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Coleman Group: Making things from nano materials

Dispersion

U014DI|04X3

Including __
composites

S|DIJ24D\W |DuLgpun:|

Processing



Historically: Mixing Graphene into plastics

To improve properties

J Mater Chem 22, 1278



Reinforcement with large
flakes?
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More recently: electromechanical properties
Graphene-rubber composite Strain-Sensors
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o

(IAJ d 1
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Conductivity, o (S/m)
S o

— : —
0.1 1
Volume fraction (%)

R ~¢e*: tunnelling
G~35
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ACS Nano, 8, 8819 Strain, ¢ (%)



Application III; Composite
Strain-Sensors

Conductivity, o (S/m)

Add graphene to SIVpUTty

0

5

Stiffness (MPa)
a8
HIH

10 15 20 0O 5 10 15
Graphene volume fraction, ¢ (%)

Putty (polysilicone)

10vol% graphene

Electrical and
mechanical

properties both
linked to

hanosheet network

Science, 354, 1257



U n us ual Tension: de/dt=0.02 s

electro- T -
mechanical S :
behaviour % . ]
(Payne effect) 2 -

0 15.8 vol% ]

01 1 10 100
Strain, ¢ (%)
Model based on:
e-induced junction breaking+
Diffusion-driven reconnection+
Percolation

Lo

Implies extreme softness of polymer

is important (low n, high D)

1 11.7 vol%

Tension; de/dt=0.02 s

1 10 100
g (%)

With Prof Bob Young (Manchester)



Works as a very good low-strain strain AR

sensor with very high sensitivity R, =Ge
Tension
600 -
o [ ]
g 4004 |
= "
)
S 200 {H@
) Y
. HlH
0 7.9 vol% Tension HlH
T T T O T [ ! |
0 2 4 5 10 15
Strain, & (%) ¢ (%)

Science, 354, 1257



Use as a sensor to measure vitals!




g s- Pulse Amplitude
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Science, 354, 1257



Adventures in biology.....
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Time, 1 (s) Science, 354, 1257



Into the future...

...Turning G-putty into a practical sensor
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Developed G-putty based inks which
can be sprayed into thin films
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Sensing action based on tunnelling and junction
breaking/reforming

What about electro-mechanics of nanosheets
themselves?

Some nanosheets have E =f(g) — p=f(e)
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Produce MoS, nanosheets by
liquid phase exfoliation

<L/+>~50

MoS,/PEO

composites
M (%)
0 2 4 6 8
800 T——1——T——T—— _
T 700 1 - )
% 600 | } } % 10° Doplng Gnd
% 500 g ] : crystal-
S 400 s | A
S 3004 € 100+ Isation (7)
2004  dY/dp=65GPa,n=0.4 | ©
OTO | 015 | 1:0 | 115 | 2.0 0.0 | OT5 | lTO | 115 | 2.0
¢ (%) b (%)

ACS Nano, in review



Measure electromechanical properties

0.2
1. Initial 1| © Oowtk

resistance e i

decrease: o

Negative G X

-25<6<-15

2. Later o 10 20 20
resistance _

Tunnelling? Strain, & (%)

(1) Assume: Applied strain stretching the

nanosheets (at low ¢)
ACS Nano, in review



ACS Nano, in review

If strain transferred to
nanhosheets: Raman shift

i 408.2

A
~—~~ — -1 0
= Alg T 408.0- dw/de=0.96 cm™/%
- &
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< | E29 S 407.8-
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o =
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VAN -
L L L IIII | L 4074 I ! I ! I !
300 350 400 450 50027003000 0.0 0.5 1.0 15
Wavenumber (cm™) Strain, & (%)

See effective stress
TI"GNSfer' Prof Bob Young, Dr Zheling Li (Manchester)



Crude model for a hanosheet network —~=G¢
0
poc(Rys +Ry) for a network
=
AR 1 dp 'g
= ={——+2}8 for any material (at low strain) o
R P de <
-
- AR | dR /ds+dR, /de =
Combining R —{ R IR, +2}3 Z
’ ’ 0
O
<<
If nanosheets stretched Rus () = Rys 0Gs€ + Rys 0
$ Tunnelling
Combining AR _ G,NS (AR, 7d&) I Rys o +2|e NS
R0 1+ RJ 0 / RNS 0 .
’ ’ stretching
dR, ke

Measure PEO/graphene composite to find ~

de ¢ +¢



Fits 0.2

1 O 0.5wt%
014 © 0.7wt% ;
n ("zf‘
- 2Wt% P
o &
~— | '("'/
Jis %
< (3
-0.1 - i e
TN ol
A JKT
15 \ S
; \ &5 AR
O 2 Ei.' ‘ A\ ‘(({“& 1 “!!!_iiLILLL'rI. [
- . - N = ""’,,I"‘ ] =-"i
'ii' NS l_mgn!LE:LLL-u
} !Eii:%— I;IEI“!EIL ol
i
-O L] 3 1 I I I :

0 10 20 30
i 0
Data can be Strain, & (%)
described by a combo

of Gys and tunnelling S Moo i revien



Ro

G, +(dR, /de)/ R
Other materials AR _| s *(0Rs dgm+2 £
1+R, 5/ Rygo

Higher nanosheet conductivity shift mechanism away from
nanosheets tfoward junctions:

Negative piezoresistance { as nanosheet conductivity T

10 —
; +
O 0-
*5 | —Aa——
S -10 - 0 MoS2
- O WS2
S 90 - MoSe2
v WSe?
~ — 1 = ¢ Gra
_03 ' | ' | ' | ' -30 | ' ' L |
0.00 0.05 0.10 0.15 0.20 10°¢ 10°°

Strain, ¢ Comp. conductivity, c (S/m)

ACS Nano, in review



Those example used nanosheets as filler
Can nanosheets be the matrix?

