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Carbon nanotubes (CNTs), with their combination of excellent
electrical conductivity, Seebeck coefficient, mechanical robustness
and environmental stability are highly desired as thermoelectric (TE)
materials for a wide range of fields including Internet of Things,
health monitoring and environmental remediation solutions.
However, their high thermal conductivity (k) is an obstacle to
practical TE applications. Herein, we present a novel method to
reduce the k of CNT veils, by introducing defects, while preserving
their Seebeck coefficient and electrical conductivity. Solid-state
drawing of a CNT veil embedded within two polycarbonate films
generates CNT veil fragments of reducing size with increasing draw
ratio. A successive heat treatment, at above the polycarbonate
glass-to-rubber transition temperature, spontaneously reconnects
the CNT veils fragments electrically but not thermally. Stretching to
a draw ratio of 1.5 and heat repairing at 170 °C leads to a dramatic
3.5-fold decrease in x (from 46 to 13 W m~* K™%), in contrast with a
decrease in electrical conductivity of only 26% and an increase in
Seebeck coefficient of 10%. To clarify the mechanism of reduction
in thermal conductivity, a large-scale mesoscopic simulation of
CNT veils under uniaxial stretching has also been used. This
work shows that defect engineering can be a valuable strategy to
optimize TE properties of CNT veils and, potentially, other thermo-
electric materials.
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New concepts

We propose a new concept for optimizing the thermoelectric performance
of carbon nanotube veils by reducing their thermal conductivity while
preserving their high Seebeck coefficient and electrical conductivity. This
is achieved by solid-state drawing of CNT veils, embedded between two
polymer films, to generate CNT veil fragments (in a process reminiscent
of fibre fragmentation in continuous fibre-reinforced composites), which
are then spontaneously reconnected by the shape-memory effect of the
oriented polymer matrix. This defect-engineering method achieved:
(i) a 3.5-fold reduction in thermal conductivity of CNT veils (from 46 to
13 Wm™ ' K '), combined with an increase in Seebeck coefficient of 10%
and a decrease in electrical conductivity of only 26%; (ii) an increase of
the ZT figure-of-merit from 5.6 x 10~ * (virgin CNT veil) to 2.7 x 1072
(stretched and heat-treated PC/CNT/PC multilayer composite). A large-
scale mesoscopic simulation of CNT veils under uniaxial stretching was
used to provide an insight in the mechanism of reduction in thermal
conductivity, which is attributed to the reduction of CNT network
connectivity in the low-density gaps. This work shows that defect
engineering can be a valuable strategy to optimize TE properties of
CNT veils and, potentially, other thermoelectric materials.

Thermoelectric (TE) materials can provide a promising route to
harvest ubiquitous waste heat, directly converting thermal
gradients into electrical power,'® benefiting applications like
aerospace,” industrial waste heat recovery,® energy harves-
ting,”"" self-powered sensors,"”>"> electromagnetic wave
shielding and absorption,'® touch sensing,"” health monitoring
and personal temperature regulation. Generally, the TE perfor-
mance of a material can be evaluated by a dimensionless figure
of merit (ZT), which scales with the electrical conductivity (o),
the square of the Seebeck coefficient (S), the inverse of thermal
conductivity (x) and the material temperature T (ZT = TS’g/x).
Unfortunately, optimizing ZT often requires frustrating com-
promises, as o, S and x are interlinked physical proper-
ties.>*®72* Traditional TE materials are heavily doped inorganic
semiconductors with high S and o, like PbTe, Bi,Te; and
SnSe.>*>” However, their wider use is restricted by the toxicity,
scarcity and high cost of some of the constituent elements, as
well as their poor mechanical toughness and manufacturability.
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Compared to the inorganic counterpart, organic TE materials
and their (nano) composites have recently gained visibility
thanks to the low toxicity and wide availability of constituent
elements, potentially high toughness and ease of manufactur-
ing as well as intrinsically low x.>® Nevertheless, the generally
low ¢ and S pose a significant limit to the TE performance of
conducting polymers.

