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Outline

Motivation and initial studies evaluating Li metal anode calendar aging with
and without coatings.

Motivation and initial studies evaluating applied pressure on Li anode cycling.

Study showing the impact of applied pressure with and without coatings on Li
anode calendar aging.
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Motivating study: in situ electrochemical STEM reveals Li corrodes
during calendar aging and aSEls suppress Li corrosion

SEl = solid electrolyte interphase Li

Pathak et al. Nature \ ] dendrites Dead
Lif ,

Communications, 2020.
DOI: 10.1038/s41467-019-
13774-2 (open access) .
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In situ electrochemical STEM to
understand morphological evolution

Li corrodes without aSElI.

No corrosion with aSElI.

Harrison, Zavadil, Hahn, Meng, Elam, Leenheer, Zhang,
Jungjohann, ACS Nano, 2017. DOI: 10.1021/acsnano.7b05513.
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Motivating study: coin cells confirm Li loss during calendar aging but

they show calendar aging in coin cells is at least partially reversible

Initial State Plate 0.5 mAh/cm? Strip to 1 V cutoff

Ni t Lion Cycle
electrolyte + separator

Cycle 10:rest=4h

.g Cycles 1-9: no rest ? nycIe 11: norest

c 1

8 E o5 - |

10

g E 0]

3 0 10 20 30 40 50 60 70 80
Time (h)

electrostripped capacit
CE = bk PaTY v 100%

electroplated capacity

Calendar aging > capacity loss during rest.
Rest causes calendar aging on rest steps, suppressed by aSEI.
Capacity recovery after rest = reversible calendar aging.

Harrison, Zavadil, Hahn, Meng, Elam, Leenheer, Zhang,
CE = Coulombic efficiency Jungjohann, ACS Nano, 2017. DOI: 10.1021/acsnano.7b05513
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Galvanic corrosion explains corrosion in STEM experiments but not

reversible capacity loss during aging in coin cell experiments

Harrison, Zavadil, Hahn, Meng, Elam, Leenheer, Zhang,
Jungjohann, ACS Nano, 2017. DOI: 10.1021/acsnano.7b05513
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Kolesnikov et al., Adv. Energy Mat., 2020, 10, 2000017
DOI: 10.1002/aenm.202000017 (open access). 5 i 98-
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We were motivated to understand this reversible calendar aging phenomenon! .




Intermittent calendar aging leads to largely reversible capacity losses because

losses are due to dead Li formation during rest and reattachment during cycling

Current Density

Cu versus Li/Cu coin cells, 4 M LiFSI in DME, 0.5 mA/cm? to 0.5 mAh/cm?
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Average CE > 97.4+0.2% 97.6+0.1% 97.0+0.1%

Dead Li formation consistent with reversible losses.

Merrill, Rosenberg, Jungjohann, Harrison, ACS App. Energy Mater.,

2021. DOI: 10.1021/acsaem.1c00874.

Plate 0.5 mAh/cm? Rest 24 h - some Li Strip remaining Li = \
becomes stranded dead Li left behind

Step with rest.

Plate 0.5 mAh/cm? Strip 0.5 mAh/cm?
- dead Li reconnects *PLUS* reconnected Li

Step following rest.




Galvanic Corrosion Li Loss Mechanism Dead Lithium Li Loss Mechanism

( Plate 0.5 mAh/cm? Rest 24 h = galvanic Strip remaining Li
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Zn0 coatings can improve adhesion and decrease losses during

intermittent calendar aging rest steps

Cu or ZnO-coated Cu versus Li/Cu coin cells, 4 M LiFSI in DME, 0.5 mA/cm? to 0.5 mAh/cm?, 24 h rest every 5th cycle
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Zn0O-coated Cu decreases losses during intermittent calendar aging cycles, but overall cumulative capacity loss is similar to bare Cu.

ZnO coatings appear to improve adhesion of the Li to the current collector, which likely reduces dead Li formation during aging.