Can have nano:nano

composites
e.g. SWNT:NS
(1D:2D)
£ 10" g ey
A 1071 L
Increase ° 1 _..ll"'|
conductivity 2 107 i
dramatically g 10 -
O 10°4 [ L . oS, conductivity J
1(|)'3 1(|)'2 16'1 1'00

SWNT volume fraction, ¢



Using nano:nano comps
as Li ion battery
anodes

MoS, can store Li but
Capacity limited by
conductivity and
mechanical robustness

10

=1

0.8

45/CN

0.6

0.4 H .

Stability, C,

0.2 [ i

0.0 H -

T T T
0.001 0.01 0.1
SWNT Mass Fraction, Mf

Discharge Capacity (mAhr/g)

ACS Nano, 10 5980
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Composites of 1D:2D = Chem Mater, 30, 5245

hano:hano composites £ 10
2
. : © 10° MoS /SWNT
Conductivity increases, 3z o
. 2 -1
otherwise hardly g
studied g 10° MoSzlgriphene
@)
10-5 | L | L L |
0.1 1 10

Volume fraction, ¢ (%)

Mechanics are
crucial - and
unknown




Comprehensive

mechanical
study
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* Graphene-MoS, composite
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Chem Mater, 30, 5245

Modulus, E_(MPa)

Toughness, T_ (kJ/m°)
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Volume fragtion, ¢ (%)

Something happens at 1%



What
happens
at 17%?

Formation
of
continuous
network

Chem Mater, 30, 5245




Mechanics modelling

E.=E
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Prof Bob Young
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Stability and tensile toughness look similar

Continuous NT network mechanically stabilises film

1.0 s~ 50 e ——
i * * E i -
0.8 * = 40 - # -
— i 4 1
% 06_ * \T) T i ]
Q 7 = 307 = T
S i ") T -
% 0.4 | 8 20_ ]
O - x - - B 4
0.2 ** £ .
- @)) = =
004 * * = | m "ff ) -
L L | ot I_ O L L | ot
0.1 1 10 0.1 1 10
Volume fraction, ¢ (%) Volume fraction, ¢ (%)

Use this in real batteries?



Where to use nanotubes in batteries?

LITHIUM-ION BATTERY
CHARGE

ELECTROLYTE
ANODE (-)

l COPPER CURRENT
COLLECTOR

SEPARATOR

CATHODE (+)

ALUMINIUM CURRENT
COLLECTOR

+~100 um 201

LI-METAL
CARBON

LI-METAL LITHIUM ION

OXDES Replace the polymer binder and
conductive additive

ELECTRON

Aim:
1. Increase charge delivery
2. Improve mechanical properties of electrodes



Why improve mechanical properties of electrodes?

1. Stability (reduce chance of failure on cycling)
2. Stop cracking during fabrication

Cracking is very
common in liquid-
deposited
particulate films:
mud cracking

The critical crack thickness scales with the
mechanical properties of the material



With Prof Nicolosi (TCD) Nature Energy, in press

. ) Segregated,C NT-
Can NTs reinforce real battery | cgrega R

material and increase CCT?

N.B battery particles usually
> hanotube length



Significant increases in

tensile properties

Nature Energy, in press
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~~
= 10?4
|_ [ ]
4 10 For all electrode materials
() .
S 104 (
g oty binders tested (graphite, LTO, NMC,
= 10 T T T T T T ° ° °
e o 1 10 Si (various sizes)
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Nature Energy, in press

Mechanical enhancement
allows increase in CCT:
Make thick electrodes

uSi/CNT (7.5wt%)

2007w

Record thickness



SoA Li storage capacity

Anode (Si/CNT)

Thickness (um)

0 50 100 150 200
@ 4]
f[ 3 16 0000 O ¢ O " O
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0 5 10 15
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Nature Energy, in press

Cathode NMC/CNT)
Thickness (um)
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£ 10-

< )

~

O 0 | | |
0 50 100 150
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SoA full cell capacity

Voltage (V)

Nature Energy, in press

uSi/CNT-NMC/CNT full-cells

Total (M/A)a+c

167 mg cm™
—120 mg cm™
—64 mg cm™
—47 mg cm™

uSi-NMC (This work)
Si-LCO
Graphite-NMC 622

400

- 100

- 300

-200

Energy density (Wh/kg)

Graphite-NMC 111

Thick electrodes yields high

10 20 30
Full-cell C/A (mAh cm™)

l

O 5 10 15 20 25 30

Full-cell C/A (mAh cm™)

High areal

capacity leads to

capacity electrodes and so cells

high energy
density
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