Nanocomposites based on carbon nanotubes (CNTs) have
seen the highest TE properties among all organic materials. For
example, a power factor (PF = $%¢) of up to 2000 yW m ™' K2 at
room temperature has been reported for polyaniline (PANI)/
CNT/graphene multilayer films.>® The presence of a polymer
matrix is desirable to decrease thermal conductivity while
increasing toughness and processability. Meng et al. demon-
strated that the formation of a thin uniform coating of PANI, by
in situ chemical polymerization, decreased the thermal con-
ductivity of CNT networks to about 0.5 W m~' K™, with a ¢ of
60 S cm ™' and a S of 28 pv K™ ', when the PANI content was
15.8 wt%.?° Zhang et al. reported a relatively stretchable car-
boxylic surface-modified single-walled carbon nanotube
(SWCNT)-based TE fibre, prepared by a wet spinning method.
The Seebeck coefficient S of the annealed SWCNT-based TE
fibre remained stable at 44 pvV K™, even under a tensile strain
of ~20%, while the electrical resistance was increased by only
11%.>" However, the greatest majority of CNT-based films
reported so far have been prepared from CNT powders, which
requires good dispersions of CNTs in a suitable solvent or
polymer matrix, often being an important limiting factor for
property enhancement, reproducibility and practical applications.
In addition, the intertube junctions, which dominate the ultimate
properties of the CNT network, are difficult to control due to
the weak interactions and the presence of insulating surfac-
tant residues.’® Recently, CNT veils fabricated by floating
catalyst chemical vapour deposition (FCCVD) method, with
high ¢ and relatively high §,*° have attracted considerable
attention. This kind of free-standing CNT films, constituted by
a continuous network of exceptionally long CNTs - unlike CNT
films prepared from filtration or deposition of liquid suspen-
sions of CNT powders (also referred to as buckypapers) - can
be directly employed as a TE material into devices without the
need of an intermediate (solution) process. These materials
also possess advantages such as easy processing in lightweight
and flexible TE devices at large scale, thanks to the mechan-
ical robustness imbued by the continuous reticulate
structure.*®*” Zhou et al. developed flexible n-type SWCNT
films with a PF value as high as 1500 yW m™~ ' K2 and
outstanding long-term stability in ambient conditions (less
than 5% variation in electrical conductivity and Seebeck
coefficient, over 3 months).*® Choi et al. fabricated a wearable
thermoelectric generator (TEG) based on highly aligned CNT
veils. Here, the CNT veils were used as continuous TEG
materials, without metal electrodes between TE ‘legs’, provid-
ing a significant reduction in internal contact resistance
compared to traditional TEGs. N- and p-types legs were
created by doping the CNT veils with 8 mM polyethyleneimine
(PEI) and 2 mM ferric chloride (FeCl;) ethanol solutions,
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respectively. A TEG prototype with 9 p-n pairs yielded a
maximum output power of 8 UW under a temperature differ-
ence of 50 K.**

In free-standing CNT veils, the in-plane oriented continuous
network structure predetermines the superior electrical (o of
432-5020 S cm ™', depending on orientation) and mechanical
properties (Young’s modulus of about 55.2-58.9 GPa, maxi-
mum tensile stress of 2.7-2.9 GPa, maximum elongation at
break of 5-8% and good toughness),*® which is unfortunately
linked to high thermal conductivity (x of 26-700 W m™* K,
depending on the orientation),*® substantially reducing the ZT
value and restricting potential TE applications.

The thermal conductivity of CNT materials is constrained
from above by the conductivity of individual nanotubes (kr).
Both experiments and simulations predict values of kr for
single walled carbon nanotubes (SWCNTs) and multiwalled
carbon nanotubes (MWCNTS) on the order of 1000 W m~ ' K~ *,*"*
which makes CNTs one of the best heat conductors in nature.
The thermal conductivity of CNT films, of different types,
spans a remarkably broad range from ~0.1 W m ' K ' to
~800 W m~ ' K™ ',"* with the upper boundary of this range
corresponding to super aligned high-density CNT arrays.*?
At moderate material densities, for CNT films with entangled
networks of nanotubes bundles, the measured thermal
conductivity varies in a range from ~2 W m™' K ' to
~200 Wm ™' K '.** For instance, Wang et al. prepared aligned
CNT films (26 pm in thickness), from aligned CNT arrays,
by using a “domino pushing” method, with x reaching
153 W m~" K~ ".** The variability of thermal conductivity of
CNT materials is supported by theoretical studies,*® which
predict the strong effects of material density, nanotube length,
connectivity and structural parameters of the CNT network, as
well as presence of impurities and defects. This variability
paves the way for improving the TE properties of CNT materials
through reducing the thermal conductivity by engineering
nanotube networks.