Merrill, Rosenberg, Jungjohann, Harrison, ACS App. Energy Mater., 2021. DOI: 10.1021/acsaem.1c00874. 8



ZnO & Al,O, aSEls are passivating but LiF aSEl is not passivating

LiF: smaller peak splitting

Motivated to understand if common aSEls and IS e R eI

coatings impact calendar aging by guiding morphology

i o LiF: larger peak splitting
evolution or through passivation.
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Merrill, Long, Small, Jungjohann, Leung, Bassett, Harrison, J. 1. DFT: Smeu and Leung, 2021. Phys. Chem. Chem. Phys., 23(5), pp.3214-3218)

Phys. Chem. C, 2021. DOI: 10.1021/acs.jpcc.2c05385. 9



Zn0O & Al,O, suppress calendar aging losses because they promote Li

growth morphology less prone to Li stranding (but LiF does not)

Al,O; coated Cu
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Passivation can’t explain LiF behavior (Cu even less passivating). } ] ]
Coatings that guide morphology to larger grain

sizes exhibit less loss during aging steps.

Merrill, Long, Small, Jungjohann, Leung, Bassett, Harrison, J.
Phys. Chem. C, 2021. DOI: 10.1021/acs.jpcc.2c05385. 10



At longer rest times, calendar aging remains largely reversible and

aSEls continue to suppress calendar aging losses moderately

Calendar aging increases with rest time but not linearly (loss after 100 h rest ~3x larger than after 4 h rest = not 25x).
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Average CE similar with and without rest = losses during rest reversible = reversibility consistent with Li stranding as major mechanism.

CE (%), 0 h rest CE (%), 4 h rest CE (%), 8 h rest CE (%),24 hrest CE (%), 48 hrest CE (%), 100 h rest

Bare 97.6 97.7 97.7 97.8 97.7 97.4
Zno 97.4 97.6 97.6 97.5 97.0 97.3
Al,O, 97.9 97.8 97.9 97.9 97.7 97.7

. . . . Cu or coated Cu versus Li/Cu coin cells
Merrill, Long, Small, Jungjohann, Leung, Bassett, Harrison, J. Phys. Chem. C., 2021. DOI: 10.1021/acs.jpcc.2c05385. 4 M LiFSI in DME, 0.5 mA/cm? to 0.5 mAh/cm? 11



Outline

Motivation and initial studies evaluating Li metal anode calendar aging with
and without coatings.

* Intermittent calendar aging after Li deposition leads to capacity loss during the rest.

* Coatings can partially mitigate calendar aging by directing morphology to decrease dead Li.
* Zn0O is the most promising coating in terms of reducing calendar aging.

* The aging is largely reversible, indicating it is related to dead Li formation and reattachment.

Motivation and initial studies evaluating applied pressure on Li anode cycling.

Study showing the impact of applied pressure with and without coatings on Li
anode calendar aging.

NREL | 12



Outline

Motivation and initial studies evaluating Li metal anode calendar aging with
and without coatings.

Intermittent calendar aging after Li deposition leads to capacity loss during the rest.
Coatings can partially mitigate calendar aging by directing morphology to decrease dead Li.
ZnO is the most promising coating in terms of reducing calendar aging.

The aging is largely reversible, indicating it is related to dead Li formation and reattachment.

Motivation and initial studies evaluating applied pressure on Li anode cycling.

Study showing the impact of applied pressure with and without coatings on Li
anode calendar aging.
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Bulk electrochemical experiments in 4 M LiFSI DME on Cu current collectors show applied

pressure critical to high CE and favorable morphology

Applied pressure is very important for controlling Li morphology evolution.

Cell with pressure
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; -1.0 A —CE Cycle 1= 66%
Rory —CE Cycle 2= 69%
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05 0 05 1 15 2
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E 15 {(d)

£ 00 1 Harrison, Zavadil, Hahn, Meng,

Elam, Leenheer, Zhang,
Jungjohann, ACS Nano, 2017. DOI:
10.1021/acsnano.7b05513.
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—CE Cycle 2=24%

Current Densi
G
v

-0.5 ] 0.5 1 15 2
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Cu versus Li half cell, scan rate = 10 mV/s, Li deposition for SEM @ 1 mA/cm?, capacity 0.4 mAh/cm? 13



Systematically studied effects of pressure on Li versus Cu pouch cells 0-10 MPa

t Lion
electrolyte +
separator

counter electrode separator working electrode seal pouch

4 M LiFSI in DME
0.5 mA/cm? to 2 mAh/cm?
continuous cycling (no aging)

0,0.01.0.1,1, 10 MPa

14

Harrison, Goriparti, Merrill, Long, Warren, Roberts, Perdue, Casias, Cullier, Boyce, Jungjohann, ACS App. Mat. & Int., 2021. 10.1021/acsami.1c06488.



