up to ~2 e equivalents.
Deviation at higher lithiation consistent with heat generation and SEI formation.
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Reactions Observed during Lithiation
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Operando Spatially Resolved XAS
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Tracking Lithiation in thick Fe;0, electrodes — Spatial Resolution
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Operando Visualization of Electrochemical Activity
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Nonplanar 3-D Electrode Architectures for Ultrahigh Areal

Capacity Batteries: Effect of Loading

2
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Operando XANES measurements performed on nonplanar
LiFePO, (LFP) electrodes with low ( 8 mg/cm?) and high (90
mg/cm?) loading at C/4 charge rate.

J. Zheng, Q. Zhao, X. Liu, T. Tang, D.C. Bock, A.M. Bruck, K.R. Tallman, L.M. Housel, A.M. Kiss, A.C. Marschilok, E.S. Takeuchi,
K.J. Takeuchi, L.A. Archer, L.A. ACS Energy Lett. 2019 4, 1, 271-275.



Effect of Loading in Nonplanar Electrode Architectures for

Calculated Oxidation State

Ultrahigh Areal Capacity Batteries
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Equivalent edge position indicates both low loading (8 mg/cm?) and high loading (90 mg/cm?)
nonplanar LFP electrodes were charged to the same oxidation state at C/4.

J. Zheng, Q. Zhao, X. Liu, T. Tang, D.C. Bock, A.M. Bruck, K.R. Tallman, L.M. Housel, A.M. Kiss, A.C. Marschilok,
E.S. Takeuchi, K.J. Takeuchi, L.A. Archer, ACS Energy Lett., 2019, 4(1), 271-275.




Multifunctional Material Design: Reduction-Displacement

>

Active Organic Conductive Active Metal Conductive

material binder carbon material particles  metal film
Composite Formation of conductive matrix Ag,VO,(PO,),
electrode through reduction-displacement

AnA®VvD P @o O

Reduction of Ag* = AgY(s) during cathode discharge addresses conductivity of phosphate materials.

N. Dudney, J. Li, Science, 2015, 347(6218), 131.



Extending Life-Time of Battery by Eliminating Failure Mode

AC Impedance
Untreated (dashec) X-ray absoption spectroscopy mapping and XANES enabled elucidation of anode surface
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Formation of Ag® via Reduction-Displacement
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Ag,VO,PO, 7' V5% LiyAg,_,VO,PO, + yAg “" 7% Li,VO,PO, + 2Ag°
A.C. Marschilok, K.J. Takeuchi, E.S. Takeuchi, Electrochem. S.S. Lett. 2009, 12(1), A5-A9.

E.S. Takeuchi, A.C. Marschilok, K. Tanzil, E.S. Kozarsky, S. Zhu, K.J. Takeuchi, Chem. Mater., 2009, 21(20), 4934-4939.
Y.J. Kim, A.C. Marschilok, K.J. Takeuchi, E.S. Takeuchi, J. Power Sources, 2011, 196(16), 6781-7.




Operando Visualization of Single Particle Electrochemistry

Experimental set up 25 AR
8 S 2l\[E '
= D
1.5 C
8
S 1
05 .
. first 25 mAh/g full discharge
0 5 10 15 20 25 b 80 100 180 200 250
Capacity (mAh/g) Capacity (mAh/g)

On discharge, voltage drops initially
Polarization due to lack of electron access

At point C, Ag® begins to form
Allows for electrons to access more of particle

Voltage rises with access to undischarged material

K. Kirshenbaum, D. Bock, A. Brady, A. Marschilok, K. Takeuchi, and E. Takeuchi, Phys. Chem. Chem.
Phys., 2015, 17(17), 11204-11210.



Conductivity of Single Particle using Nanoprobe

R=8.7 x 10%°

100 pm .

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
Black 8.2 x 10° 187
Fully discharged (to approx. 5
250 mAh/g) Black 725 x 10 318
Black 7.8 x 10° 546

Using STM tips, contacted surface, measured I-V curves

Black section shows 10°-10° 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. Takeuchi, Phys. Chem. Chem. Phys., 2015, 17(17), 11204-11210.