Herein, we present a new method to decrease the thermal
conductivity of CNT veils, without significantly affecting the
values of S and o, inspired by fibre fragmentation in traditional
fibre-reinforced composites materials.*®™*® Specifically, a CNT
veil, sandwiched between thermoplastic polymer films, is sub-
jected to a solid-state drawing process, which fragments the
CNT veil and progressively introduces defects, responsible for
reducing the lattice thermal conductivity. A thermal treatment
process can then reverse the fragment separation process,
driven by the elastic entropic response of the oriented thermo-
plastic polymer films, hence partially restoring the electrical
conductivity, without affecting the Seebeck coefficient. Poly-
carbonate (PC) is chosen to be the polymer matrix due to its
amorphous microstructure and optical transparency.

In this work, the TE properties (o, S and «) of CNT veils and
their composites are systematically tuned and investigated by
the defect engineering method mentioned above. The results of
the experimental study are supplemented by large-scale meso-
scopic simulations, which confirm that the strongly reduced
thermal conductivity of non-homogeneously stretched CNT

This journal is © The Royal Society of Chemistry 2023
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films can be explained by the reduced connectivity of the CNT
veil network. The results can provide a valuable strategy to
optimize TE performance of CNT-based materials and organic
thermoelectrics.

Results and discussion
Mechanical properties of PC/CNT/PC composites

Composites of CNT veils partially embedded within two poly-
carbonate (PC) films (herein called PC/CNT/PC) were fabricated
by compression moulding (Fig. 1(a)). Solid-state drawing was
then used to stretch PC films, CNT veils and PC/CNT/PC
composites. For pure PC films (ESLt Fig. S1), the maximum
draw ratio (DR, defined as the ratio of the final length by the
original length) was about 3.2 at a drawing speed of 10% min "
and a temperature of 160 °C. When the speed increased to
50% min'' and 100% min~*, both the maximum stress and
strain of PC films increased, and the DR reached 11. Due to
strain hardening, the drawing behaviour became more stable at
higher drawing speeds, leading to an increase in the maximum
DR.*® Therefore, the speed of 100% min "' was chosen for all
tensile tests and stretching experiments. At the same strain
rate, the tensile strain and stress at break of pure CNT veils
were 40% and 37.2 MPa, respectively (ESL{ Fig. S2e). Raman
tests (ESL, T Fig. S3) indicated a random (in-plane) arrangement
of CNT bundles within the CNT veils, which is in accordance
with the surface morphological investigation (ESI,T Fig. S2a-d).
For PC/CNT/PC composites, the results showed a maximum
tensile stress of about 2.5 MPa and a maximum strain at break
of approximately 200% (DR = 3) (ESI,} Fig. S4). Compared to the
pure PC films (1000% and 1.17 MPa, Fig. S1), the tensile strain
at break of PC/CNT/PC was far lower (200%), while the max-
imum tensile stress was higher (2.5 MPa), showing a typical
composite reinforcement mechanism. In analogy with fibre-
reinforced polymer composites (and their fibre fragmentation
behaviour),® the CNT veil can be regarded as a brittle contin-
uous reinforcing phase while the PC film acts as the more
ductile matrix phase.

