UPPSALA
UNIVERSITET

Choosing the cathode binder:

How much difference can it make?
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The target:

Optimisation of carbon structure for energy
density and stability

Polymer materials/electrolyte additives for
redox shuttle/self-discharge suppression

Anode stabilisation, cell balancing

Prototype cell of 400 Wh/kg
(3 mg (S) cm2, 60% S in cathode, 1 Ah g (S))



Why binder? Why would it matter?
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Slurry casting: convenient existing process using active
material, binder and other additives for making stable
composite electrodes

But, compared to Li-ion, we think the binder in a Li-S
electrode can be significant in the following ways:

Pore blocking: i.e., inaccessibility of surface area/pore
volume - reduced capacity, rate capability

Functionality: beneficial interactions with intermediates (or even
end products?)




Experimental overview
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Binders:
Two types of cell:
yp f></%\ PVdF
n (Aldrich)
_ F F
2025 coin cell EF
S PVdF-HFP

M Kynar FLEX 2801)

F FF CF
“Coffee-bag” pouch cell ) ZN -,
gp o7, (Aidrich, M, ~4M)
RO OR
()
o | CMC:SBR

R = H or CH,CO,H (Leclanché, Targray)

Electrolyte:

1 M LiTFSI, 0.25 M LiNO,;, DME:DOL 1:1 m PVP

N o) .
(_74 (Aldrich, M,, ~360k)




Simple recipe for high capacity:
et surface area, pore volume

solid & soluble
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Surface area for kinetics, delayed passivation

Pore volume space for discharge products

...and some sort of strategy to minimise capacity loss




ptimised host structures are
well-investigated
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Binders: a literature snapshot
(2013/14)
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Pore filling in carbon black
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< | —=— carbon black
@ 35 . CPEO (25:15) -

'c 30‘ - o~ - C:PVdF (25:15) |

c " --a-- C:PVdF-HFP (25:15 7 - - MO
e | (25:19) - PVAF  PVdF-HFP

S 25r  Lossof y S A |

I ] pore vol | upore| ppore

ot panees | 1) IR
o - pore volum :

o 19F N . 1100 1.76 0.16
2 CPVdF 175 053 0 0.0
O

*qc'J' C:(-HFP) 119 0.55 0 0.00
N CIPEO 17 0.11 0 0.00
© 1 10 100 Pores of all sizes filled between 1.7 and 100 nm;

pore width / nm significant reduction of surface area and pore volume.

Lacey et al, J. Phys. Chem. C, in press

N.B. pore volume measured up to ~75 nm pore width




“Swellability
I series’’

PEO > PVdF-HFP > PVdF-HFP
Exaggerated cathode composition:
60% S, 25% C, 15% binder
6 uL/mg (S) electrolyte, C/20 rate

Unusual increase in capacity in first few
cycles because of swelling

No observable trend in capacity with
quality of coating

Lacey et al, J. Phys. Chem. C, in press
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Evs Li/lLi"/V

UPPSALA
UNIVERSITET
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Contrast - at C/10

I/‘
%________

Up|£>er plateau
stays the same..:

Not increased utilisation of Sg,

but increasing pore volume?

PVDF-H

Lacey et al, J. Phys. Chem. C, in press
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155 °C

Binder fills remaining pores

Pre-infiltration of S by mixing with C and heating to

Electrochemistry even worse, except if binder is

not included at all!

~1100 mAh g with 70.6% S in cathode —

extremely high!

Lacey et al, J. Phys. Chem. C,
in press

differential pore volume / cm’ nm™” g
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Even more pronounced effect with

pre-infiltration of sulfur
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Lacey et al, J. Phys. Chem. C, in press
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PVdF* is not a good binder for Li-S

* Disclaimer: only guaranteed for homopolymer PVdF in DME:DOL electrolytes
with high S-loading into highly porous carbon hosts prepared from slurries in NMP!

