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dea

Synthesis of nanobuilding blocks
and assembly into macroscopic
structures

CNT fibre electrochemistry,
sensors and energy storage
devices

Power density(kW/kg)
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Multifunctional nanocomposites group

Electronic and photocatalytic
properties of CNT-inorganic
hybrids




dea Macroscopic fibres made up of aligned CNTs

Staudinger model  Polyester fibre  UHMWPE fibre PBO fibre CNT fibre
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Fig. 8.8: The basic structure of high-performance polymer fibers (Staudinger’s model [51]) and some
examples of polymers and of a CNT used as building block for synthetic fibers. (Courtesy of H. Yue).
With kind permission from Wiley (2006).

Chapter 8, Nanocarbon-Inorganic Hybrids, De Gruyter 2014
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| dea Macroscopic fibres made up of aligned CNTs
materials

Tow

Similar to a virus

Single filament




dea Synthesis of continuous CNT fibres

H

1100 - 1300 C

Courtesy of A. Windle
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Nanotube
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It Is elastic!
an aerogel

Carbon source
Ferrocene (Fe)
Thiophene (S)

Ya-Li Li, Ian Kinloch and Alan Windle,
Science, 304, p 276, 9 April 2004



Floating catalyst CVD
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Looking up into the reactor

( alcohol, S, Fe
Reactor -

0
o g0
0y ©

CNT aerogel

Continuous spinning of 1km

Reguero et al, Chem Mater, 26, 3550 2014



A macroscopic fiore made of carbon nanotubes

Looking up into the reactor
alcohol, S, Fe

Continuous spinning of 1km
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Reguero et al, Chem Mater, 26, 3550 2014



A macroscopic fiore made of carbon nanotubes

Reguero et al, Chem Mater, 26, 3550 2014

Looking up into the reactor

Continuous spinning of 1km
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dea cCNT type and fibre alignment be controlled

Layers controlled through S/C ratio
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I dea Different CNT fibre formats

Single filament Yarns (10-100 filament tow) Unidirectional sheets
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- Electrical conductor - Electrode/current collector

- Transparent conductor - Electrode - Laminate composite reinforcement
- Microelectrode - Sensor



I dea A fundamentally different type of carbon material
CNT Fibre Carbon Fibre

Conductivity 10% S/cm
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Specific electrical conductivity (Sm2/kg)

dea

Current fibre properties
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| dea CNT fibres as macromolecular systems

Staudinger model  Polyester fibre  UHMWPE fibre PBO fibre CNT fibre
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Chapter 8, Nanocarbon-Inorganic Hybrids, De Gruyter 2014
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Vilatela, Elliott, Windle, ACS Nano, 2011
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| dea Structure — tensile properties
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| dea The uniform stress transfer model

- The fibre is reduced to a network of bundles
- Deformation through bundle stretching and shear
- Only for highly aligned systems: (sing,) = 1,{cos*¢,) < (cos*¢d,)

1 1 +<cos2(¢o)>

E e g
Vg
J cos?(¢0) 1 (go)sin(g)dgp |
< cos? (¢0) >=0 - ! fibre’s axis
I I (¢0) Sl n (¢0) d ¢ ;Eu;;‘f;:::ﬁa,;inn?é;ﬁ state of stresses for a structural elements into the fibre according to

0
Fernandez-Toribio et al, Carbon, 133, 44, 2018



| dea Experimental study

Samples with different alignment ODF from the form factor in SAXS
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Table 1: Experimental values of CNT fibres

winding rate | < cos®dy = E o Fracture energy
(m,/ min) (%107 (GPa) [ (GPa) (J/g)
4 5.80 4449 [ 1.0£0.2 0+ 40
Collapsed g 9.7 3247 (1.1+0.1 90+ 20
DWNTs 12 T.46 a6+8 [ 1.3+0.2 0+ 30
16 b.42 61+7 | 1.7£03 100 £+ 30
20 11.58 3348 (0.7x0.1 60+ 10
Few-layer
30 10.08 38418 (0801 63+ 15
MWNTs
40 G6.37 G4+16 | 1.1+02 80+ 40

Fernandez-Toribio et al, Carbon, 133, 44, 2018



| dea Successful fitting of experimental data

9 u collapsed DWNTs

| ® few layer MWNTs
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I dea Ageneral description of aligned CNT fibres
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Specific Mudolus, GPa/SG
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dea Monitoring alignment evolution during stretching