Li cycling improves with pressure, but too much pressure degrades performance
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Cryo FIB/SEM after 1%t Li deposition step — pressure improves morphology

CE trends with morphology,
likely due to less dead Li.

Pressure Thickness 15t
(MPa) Plating (um)

aJnssaud

Pressure Average CE (%)
(MPa) First Cycle
82.3+6.2
90.5+4.1
97.5+0.6
93.6+5.3
106.2 £1.6

4 M LiFSI DME

- |:| 2 mAh/cm?2, 0.5 mA/cm? .
Harrison, Goriparti, Merrill, Long, Warren, Roberts, Perdue, Casias, Cullier, Boyce, Jungjohann, ACS App. Mat. & Int., 2021. 10.1021/acsami.1c06488.




Outline

Motivation and initial studies evaluating Li metal anode calendar aging with
and without coatings.

* Intermittent calendar aging after Li deposition leads to capacity loss during the rest.

» Coatings can partially mitigate calendar aging by directing morphology to decrease dead Li.
* ZnO is the most promising coating in terms of reducing calendar aging.

* The aging is largely reversible, indicating it is related to dead Li formation and reattachment.

Motivation and initial studies evaluating applied pressure on Li anode cycling.

* Applied pressure leads to higher CE and more stable, repeatable cycling performance.

* Too much pressure leads to erratic cycling behavior, transport limitations, and short circuits.
* Applied pressure leads to significantly denser Li deposits with more favorable morphology.
* Applied pressure likely improves cycling by decreasing surface area and reducing dead Li.

Study showing the impact of applied pressure with and without coatings on Li
anode calendar aging.

NREL | 17
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Motivation and initial studies evaluating Li metal anode calendar aging with
and without coatings.

Intermittent calendar aging after Li deposition leads to capacity loss during the rest.
Coatings can partially mitigate calendar aging by directing morphology to decrease dead Li.
ZnO is the most promising coating in terms of reducing calendar aging.

The aging is largely reversible, indicating it is related to dead Li formation and reattachment.

Motivation and initial studies evaluating applied pressure on Li anode cycling.

Applied pressure leads to higher CE and more stable, repeatable cycling performance.

Too much pressure leads to erratic cycling behavior, transport limitations, and short circuits.

Applied pressure leads to significantly denser Li deposits with more favorable morphology.
Applied pressure likely improves cycling by decreasing surface area and reducing dead Li.

Study showing the impact of applied pressure with and without coatings on Li

anode calendar aging.
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Coin cells with intermittent calendar aging show much less capacity

fade during rest when cycled to higher and more relevant capacity

Aging work in previous slides was in coin cells with 0.5
mAh/cm? capacity.

Applied pressure work in previous slides was in pouch
cells with 2 mAh/cm? capacity.

‘g ZE _8:2 JU — aIHIIHE — |0 ,
E §§ 0 20 40 60 80 100
= Time (h)

Coin cells show much less capacity loss during calendar
aging tests with 2 mAh/cm? compared to 0.5 mAh/cm?.

2 mAh/cm? chosen here because more relevant.
1:1.2:3 M LiFSI:DME:TTE here instead of 4 M LiFSI in DME

in previous studies discussed.

TTE =1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether
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O 24 h rest every 5t cycle
1:1.2:3 M LiFSI:DME:TTE
70 0.5 mA/cm?
0 10 20 30 40 50
Cycle

t Lion

electrolyte + separator

Bassett, Small, Long, Merrill, Warren, Harrison.
Frontiers in Batt. and Electrochem., 2023. DOI:
10.3389/fbael.2023.1292639. 18



Applied pressure in pouch cells cycled to 2 mAh/cm? decreases

capacity loss during intermittent calendar aging

0 kPa 10 kPa 100 kPa 1000 kPa
< 105 105 105 105
ol
% 100 A 100 A 100 1 100 - ¥ (
9
& 954 95 - 95 - 95
v
2
g 90 1 No rest 90 1 No rest 90 1 No rest 90 ~ No rest
§ —e— 24 hr rest —o— 24 hrrest —o— 24 hrrest —o— 24 hrrest
O 85 T 85 +— 85 85

0 10 20 30 40 50
Cycle

0 10 20 30 40 50
Cycle

0 10 20 30 40 50
Cycle

0 10 20 30 40 50
Cycle

Much lower losses in calendar aging steps at 10 kPa compared to 0 kPa, more subtle changes 10-1000 kPa.