Discharge Rate affects Homogeneity
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K. Kirshenbaum, D.C. Bock, C.-Y. Lee, Z. Zhong, K.J. Takeuchi, A.C. Marschilok, E.S. Takeuchi, Science, 2015, 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)
discharge: similar
in both locations

Insulating Ag,VP,0¢
articles

Fast discharge can result in non-uniform
spatial distribution of Ag® with electronic s
isolation and incomplete utilization

E. S. Takeuchi, A. C. Marschilok, K. J. Takeuchi, A. Ignatov, Z. Zhong, M. Croft, Energy and Environ. Science, 2013, 6, 1465.
Kirshenbaum, K. C.; Bock, D. C.; Zhong, Z.; Marschilok, A. C.; Takeuchi, K. J.; Takeuchi, E. S., Phys. Chem. Chem. Phys., 2014, 16(19), 9138.



Trransport in Mesoscale composite SVPO + C + binder electrodes

Polymeric binder impedes transport resulting in negative impact on electrochemistry.
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D. Bock, A. Bruck, C. Pelliccione, Y. Zhang, K.J. Takeuchi, A.C. Marschilok, E.S. Takeuchi, RSC Adv., 2016, 6, 106887.




LiV,O,: A layered high capacity cathode material

Layered cathode material comprised of V,;04 anionic layers 2 s SIS 3 AL
in Oh sites, nLi* in Td sites in interlayer : s A’ S 4° $ 4
Undergoes insertion upon electrochemical lithiation. s & 4 $al $748

Li, ,V50, + 3.9Li* + 3.9¢” 2 LiV;0, CPETEPTE S
Appealing due to high theoretical capacity: 362 mAh-g! (3.9 electron eq.)

Previous XRD showed transition from parent phase (a) to defective rock-salt phase () upon lithiation

Previous DFT predicted a Li, (V;04 and B Li,V;0, to be stable, with two phase region at ~Li, . to Li,

L. de Picciotto, K. Adendorff, D. Liles, M. Thackeray, Solid State lonics, 1993, 62, (3-4), 297-307.

R. Benedek, M. Thackeray, L. Yang, J. Power Sources, 1999, 81-82, 487-490.

T. Jiang, M. Falk, Physical Review B, 2012, 85, 245111.

S. Jouanneau, A. Verbaere, D. Guyomard, J. Solid State Chem., 2005, 178, 22-27.

S. Sarkar, A. Bhowmik, M. D. Bharadwaj, S. Mitra, J. Electrochem Soc., 2014, 161, A14-A22.

Z. Wang, J. Shu, Q. Zhu, B. Cao, H. Chen, X. Wu, B. Bartlett, K. Wang, J. Chen, J. Power Sources, 2016, 307, 426-434.



LiV,O,4: Structural Change upon Lithiation

L111V30g (@) + 14 €7 = Lip5V305 (@) M) Li-poor a (LiV,0,): Stacked V,0y layers with Li*

Li, sVa0q (@) + 1.0 e~(or 1.5 e™) = Liy sV50q (or Liy ,Va0g)(B) (2)  residing in the interlayer space.

LizsV30g (07 LiyoV305)(B) + 1.5 €7 (or 1.0 e7) = LisV305 (B) (3)  Li-rich a (Li, ;V304): Same stacked V304 layers as
o (Li-poor) Li-poor a, however more distorted with
elongated b axis and shortened a axis.

B (Li,V;04): Defective rock-salt structure. V and

3s L T % LT Li have octahedral coordination.
S 3.0 On Li-rich a-phase to B-phase transformation, Li*
% ions in Td environments shift to Oh sites, and 0%
9 25 ions displace to adopt a more cubic close packed

structure

2.0 L] L] L] L] L] L]
1.0 15 20 25 3.0 35 4.0
LiV.O
x 3-8

Q. Zhang, A.B. Brady, C.J. Pellicione, D.C. Bock, A.M. Bruck, J. Li, V. Sarbada, R. Hull, E.A. Stach, K.J. Takeuchi, E.S. Takeuchi, P. Liu,
A.C. Marschilok, Chem. Mater., 2017, 29(5), 2364-2373.



ANAdo ADXRD
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Discharge - single phase lithiation of a to Li, ;V505 a-B to Li; 5V;04, then single phase (.
Charge - phase transformations structurally similar to those during discharge.



Li/LiV;04: Crystal scale transport dominates

Significant mass transfer resistances occur on the crystal scale, consistent with
assumption of 1-D dlffu5|on along the [001] dlrectlon upon dlscharge
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N. Brady, Q. Zhang, K. Knehr, P. Liu, A.C. Marschilok, K.J. Takeuchi, E.S. Takeuchi, A.C. West. J. Electrochem. Soc., 2016, 163(14), A2890-A2898.