10-micron diameter filament
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dea Radial profiles — mesoscopic structural changes

Intensity (a.u.)
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| dea A description of the elastoplastic deformation

U: strain alignment 2
< COS >
U=C5h> 4
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Q) From continuum mechanics
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dea Elastoplastic deformation
G m
— 1 o
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Intensity (a.u.)
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Specific Stress (GPa/SG)

dea Parameters extracted from the analysis

Type of fibre | m (WAXS/SAXS) | m (Raman) (NT F’a)

CNT fibre 0.8 4.3 22.4

(20m/min)

CNT fibre 2.2 - 40.8

(30/min)
bl b) II’ —" — ° I °
ol P e T, =0, <S¢, -COS ¢, >
o s O
0,2 1 ;
N AG Next parameters to introduce in the model:
. 0
I - Stress transfer length

00 o1 0z o3 o4 - Lateral CNT packing



I dea A fundamentally different type of carbon material
CNT Fibre Carbon Fibre
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Graphite lattice
formation

Amorphous

G. Bhat, Structure and Properties of
High-Performance Fibers.
Woodhead Publishing,

2016.
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i dea Sensitivity to liquid and gas molecules
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| dea Kinetics of resistance change
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Fernandez et al, Adv. Funct. Mater. 2016, 26(39), 1616-3028



dea Sensor calibration
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| dea

Vacuum infusion process
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Surface flow (video camera)

Sensor prediction
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dea Polymer flow sensor during vacuum infusion
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Electrode in supercapacitors
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Senokos et al, Adv. Mater. Technol. 2017 1600290

Some examples of applications

Electrode for ORR and OER
in Zn-air battery

Lighter, tough LIB electrodes
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| dea Large-area CNT fibre/MOXx hybrids

Conceptually similar to a mesoporous semiconductor electrodes with a built-in current collector

Hybrids with inorganics: TiO,, ZnO, MnO,, MoS,, Cu, V,0;, etc

-

Particulate (electrochemical)

-
»

500 nm

Reactant
molecule

Chapter in Nanocarbons and their hybrids: from synthesis to applications, 2019, Wiley



I dea Current collector for batteries

Coating with active material (LFP) Full electrodes (for pouch cells)

CNTf sheets before coating Dried electrodes

Thickness / um Density / g cm™
Al 18 2.7
CNTf 10 0.3

Boaretto et al, DOI:10.1021/acsaem.9b00906
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Sp. toughness / J g*

Boaretto et al, under review
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| dea Complex, irregular structure
materials

CNT fibres produced by different methods

CNT fibres at different length-scales

10 um
(——

It is a challenge to characterise this structure
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Yue et al, Carbon, 122, 47, 2017



i deg Characterisation of irregular structure by SAXS
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Glassy Carbon

Density fluctuations

Iops = Ipores + Ipp+. ..

CNT fibre
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mzdea Structural parmeters after DF correction

materials
Porod e | lame Sv SSA
Material DFs  Porosity
slope (A (A)  (mZcm3) (m2/g)
SWCNTF -4.0 0 0.7 205 89 136 656
CNTF (35 334 1013 066 305 161 85  259.0
layers)

MWCNTs Bucky -3.30 1.91 0.78 552 160 56.1 7016

CF (PAN, MP) -3.3,-4 00_12- 0.097-0.33 6-17 36-124 0-680 0-367
BNNT 321 210 081 591 139 548 1481

_ 87T2b2P _ (Azag) (A2L>
DS =00~ T wpe
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The variations in graphitic spacing and stack size increase with increasing
number of layers, producing “coupling of the disorder of
Santos et al, J. Mater. Chem. A, 7, 5305, 2019 lateral fluctuations to the pore structure” Carbon 123 (2017)

20 nm




id In-situ vs ex-situ monitoring of pore/bundle structure
ea - . .
during electrochemical swelling
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I dea Summary

- CNT fibres can be best described as molecular solids, or graphitic systems with
Decoupled crystallinity parallel/perpendicular to basal plane.

- Their tensile properties can be described by the USM and a Weibull distribution
of stress distribution through the cross section, with alignment dominating over composition

- CNT fibres are interesting piezo and chemo resistive sensors

- CNT fibres are ideal current collectors for energy storage and transfer.

A perspective on high-performance CNT fibres for
structural composites
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