Increased applied pressure reduces losses during calendar aging steps due to suppression of dead Li formation with pressure.

Cu versus Li/Cu pouch cells
24 hrest every 5t cycle ==
1:1.2:3 M LiFSI:DME:TTE ==
0.5 mA/cm?2to 2 mAh/cm? 19

Bassett, Small, Long, Merrill, Warren, Harrison. Frontiers in Batt.
and Electrochem., 2023. DOI: 10.3389/fbael.2023.1292639.




Average cumulative capacity loss shows that 100 kPa is the optimal

pressure and generally losses during rest are reversible

0 kPa 10 kPa 100 kPa 1000 kPa
T 4 4 4 4
o € No rest No rest No rest No rest
-E :-C'“'i 3 —&— 24 hrrest 3 —&— 24 hrrest 3 —&— 24 hrrest 3 —&— 24 hrrest
5 i i i i
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zE
o 2211 2 = ————————
o Y
> 8
5 S 11 1-
R
=0 0
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Cycle Cycle Cycle Cycle

Pressure CuNo Cu24h o .
(kPa) Rest Rest 100 kPa exhibits the lowest cumulative loss.
0 97.4£0.5 97.0£1
10 98.1+0.1 98.4+0.2
100 98.9+0.2 98.7+0.1
1000 98.5+0.2 97.8+0.3

Cumulative losses in cells with intermittent calendar aging steps
are similar to cells without aging steps (except at 1000 kPa).

Cu versus Li/Cu pouch cells
24 hrest every 5t cycle ==
1:1.2:3 M LiFSI:DME:TTE ==
0.5 mA/cm?2to 2 mAh/cm?

Bassett, Small, Long, Merrill, Warren, Harrison. Frontiers in Batt.
and Electrochem., 2023. DOI: 10.3389/fbael.2023.1292639.
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ZnO coating provides slight improvements in calendar aging at 100

kPa but not at O or 10 kPa

0 kPa 10 kPa 100 kPa
105 105 105
& 100 --------gg=--z-------1-=- 100 FHp--zm===gm=m=zm oo 100 +--pf =annt oo oo
0y
@
G 95 - 95 - 95
%
3 90 90 90
§
3 85- 85 85
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oy
&
G 951 955 95
k7
2 90 90 - 90
5
3 851 85 - 85
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—e— Zn0O, 24 hrrest —e— Zn0, 24 hrrest —e— Zn0O, 24 hr rest
80 T T T T T 80 T T T T T 80 T T T T T
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

Cycle
Bassett, Small, Long, Merrill, Warren, Harrison. Frontiers in Batt.
and Electrochem., 2023. DOI: 10.3389/fbael.2023.1292639.

Cycle Cycle

» ZnO coating

Cu or coated Cu versus Li/Cu
pouch cells -
24 hrest every 5t cycle
1:1.2:3 M LiFSI:DME:TTE
0.5 mA/cm?2to 2 mAh/cm?

t Lion

electrolyte + separator

Pressure improves cycling with and without aging.

At low pressure, performance is similar with and
without ZnO coatings (unlike previous slides).

At 100 kPa, ZnO may slightly reduced losses.
Previous slides = ZnO clearly reduced losses at rest.
* 0.5 mAh/cm? coin versus 2 mAh/cm? pouch.

* 10 nm ZnO thickness may need optimization.
* 4 M LiFSI in DME versus 1:1.2:3 LiFSI:DME:TTE.
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Average cumulative
lost capacity (mAh/cm?)

Average cumulative
lost capacity (mAh/cm?)

