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Slurry-based Method VS Dry Process

Materials
1 Conventional slurry-based method:
Use of toxic NMP solvent
Shear Mixing Calendaring Lamination Solvent drying process

Solvent recycling equipment

Erack dres Cracks at high mass loading
\% _ High voltage degradation

Dry Process

N
Slurry
Dry electrode method:
Toxic Vapor No solvent included
Slurry-based Easily achieve high mass loading
Process S\ & & Crack at high without crack
0ading > More economical and simpler
process

High voltage stability

¢’ ((§ e O

Yao, Weiliang, et al. "A 5V-class Cobalt-free Battery Cathode with High Loading Enabled by Dry Coating." Energy & Environmental Science (2023).



Literature Summary of Thick Electrode Work

Cathqde : : "°a°""§' Capacity retention % Novel Method Leading author and
Materials mg/cm year

> Most of literature’s
work focus on
slurry coating,
other novel
methods such as

plasma sintering
and Electro-

spraying/spinning.
» Many novel
methods are
developed to
achieve ultra-high
loading, but the
scalabillity,
consistency and
reliability are
guestionable.




Patents and Applications of Dry Electrode Technology
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* Dry electrode is becoming increasingly popular in manufacturing * Dry-coated NCM cathode and graphite * Lab-scale dry-coated all-solid-state
supercapacitors (SC), lithium-ion batteries and (LLIBs) and all- anode from Maxwell (now Tesla) battery (ASSB)) electrodes

solid-state-batteries (ASSB).

* In LIBs, usually low voltage cutoff 1s the focus for commercial products. High voltage application is yet to be explored.



Yao, Weiliang, ¢ a/. Energy & Environmental Science (2023).
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* Comparable performance with low loading electrodes

Flexible and mechanically robust electrode
film at ultra-high loading.



Capacity retention (%)

Capacity retention after 100 cycles (%)
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LCO NCA LFP LMO LNMO

W. Li, M. Zhang,Y. S. Meng et al,, Journal of Power Sources 2020, 473, 228579

__60

Battery cost (USD / metric ton

Rate
performance

Cycle life

Tap density (g-cm™)
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Thermal stability
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Motivation for thick LNMO cathode
AverageV = 4.7V, Capacity = 140 mAh/g

Cathode areal capacity Cell level energy density
(mAh/cm?) (Wh/kg)

4 282
ﬁ 10 308
%
530 500
B 440
EREeER 20 315
With graphite as anode
FCO NCA LER LHOLAMO 95% active mass ratio
Cathode areal capacity Cell level energy density
I (mAh/cm?) (Wh/kg)
= 4 356
= -
- B = 10 386
LCO NCA LFP LMO LNMO 20 398

With Si/C as anode
90% active mass ratio 3



Carbonated-based Electrolyte Degradation Mechanism at E

Hydrolysis ,
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Electrons are extracted from EC
molecules and lead to ring
opening. Generation of free
proton will occur with the
participation of a trace amount
of H,O in the fresh electrolyte.

The H,O hydrolyze the LiPF,
salt or PF; in the electrolyte and
formm HE, which would, in turn,
corrode the CEI and the oxide

cathode to generate even more
H,O.

B based coatings or additives
can serve as HF scavenger by
preferentially reacting with HE.

Li, Yixuan, ef al. "Elucidating the Effect of Borate Additive in High-Voltage Electrolyte for Li-Rich Layered Oxide Materials." Advanced Energy Materials 12.11 (2022): 2103033.



FElectrolyte Decomposition Pathway and Fluorinated Electrolyte

Unpublished Results from Meng’s Group

* Deprotonation of electrolyte molecule
energetically preferred to ring opening.
FEC predicted to be most resistant to
decomposition (highest reaction barrier).
* Reaction barrier generally higher for (111)

facets.
* (100) promotes electrolyte decomposition,
protonation of TM oxide surface.