Stretching and heat repairing of PC/CNT/PC composites

To explore the effect of DR on TE performance of heat-repaired
PC/CNT/PC composites, the corresponding composite films
were stretched to different extend (ESI,t Fig. S5 and S6). CNT
veils fragments were produced by the solid-state drawing
process and reconnected via the thermal treatment (i.e. heat-
repaired). During the stretching process, the PC matrix

@ ;”°' press (b) (© (d)

290 °C/40 bar 160 °C 170 °C
q\Pcmmii_min» ‘ 1oo%min\m \
PTFE paper1
Fig. 1 (a) Schematic illustration of the fabrication process of PC/CNT/PC
composites. (b) PC/CNT/PC film with rectangular shaped specimens cut
from the film. (c) Composite sample stretched by solid-state drawing,
introducing the fragmentation of CNT veils. (d) Thermal treatment to
obtain heat-repaired PC/CNT/PC sample.

CNT Veil PC/CNT/PC film

sample Heat-repaired sample
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Fig. 2 Optical microscopy images of stretched (a)—-(c) and heat-repaired
(d)-(f) PC/CNT/PC composites at different draw ratios (DR). Bright and
dark colours represent cracks and unaffected CNT veils, respectively.
Stretched PC/CNT/PC composites films with a DR of 1.5 (a), 1.75 (b) and
2 (c). Heat-repaired PC/CNT/PC composites of DR of 1.5 (d), 1.75 (e) and 2
(f). The scale bar is 500 um. (g) Dependence of the fragments size on draw
ratio for PC/CNT/PC composites.

transmitted the load to the CNT veil until reaching its failure
point (at a strain of about 30%; ESL,T Fig. S2e), after which CNT
fragments were created. When the stretched composites films
were then subjected to a temperature above the PC glass-to-
rubber transition, they spontaneously recovered their initial
unstretched dimensions, exhibiting the shape memory effect
due to entropic elasticity, which reconnected the CNT veils
fragments. During the fragmentation process, cracks can be
observed with an optical microscope (bright areas in Fig. 2(a)—(c)).
It can be seen that cracks become progressively wider with the
increase of DR, while suddenly closing during thermal treatment
at 170 °C (Fig. 2(d)—(f)). The fragments decreased from an average
width of 1046 pm to 496 pm, in correspondence of a DR of 1.5 and
2, respectively, and reached a minimum of around 300 pm at DR
2.5. Further increasing the DR from 2.5 to 3 did not result in any
significant change in CNT veil fragment width (Fig. 2(g)). This
phenomenon is analogous to the critical fibre length in fibre-
reinforced composites, which can be described by the Kelly-Tyson
model.”® Such a model was used (detailed in Note S1, ESI) to
estimate the interfacial shear stress between PC and CNT veil of
0.43 MPa, which indicates a relatively good interaction.”® Here, we
have prepared stretched PC/CNT/PC composites up to DR 3, but
we were only able to measure TE properties for DR up to 2.
Therefore, only DR of 1, 1.5, 1.75 and 2 are investigated further
within this study.

Thermoelectric performance

The TE performance of PC/CNT/PC composites were investi-
gated by testing their Seebeck coefficient (S), electrical con-
ductivity (o) and thermal conductivity (). Upon increase in
draw ratio, the value of S remained approximately unchanged
at 55 pv K ', increasing slightly to 61 uv K ' only when
reaching a draw ratio of 2 (Fig. 3). This suggests that S is
relatively insensitive to the structure variation of the CNT veil in
PC matrix after solid state drawing and heat-repairing (the
Seebeck coefficient as a function of temperature, the carrier
mobility and carrier concentration of the CNT veil are reported
in Fig. S7 and Table S1, ESI} for reference). The electrical
conductivity of the PC/CNT/PC composite after stretching and
heat-repairing is presented in Fig. 3(a). Upon increase in draw

Mater. Horiz., 2023, 10, 3601-3609 | 3603
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Fig. 3 (a) Electrical conductivity of unstretched (draw ratio = 1), stretched

and heat-repaired PC/CNT/PC composites at different draw ratios. (b)
Seebeck coefficient and power factor of heat-repaired PC/CNT/PC com-
posites at different draw ratios.