Cumulative capacity loss lowest in cells cycled at 100 kPa and no

difference between cells with and without ZnO coating

’ 0 kPa . 10 kPa 100 kPa
Bare Cu, no rest Bare Cu, no rest Bare Cu, no rest
Zn0, no rest Zn0, no rest Zn0, no rest
34 34 34
2 |Plating capacityTTgsgligdTIIT]| | 2 Platingcapacty | | 2 Plating capacity | | |
14 14 14
0 T T T T T 0 T T T T T 0 T T T T T
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Cycle Cycle Cycle
4 4 4
—&— Bare Cu, 24 hr rest —&— Bare Cu, 24 hr rest —$— Bare Cu, 24 hrrest
—8— Zn0, 24 hrrest —&— Zn0O, 24 hrrest —— Zn0O, 24 hrrest
3 - | 31 31
5. hiating o 5 Jriating copacty snpatngeopachy, |||
1 -
0
0 10 20 30 40 50 0 10 20 30 40 50
Cycle Cycle

Pressure CuNo Cu24h ZnONo ZnO24h
(kPa) Rest Rest Rest Rest

0 97.4+0.5 97.0#1 97.4+0.3 100.0+3

10 98.1+0.1 98.4+0.2 98.5+0.4 98.5+0.1

100 98.9+0.2 98.7+0.1 99.1+0.6 99.0+0.1

Cumulative capacity loss lowest for 100 kPa
cells with and without intermittent aging.

Zn0O does not significantly reduce cumulative
capacity loss compared to uncoated Cu.

ZnO cells with continuous cycling and those
with intermittent calendar aging similar.

Cu or coated Cu versus Li/Cu pouch cells
24 h rest every 5t cycle
1:1.2:3 M LiFSI:DME:TTE
0.5 mA/cm?2to 2 mAh/cm?

Bassett, Small, Long, Merrill, Warren, Harrison. Frontiers in Batt.
and Electrochem., 2023. DOI: 10.3389/fbael.2023.1292639. 22



After one Li deposition, pressure and ZnO tend to improve adhesion

100 kPa

Pressure generally improves adhesion of Li to Cu on

Bage the first deposition from 10-1000 kPa.
ZnO also improves adhesion, which likely reduces
dead Li formation.

Zno Better adhesion and less dead Li likely explain why

the cycle 1 CE is generally higher in cells with ZnO
coatings, especially at low pressures.

105 105
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5 95 95
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. 90 90 - Cu or coated Cu versus Li/Cu pouch cells
E ( 24 h rest every 5t cycle -
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85 85 4 . . H . B
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—e— ZnO, 24 hr rest —e— ZnO, no rest —e— ZnO, 24 hr rest 0.5 mA/cm?to 2 mAh/cm?
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Cryo FIB/SEM after one Li deposition

B Bare Cu mZnO-Coated Cu

Li Deposit Thickness (1tm)

0 10 100 1000
Applied Pressure (kPa)

Morphology becomes denser and more uniform with higher pressure.

ZnO improves uniformity and density except at O kPa.

1000 kPa

Bassett, Small, Long, Merrill, Warren, Harrison. Frontiers in Batt. and Electrochem., 2023. DOI: 10.3389/fbael.2023.1292639. 24



Cell disassembly images and Li deposit thickness after 50 cycles

Bare Cu

Zn0O-coated Cu

No Rest

No Rest

10 kPa 100 kPa

working

10 kPa 100 kPa

counter working

Pressure continues to improve adhesion after 50 cycles.

Adhesion slightly better with ZnO but pressure more important.

Bassett, Small, Long, Merrill, Warren, Harrison. Frontiers in Batt.

and Electrochem., 2023. DOI: 10.3389/fbael.2023.1292639.
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0
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Deposit thickness decreases as pressure increases
regardless of whether ZnO-coated or bare Cu is cycled.

Pressure decreases dead Li, leading to less capacity loss
during aging steps.
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Conclusions

Motivation and initial studies evaluating Li metal anode calendar aging with
and without coatings.

* Intermittent calendar aging after Li deposition leads to capacity loss during the rest.

» Coatings can partially mitigate calendar aging by directing morphology to decrease dead Li.
* ZnO is the most promising coating in terms of reducing calendar aging.