Nig Mn 0,(100) Fd3m L Ec____| DMC EMS

EC 1S
Reaction Barrier (eV) 0.45 0.59 0.77 0.61 0.53
Reaction Energy (eV) -1.53 -0.84 -1.30 -0.80 -1.00
NiysMn,; :0,4(111) Fd3m EC DMC FEC TMS EMS
Reaction Barrier (eV) 0.54 0.80 0.90 0.51 0.87

Reaction Energy (eV) -0.81 -0.20 -0.72 -0.37 -0.36



Parasitic Reactions Triggered by Carbon Additive

Al Al + PVDF Al + PVDF +C
Pure PVDF film Carbon black and PVDF film

A

Unpublished results from Meng group

Linear sweep voltammetry
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Simulated “charge and discharge” process for inactive components

» All inactive components were evaluated via simulated charge-discharge process, and the
presence of carbon resulted in obvious parasitic current.
» LSV also confirmed that the carbon would cause side reactions when charged to high voltage.



Electronic conductivity (S/cm)

Critical Electronic Conductivity Testing

Yao, Weiliang, ¢/ a/. Energy & Environmental Science (2023).

Conductivity testing results for dry electrodes with
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Electrode Areal Loading (mAh/cm?)

Unlike slurry-based LNMO showing cracks at 6

mAh/cm? level, dry-LNMO is still robust with constant
electronic conductivity values in both directions.

Mass ratio of LNMO: Binder: carbon =93:2:5

6 mAh/cm? level
slurry-based LNMO
(with SC65)

slurry-based LNMO 2

V"
6 mAh/cm2 level L
(with VGCF) %
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|
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» Both systems offer excellent ion beam performance;
= Gallium offers the lowest accelerating voltages (down

to 500 V);

» Plasma offers the highest beam current (2.5 yA) and

Ga-free milling.

Almost 40x more beam current Credits to Thermo Fisher Scientific I 5



PFIB and Phase Segmentation of Electrodes

Yao, Weiliang, ¢ a/. Energy & Environmental Science (2023).
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2D Modeling of Thick Electrode

Yao, Weiliang, ¢# al. Energy & Environmental Science (2023).

Dry-cote B Slurry-based
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2D simulation based on
discharge.

* More efficient electron
transport in the dry
electrodes compared to

(z-Wy) (Axsuaq ualin))son

' slurry-based LNMO.

1 E’ e More homogenous
= ~lithiation process during
g..j cycling, leading to longer

cycle life.

The current density in the solid phase and the state of lithiation

reported for the dry-LNMO respectively in (A, C), and for the slurry-
based LNMO respectively in (B,D).



Ah/cm?2 Dry-LNMO

Half Cell Electrochemical Performance
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Testing conditions:

LNMO:PTFE:VGCF = 93:2:5; LNMO:PVDF:SC65 =
93:2:5
Gen2 electrolyte (1M LiPF4 in EC:EMC = 3:7 wt%)

1-mm'Li metal in coin cells.

With robust mechanical strength and well distributed

carbon and binder, the dry-LNMO unsurprisingly

outperform slurry-based electrodes with ultra-high
loading.

1. Yao, Weiliang, et al. "A 5V-class Cobalt-free Battery Cathode with High Loading Enabled by Dry Coating." Energy & Environmental Science (2023).
2. CATHODES FOR HIGH VOLTAGE LITHIUM-ION SECONDARY BATTERY AND DRY METHOD FOR MANUFACTURE OF SAME. FL0670-US02-PRV



Full Cell Electrochemical Performance with Gen2 Elyt
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Testing conditions:

LNMO:PTFE:VGCF = 93:2:5; LNMO:PVDF:SC65 =
93:2:5

Gen2 electrolyte (1M LiPF4 in EC:EMC = 3:7 wt%)

3 mAh/cm? level cathode and graphite in coin cells.
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Dry-LNMO full cells at 3 mAh/cm? level with commercial
Gen2 electrolyte can achieve 80% capacity retention after
300 cycles. In contrast, slurry-based LNMO full cells can
only achieve 67%.