ratio, o decreased from 289 S cm™ "' (unstretched PC/CNT/PC)
to 109 S cm !, at DR = 1.5, 49 S cm™ %, at DR = 1.75, and
0.23 Scm™ !, at DR = 2. The thermal treatment allowed a partial
recovery of the electrical conductivity of stretched PC/CNT/PC
composites. For instance, the electrical conductivity increased
from 109 S cm ™' to 214 S cm ™}, at DR = 1.5, from 49 S cm ™! to
196 S cm ™!, at DR = 1.75, and from 0.23 Scm ™' to 115 S cm ™%,
at DR = 2, after heat-repairing. The reduction of ¢ for stretched
PC/CNT/PC samples was caused by the progressive fragmenta-
tion of the CNT veil and the separation of the fragments with
increasing draw ratio, which resulted in a decreased carrier
mobility and hence electrical conductivity. Conversely, the thermal
treatment reconnected the CNT veil fragments and promoted the
formation of a more robust electrically conductive network.

This is consistent with the morphological investigation
presented in Fig. 4. In the heat-repaired samples, only a few small
cracks are evident. However, it is interesting to notice the presence
of individual CNTs or small bundles of CNTs, characterised by a
relatively low network density, bridging the crack edges. Away from
the crack, a more dense and compact network structure appears,
very similar to the unstretched CNT veil. Such a morphology
demonstrates the continuous electrical conductive network
formed in the heat repaired PC/CNT/PC composites.

Returning to the TE performance of CNT veils and compo-
sites, it is useful to discuss it in terms of parameters like power

DR =1.75

Microscope
25X

SEM
1000X

SEM
10000X

Fig. 4 Optical microscope and SEM images of heat-repaired CNT veils
after stretching at different draw ratios DR. The scale bars are 400 pm, 50
um and 5 um, respectively, from top to bottom row.
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factor (PF) and figure of merit (Z7), since, as mentioned earlier,
thermoelectricity is often a compromise between mutually
interlinked properties. As expected, the values of PF, presented
in Fig. 3(b), followed a similar trend as the electrical conductivity,
decreasing from 86 uW m~' K2, for un-stretched samples, to
61 W m~ " K 2, for sample that are stretched (at a DR of
1.5 or 1.75) and then thermally repaired. The PF decreased to
40 yW m ! K2, for samples stretched to a DR of 2 and heat-
repaired, in which the increase in § (61 pV K™ ') - even if expressed
as a square power in the calculation of the PF - did not
compensate the 50% decrease in o.

The other important TE parameter is the figure of merit Z7,
directly proportional to the power factor and inversely propor-
tional to the thermal conductivity. Fig. 5(a) presents the IR
images of unstretched CNT veils and CNT veils after stretching
to DR = 1.5 and heat-repaired, used to calculate values of
effective in-plane thermal diffusivity and thermal conductivity,
k. According to the Angstrom method,’* the x of unstretched
and stretched (DR = 1.5) and heat repaired CNT veils are about
46 Wm ' K ' and 13 W m ™! K%, respectively. Hence, the
thermal conductivity x decreases 3.5 times, which leads to a
more than two folds increase in ZT (Fig. 5(b)). Such a large
decrease in thermal conductivity could be caused either by the
presence of an insulating polymer layer between CNTs and/or
by the defects introduced into the CNT veil during fragmentation.
To eliminate the first hypothesis, the tests presented in Fig. 5
were actually carried out on samples in which the polymer was
removed by dissolution in dichloromethane, as demonstrated

Thermal diffusivity |[RRL) g 2.0x10°3
~ 130 mmz2s-!
¥ 40
e 1.6x10°
=
2
s
3 1.0x10°% N
Thermal diffusivity b4
~ 40 mm? s S
]
E 5.0x10*
H
2
£
0.0