* The aging is largely reversible, indicating it is related to dead Li formation and reattachment.

Motivation and initial studies evaluating applied pressure on Li anode cycling.

* Applied pressure leads to higher CE and more stable, repeatable cycling performance.

* Too much pressure leads to erratic cycling behavior, transport limitations, and short circuits.
* Applied pressure leads to significantly denser Li deposits with more favorable morphology.
* Applied pressure likely improves cycling by decreasing surface area and reducing dead Li.

Study showing the impact of applied pressure with and without coatings on Li

anode calendar aging.

* Increased cycling capacity leads to much lower losses during intermittent aging steps.

* ZnO coatings have little impact on loss during rest steps in pouch cells cycled to 2 mAh/cm?2.

* 100 kPa leads to lower cumulative losses than other pressures (with and without aging).

* Average CE and cumulative losses are the same at a given pressure with and without aging.

* Losses during aging steps are reversible, consistent with dead Li formation and reattachment. NREL | 26



Thank you!
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ATTENTION, AND THANK YOU TO MY SPONSORS
AND COLLABORATORS!

Sponsors Special Thanks
* Sandia National Laboratories Lab Directed Research and * Laura Merrill
Development Office for Li pressure and aging studies * Kimberly Bassett

* Joint Center for Energy Storage Research for initial
pressure and in situ TEM aging studies

NREL/PR-5K00-89685

Katharine Harrison, katie.harrison@nrel.gov 27



	Motivation and Initial Studies Evaluating Li Metal Anode Calendar Aging With and Without Coatings
	Motivating Study: in Situ Electrochemical STEM Reveals Li Corrodes During Calendar Aging and aSEIs Suppress Li Corrosion
	Motivating Study: Coin Cells Confirm Li Loss During Calendar Aging but they Show Calendar Aging in Coin Cells is at Least Partially Reversible
	Galvanic Corrosion Explains Corrosion in STEM Experiments but not Reversible Capacity Loss During Aging in Coin Cell Experiments
	Intermittent Calendar Aging Leads to Largely Reversible Capacity Losses because Losses are Due to Dead Li Formation During Rest and Reattachment During Cycling
	Zno Coatings can Improve Adhesion and Decrease Losses During Intermittent Calendar Aging Rest Steps
	ZnO & Al2O3 aSEIs are Passivating but LiF aSEI is not Passivating
	ZnO & Al2O3 Suppress Calendar Aging Losses because they Promote Li Growth Morphology Less Prone to Li Stranding (but Lif does not)
	At Longer Rest Times, Calendar Aging Remains Largely Reversible and Aseis Continue to Suppress Calendar Aging Losses Moderately
	Outline

	Motivation and Initial Studies Evaluating Applied Pressure on Li Anode Cycling
	Bulk Electrochemical Experiments in 4 M Lifsi DME on Cu Current Collectors Show Applied Pressure Critical to High CE and Favorable Morphology
	Systematically Studied Effects of Pressure on Li Versus Cu Pouch Cells 0-10 MPa
	Li Cycling Improves with Pressure, but too Much Pressure Degrades Performance
	Cryo FIB/SEM after 1st Li Deposition Step – Pressure Improves Morphology
	Outline

	Study Showing the Impact of Applied Pressure With and Without Coatings on Li Anode Calendar Aging.
	Coin Cells with Intermittent Calendar Aging Show Much Less Capacity Fade During Rest When Cycled to Higher and More Relevant Capacity
	Applied Pressure in Pouch Cells Cycled to 2 mAh/cm2 Decreases Capacity Loss During Intermittent Calendar Aging
	Average Cumulative Capacity Loss Shows that 100 Kpa is the Optimal Pressure and Generally Losses During Rest are Reversible
	Zno Coating Provides Slight Improvements in Calendar Aging at 100 kPa but not at 0 or 10 kPa
	Cumulative Capacity Loss Lowest in Cells Cycled at 100 Kpa and no Difference Between Cells With and Without Zno Coating
	After one Li Deposition, Pressure and ZnO Tend to Improve Adhesion
	Cryo FIB/SEM after one Li Deposition
	Cell disassembly images and Li Deposit Thickness after 50 Cycles
	Conclusions