Faster CE% in dry-LNMO full cell and stable voltage
hysteresis show faster interphase passivation which can be
attributed to the use of low surface area carbon.

Yao, Weiliang, et al. "A 5V-class Cobalt-free Battery Cathode with High Loading Enabled by Dry Coating." Energy & Environmental Science (2023).



Post-mortem Analysis Using XPS and HRTEM

Yao, Weiliang, ¢# al. Energy & Environmental Science (2023).

Cycled Cathode (B)FGEEETE

Intensity (a.u.)

Binding Energy (eV)

CyC|ed Graphite (G) Graphite from

Dry-LNMO Full

Dry-LNMO Full Cell * |
(H) Graphite from slurry-
based LNMO Full Cell

Intensity (a.u.)
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p
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» Lattice O peak of dry-coated is smaller than the slurry-base LNMO. The dry-coated LNMO could have a thicker CElI.
It is also possible that the CEl in the slurry-base is not as uniform as dry-coated. This has been verified by TEM.
« Thicker SEIl and more LiF in slurry-base graphite also implies more Li inventory loss and more salt decomposition.



Post-mortem Analysis: ICP of Cycled Graphite

70

60 |

30 A

40 -

30

Detected TM (ppm)

20

10 -

Mn Dry-LNMO
Ni

0 30 100 300

Cycle Number Completed

The continuous generation of HF from
slurry-based LNMO full cells will keep
attacking the LNMO surface and trigger
more TM dissolution.

Detected TM (ppm)
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LiPF, &d LiF + PF, Equation 1
PFs + H,O - OPF; + 2HF Equation 2
OPF; + 2xLi" + 2xe” = Li,PF;,0 + xLiF Equation 3
OPF3 + 3H20 9 PO4H3 + 3HF Equation 4

Yao, Weiliang, et al. "A 5V-class Cobalt-free Battery Cathode with High Loading Enabled by Dry Coating." Energy & Environmental Science (2023).



Coulombic Efficiency %

Specific Discharge Capacity (mAh/g)

Cycling Performance Comparison with Literature
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Both Gen2 (1M LiPF4 in EC.EMC =
3.7 wt%) and FEC-FEMC (1M LiPFg
in FEC:FEMC = 3:7 wt%) were used
for long term cycling testing.

C/3 rate is used and the loading of
dry electrode is 3 mAh/cm? (~21
mg/cm?).

Long-term cycling performance
using both Gen2 and FEC-FEMC

chemistries outperform literature
values in terms of both mass
loading and capacity retention.

Faster passivation is the key of
stable high voltage LIBs cycling, as
seen from the faster CE% rise from
the beginning.

Yao, Weiliang, et al. "A 5V-class Cobalt-free Battery Cathode with High Loading Enabled by Dry Coating." Energy & Environmental Science (2023).



Advantages of High Voltage Dry Electrodes

----------------------------------

Partial PTFE coating on E
carbon fibers further
reduces reactive sites |

Less carbon
reactive sites

Continuous H,0 .
and HF generation |

Slurry-based Electrode™.

Ineffective

High voltage
cathode

Low surface area
carbon fiber

Fibrillated
PTFE binder

High surface
area carbon

PVDF binder

Electrolyte
decomposition

Electrolyte
molecule

PFg

Free proton

HF acid

H,0

* Dry electrode can easily
achieve electrode thickness >
200 uym with robust mechanical
strength.

« Using carbon fibers can not
only build a good electronic
conductive network, but can
also reduce side reactions
iImpact at high voltage.

e Same approach can be

deployed to LFP, NMC, LNMO,
Solid State Batteries and
chemistries beyond Lithium

Yao, Weiliang, et al. "A 5V-class Cobalt-free Battery Cathode with High Loading Enabled by Dry Coating." Energy & Environmental Science (2023).
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