(d
. arallel model A )
—,: 40 DR=1.5 series model
35
=3
> 30
2 25
3
3 20
H
o 15
s
g 10
2
- 5 e
0 = -o-CNT veil DR=1 -8-CNT veil DR=1.5
0 25 50 75 100 -*-PC/CNT/PC DR=1 PC/CNT/PC DR=1.5(Parallel model)
Volume fraction of PC (%) ~4-PC/CNT/PC DR=1 -5-PC/CNT/PC DR=1.5(Series model)
Fig. 5 (a) IR images of unstretched CNT veils and CNT veils after stretch-

ing to a DR of 1.5 and heat repairing, for thermal diffusivity tests. (b) Results
of thermal conductivity and ZT value of CNT veil. (c) Estimation of
composites thermal conductivities based on a series or parallel model.
(d) Comparison of a set of six important TE and mechanical properties of
CNT veil and PC/CNT/PC composites. A number in the range of 0 to 10 is
used for evaluating each property. The maximum value at each property
was defined as 10, other values relative to the maximum value to get the
normalized value (Table S2, ESI¥).
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by FTIR and TGA results (ESL1 Fig. S8 and S9). It is reminded
that x has two contributions, x = k. + kj, where k. is the
electronic contribution and k; is lattice contribution. The
introduction of cracks affects the lattice contribution, x;, which
is of critical importance since thermal conductivity of CNT is
dominated by phonons transport (detailed in Note S2,
ESIt).>*>** The thermal conductivity of PC/CNT/PC composites
is difficult to calculate with the same experimental method.
Herein the composite thermal conductivity is estimated by
using the equations for the parallel and the series model, as
the upper and lower bound prediction, respectively:*>

Kcomposite = (Dpkp + (1 - (DPJK (1)
1 [ 1-9
=_P4 g (2)
Kcomposite Kp k

where Kcomposite 1S the thermal conductivity of the composite,
&, is volume fraction of the polymer, x, is thermal conductivity
of the polymer (equal to 0.33 W m~' K, as calculated herein)
and « is thermal conductivity of the filler (i.e. CNT veil), equal
to 46 Wm™ " K ' or 13 Wm "' K, before and after stretching
and heat repaired, as measured before. Based on eqn (1) and
(2), a trend of how the thermal conductivity of the composites
change with the variation of volume fraction of PC can be
obtained (Fig. 5(c)). The final ZT values of the composites can
then be calculated. The composites ZT increased from 1.6 X
107% to 2.7 x 102, about two orders of magnitude higher than
pure CNT veils (5.6 x 10~ %), demonstrating that defect engi-
neering can have a positive effect on TE properties. To better
compare the overall performance of different PC/CNT/PC
composites, in relation to pure CNT veils, Fig. 5(d) plots six
performance indeces, including maximum tensile stress,
Young’s modulus (E), ZT, S, ¢ and 1/k. Overall, the PC/CNT/
PC composites showed a better set of thermoelectric and
mechanical properties. It can be appreciated, however, that
the thermal conductivity (as derived herein by the composites
model in eqn (1) and (2)) is an important index that, depending
on which model is more appropriate (series versus parallel),
can bias this comparison exercise.

Mesoscopic simulations of thermal conductivity of stretched
CNT films

To better understand the mechanism of reduction in thermal
conductivity in our system, we performed simulations of the
effect of stretching of the thermal conductivity a thin CNT film
with a continuous network of entangles bundles of nanotubes.*®>°

In the simulations, a CNT film with a thickness of 100 nm
composed of 15395 400 nm-long (10,10) CNTs at a material
density of 0.2 g cm ™ was used (Fig. 6(a)). The continuous
network of nanotubes in the in silico generated sample was
obtained with an approach based on dynamic spontaneous
self-assembly of nanotubes.®®®! This sample is then subjected
to tension at a constant deformation speed of 20 m s .
Under this deformation speed, the film is stretched non-
homogeneously with the formation of two low-density gaps
and preservation of a zone with relatively high density between

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (a)-(c) Top views of in silico generated films composed of