“Realistic” composition:

86% (2:1 S:C, melt infiltr.)
7% Super P
7% binder (from NMP)

- 57.3% w/w S in cathode

PVdF homopolymer shows
consistently poorer performance
compared to PVdF-HFP over
extended period and over a range
of rates



Reminder...
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CMC:SBR and PEO

Note! Older results with different cathode

. : . composition and cell construction.
CMC'S.BR 'S d dec.;ent alternative to PVdF Capacities and capacity fade cannot be compared
Stable binder system with reduced degree of directly between coin cell and coffee-bag cells
microporosity blocking from water-based slurries
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1400 [ g : ; - :
PEO shows better performance 1300
Higher capacity, reduced hysteresis, lower impedance at 1200

charge/discharge limits 1100

26 Voltage profiles at 1 C 1 1000
‘o 900 -
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O L
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6 : 260 : 460 : 660 : 860 : 10'00 : 1200 200 | Lacey et al, Chem. Commun. 49, 8531 (2013)
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cycle number




Specific capacity (mA hg™)
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Functionalised mesoporous carbon
surface with PEG-250

X. Ji, K.T. Lee, L.F. Nazar, Nat. Mater. 8 (2009) 500

1,400
1,200 - ®e .y o0 e
1,000 e ’ etteteteten
800 - ."""000000000000
<ol PEG coating
.00 No PEG coating
200
ol . )

10 15 20
Cycle number

“We believe that the effect of the PEG-functionalized surface
is twofold. First, it serves to trap the polysulphide

species by providing a highly hydrophilic surface chemical
gradient that preferentially solubilizes them in relation to the
electrolyte. Second, by limiting the concentration of the
polysulphide anions in the electrolyte, the redox shuttle

mechanism is curtailed to a large degree.

Spin-coated
PEG-20000
“barrier”

(a)1000

< 800}
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o
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Capacity (mAh g
B
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o

Background:

PEO as a polysulfide trap?

Sulfur eLi'ion @ Polysufides @®PEG Layer

J.-Q. Huang, Q. Zhang, S.-M. Zhang, X.-F. Liu, W.

Zhu, W.-Z. Qian, F. Wei, Carbon N. Y. (2013) 1.

r —a— S-coated CNT with PEG barrier

—o— S-coated CNT without PEG barrier

0 20 40 60 80 100

Cycle number




Alternative interpretation?

Ji et al: “the kinetics of the last reaction step has a role in capacity limitation... There is
progressively more limited accessibility of Li* ions and electrolyte to the sulphur mass towards
the end of discharge because the pores become filled with insoluble Li,S (x =1-2)”
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Fig. 6. First cycle profile and capacity fading of a sulfur electrode in ether-based electrolytes (1 molL-! LiTFSI), with a varying glyme chain length. All solvents were mixed
with DIOX in a 50/50 volume ratio. The capacities are given in mAh g~ of sulfur material.

C. Barchasz, J.-C. Leprétre, S. Patoux, F. Alloin, Electrochim. Acta 89 (2013) 737.

Barchasz et al: “PEGDME solvents proved to be key components for Li/S electrolytes, as
preventing the fast electrode passivation and extending the length of the second discharge
plateau.”

Ji et al: “Deposition of insoluble sulphur species on the surface of the Li electrode and
formation of irreversible Li,S on the [PEG-modified] cathode surface are strongly inhibited”
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Local electrolyte additive

effect of PEO

Lacey et al, Chem. Commun. 49, 8531 (2013)
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Coulombic efficiency

Motivated by reports of PEO/PEG-
based cathode “barriers” or
“polysulfide traps”

Unification of several literature
studies

Common beneficial effect of
polyethers — as a binder, a
cathode coating, or electrolyte
additive

Higher capacity (sulfur utilisation)
and reduced hysteresis




E vs. LilLi' /1 V
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PEO as a binder: best performance

Lower impedance with PEQO binder

Reduced overpotential at charge/ Lacey et al, J. Power Sources 264, 8—14 (2014)

discharge limits 50

- Reduced passivation of electrode 60

surface (e.g., effect of Li* softening)?