Thick LiV,04 electrodes require electrode scale considerations

UStT alSO aCccount 1or electrode scCale errects !\\ !‘ ‘\\ !’q‘
Must al t for electrod ;\\%’Vﬂ%’%},\%\i\{};{\%\/’

Crystal 'y

Nl
Thick Electrode
500 um

Crystallite scale effects remain important \\\(
o

Lithium Concentration in the a-Phase Electrolyte Current (i,)
Balance on B-Phase Formation Solid-State Current (i)
Electrochemical Reaction Rate Electrolyte Concentration

N.W. Brady, Q. Zhang, A.M. Bruck, D.C. Bock, C.A. Gould, A.C. Marschilok, K.J. Takeuchi, E.S. Takeuchi, A.C. West.
J. Electrochem. Soc., 2018, 165(2), A371.



Importance of Operando Measurements
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First visualization of phase evolution in LVO during operando lithiation via EDXRD.

Lithiation initiated near the Li anode then proceeded towards the cathode current collector interface.

Q. Zhang, A.M. Bruck, D.C. Bock, J. Li, V. Sarbada, R. Hull, E.A. Stach, K.J. Takeuchi, E.S. Takeuchi, A.C. Marschilok. Phys. Chem. Chem.
Phys., 2017, 19, 14160-14169.



3D V,O. Electrode Regeneration

3D Electrode
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Capacity increase after heating extends
cycle life for V,0. 3D porous electrodes

J.P. Huang‘|', L.M. Housel ‘|', L. Wang, A.M. Bruck, C.D. Quilty, A. Abraham, D.M. Lutz, C.R. Tang, A. Kiss, J. Thieme, K.J. Takeuchi,
E.S. Takeuchi, A.C. Marschilok, Sustainable Energy & Fuels, 2019, 3(10), 2615-2626.



Structural Evolution Before and After Regeneration
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a Intensity (a.u.) b . s
7 190 ™ S [—Vosents . v
S S S VO, . r. . r r
i) B3 2| —vo, Before cycling w V.
- ) a2 e §95 g L r: i r r
4] Scany - E ; z X r Y j
%35‘\?{1_\ /;,,//-/ 0 ¥ 4 o 1 g g I I l ll Tl o i s dene Mmsats wenl et s V205 @
S 3 z 1 1 . .
g Scan 6 -~ ,: ?fm) 5460 5480 5500 o % After cycle 120
£25 LT (e A Energy (eV) ] . : , : , . .
2./ o ~— c 0 0.: " %.itx)vzof.s 2.0 547?0 GCJ . 7z VARV
0 50 100 150 200 250 300 R N c o I kwliV,05 5 o e e e
Capacity (mAh/g) 351 %5470 5 _ ® - [ I e ot e o0 s ohe o o —— y-Li,V,0; I—‘ ‘ : ‘
Scan 6 Scan 8 Scan 10 S30F L\ % ' L ° y @
g g 3 Q S4700F * Regenerated (1% wd 4wl
Distance from g E 52.5 g) e % - &- e
Li anode | ; g >° 20 l B 5469.5 L4 o ° ).L..' ° ).L:o
03 035 04 03 035 35 T \ o ® ] l I n h IIJI* o0 some tend o 0o comtoed n ot o0 luoms sere o Li1V308 WY Y
14 (A 11d (A 1 P P Oggegob o 0 4 v v 1 1 L | — T T T T T T 1 , ] ).L. .’L
: 0 100 200 300 0.0 05 ) 1:0 1.5 2.0 10 20 30 40 50 60 70 ° . @ ° , @
mAh/g x in Li,V,04 Lox wld &- r
Two-theta (deg.) y ol ol =
Irreversible a- e- 6- y-
w transition V>*to V#* reduction Reversible Li,V;0g4 to y-Li,V,O. transition
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E.S. Takeuchi, A.C. Marschilok, Sustainable Energy & Fuels, 2019, 3(10), 2615-2626.



Summary

Structure, crystallite size, and agglomerate size matter, impacting ion transport during both initial
lithiation and reversibility of conversion.

Onset of SEl formation can be elucidated through complementary information from operando
microcalorimetry and operando XAS methods.

Tomographic information about phase evolution provides valuable insight on transport for thick
and 3-Dimensional electrodes, critical for determination of factors governing electrochemistry in
high energy density scalable batteries.
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Contrast In-situ versus Operando Insights
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through the eIeCtrOde tthkneSS' selected peaks with respect to location of the electrodes. (c) Full scan of the
cell discharged to Lis 5.
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