Lacey et al, Chem. Commun. 49, 8531 (2013)
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However: PEO is actually not a very good binder...
difficult to coat from water, poor adhesion




Amides/lactams

ONIVERSITET strong interactions with PS! Can it be a real barrier?
1
@, 800 VP binder :zzz - Lacey et al, J. Power Sources 264, 8—14 (2014)
= [ )
"o %001 L 800 § . . -, . I
S PVDF binder Z Li,S;g in Addition of PS solution
= 4001 (600 = DME:DOL (1:1) to a solution of PVP
= a0 3 |
'g 200 «Q,
% 200 (n- l
O o — o
0 20 40 60 80 100 120 140 160 180 200 |
Cycle
<_>=0 % 301 PVDF binder
M L14eV  130eV I
PVP ' lq 201
o
P PVP binder
e /
g 10
: |
=
Z 0 5 10 15 20
Hvr e Cydle Our observation — dark red, insoluble, stable

" e \kﬁ‘x R complex formed between Li,Sg and PVP

Is the effect retained with S-based cathodes?

Can we pair it with PEO for increased capacity
and stability?

O0Li ®S 00 ON ©OCoH

Increased stablllty of Li,S-based cathodes
with PVP binder — less PS in electrolyte,
therefore less active mass loss to the anode
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50% S, 40% Super P, C/5 ]

2:3 CMC:SBR -
PEO
PVP
4:1 PEO:PVP =

10 20 30 40 50
cycle number

Evs LWLV

Lacey et al, J. Power Sources 264, 8—14 (2014) P E 0 : PV P

a functional, co-operative binder system

1000 mAh g after 50 cycles

Optimal 4:1 mixture outperforms
individual components

PEO increases capacity, PVP stabilises

PVP reduces slurry viscosity enabling

water-based cathode preparation

238 OCV retention over 1 week
2.4 —_— T
T Twn_».,_._,,‘ ]
sl el - wn_”--_‘._,“,,_ S
2.0+
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gL~ PEO ;
Br e 41 PEOPVP
X i . t . .
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Lacey et al, J. Power Sources 264, 8—14 (2014)
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_ To answer a question from earlier:
self-discharge reduced, rate capability preserved
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Very promising results with

hid optimised PVP-based binders
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1100 mAh g1, 59% S in cathode, commercial materials only!

1@
. . 1200 5 .‘. normalised for mass of sulfur
PVP-based binder mixtures |o ®%%cecqece, e,
Coq $00000000000 59 3% S
High capacity @ high S loading, 1000 "Oooo..............
o o
water solubility, compatible with 1 %% 0000000 68 % S
. o)
high S.A. carbons s, 800- 00000000000000000000000 58% S
. . < (CMC:SBR)
No exotic materials or E
techniques ~, 900+
matched to optimised carbon |
with slightly higher S.A. and 2004 C/10, ~ 1 mg cm2(S)
pore volume ]
0 | | | | | |

0 5 10 15 20 25 30
Q cycle number
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Filled points — cycle begins after a wait at OCV — number of days indicated by number

Rate of self-discharge clearly slowed by PVP binder
With optimised carbon/binder — double capacity after 3 months!

Very promising results with

optimised PVP-based binders

E vs Li/lLi"/ V




Besides the very high energy density...

..perhaps the next best advantage of L| Sis =
that itis potentlally cheap
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So |t IS surely important that strategies to
tackle the drawbacks are cheap and scalable

"Sulfurstacks from oil sands in Fort McMurray, AB Canad _
Photo credit: globalforestwatch ca e
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« The binder can be considered as a functional, local
electrolyte additive

- Polyethers can be used to increase capacity, PVP can
be used to stabilise capacity

— Can investigate cooperative and water-soluble
binder combinations based on this concept

« Certain binder/solvent combinations can be detrimental
to performance — PVAF/NMP is a notable example

- Self-discharge is still a considerable problem with this
system which deserves more attention
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Thank you!

For further information:

The effect of PEO:

Lacey et al, Chem Commun. 49, 8531
(2013)

PEO:PVP binder:

Lacey et al, J. Power Sources 264C, 8
(2014)

Porosity blocking:
Lacey et al, J. Phys. Chem. C,
DOI: 10.1021/jp508137m
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