400 nm-long (10,10) CNTs at an initial material density of 0.2 g cm™>

and thickness of 100 nm, obtained in mesoscopic simulations: (a) unde-
formed film; film stretched to a strain of 44% (b) and 89% (c). Individual
nanotubes are coloured according to their local temperature. (d) Distribu-
tion of local density (solid red curve) and thermal conductivity (dashed blue
curve) along the deformation direction in the CNT film stretched to a strain
of 89%. The distribution of thermal conductivity is obtained assuming
infinite thermal conductivity kt of individual CNTs. (e) Ratio k/kq of the
average thermal conductivity x of stretched CNT films to the thermal
conductivity kg of the non-deformed film versus tensile strain, calculated
assuming infinite conductivity of individual CNTs k1 (red squares) and a
finite conductivity of individual CNTs of 600 W m™" K™ (blue triangles).
(f) Thermal conductivity of the non-deformed film ko versus thermal
conductivity of individual CNTs kr.

gaps in the central part of the film (Fig. 6(b) and (c)). The gaps
are formed due to finite-strain-rate effects, since the maximum
deformation speed, corresponding to a quasi-static tension
for the considered sample, is expected to be smaller than
10 m s~ .°" This relatively high deformation speed is chosen
intentionally to mimic in simulations the formation of cracks
in the experimental samples of CNT veils. At a strain of 89%,
the density in the gaps is about 3 times smaller than that in the
central part of the film (Fig. 6(d)).

For films obtained at various degrees of stretching, a tem-
perature gradient in the direction of deformation was applied
to calculate the steady temperature fields, as shown in Fig. 6(a)—(c).
These temperature fields are used to calculate the distribution of
the average temperature, heat flux, and the local (Fig. 6(d)) and
average (for the whole sample; Fig. 6(e)) thermal conductivities «,
based on the Fourier law.”*>’

For a non-deformed film, the thermal conductivity x, varies
depending on the adopted value of thermal conductivity of
individual CNTs kr, from 27.3 W m~* K~ * for CNTs with infinite
krto11.1 Wm ' K for kr = 600 W m™* K *. These values are
in line with the measured values of thermal conductivity
9Wm "K' -19 Wm™"' K ' of CNT films, at a comparable
nanotube volume fraction of 10%.°* The strong effect of finite
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conductivity of individual CNTs on the average material con-
ductivity agrees with the previous mesoscopic simulations.>®
Theoretical studies show that the effect of kr on the CNT
material conductivity depends on the average number of
thermal contacts per nanotube in the network, and, thus, can
be affected by the material density, CNT length, and degree of
connectivity of the CNT network.*”> The calculated values of
the film thermal conductivity k, are from 2 (at infinite k) to 4
(at kr = 600 W m ™" K ') times different from the experimentally
measured conductivity of CNT veils with no stretch (Fig. 5(b)).
This difference, however, is expected, since the experimental
CNT veils and in silico generated CNT film are different from
each other by the type of nanotubes, CNT length, material
density, and structural parameters of the CNT networks.

The local thermal conductivity in the stretched samples is
distributed non homogeneously and follows the distribution of
local material density. At a strain of 89%, the local conductivity
in gaps is about three times smaller than the conductivity of a
non-deformed film (Fig. 6(d)). The ratio of the average con-
ductivity of the deformed film « to the conductivity of the non-
deformed film x, demonstrates a linear decay with increasing
strain when the strain is greater than ~40% (Fig. 6(e)). The
average conductivity exhibits three-fold decrease at a strain of
110-130% when the minimum local density in the gaps drops
to ~15% of k,. This decrease in the average conductivity is
explained by poor network connectivity in the low-density gaps.
These results suggest that the reduced connectivity in the gaps
or cracks is the primary factor that explains the drop in thermal
conductivity of non-homogeneously stretched CNT veils.

Experimental section
Materials

Carbon nanotube (CNT) veils, fabricated by floating catalyst
chemical vapor deposition method, were purchased from Suz-
hou Creative Nano Carbon Co., Ltd. The veils are composed
of multiwalled carbon nanotube (MWCNT) of diameter of
~5-20 nm and show an apparent density of about 0.5 g cm >,
Polycarbonate (PC) films (Lexan 8010MC, 500 um) with density
of 1.2 g em™? and specific heat capacity of 1.3 J g~ K" were
purchased from Cadillac Plastic Limited (U.K.). The chemical
reagents used without further purifications are acetone (99.5%),
ethanol (96%, v/v) and dichloromethane (DCM, >99%), pur-
chased respectively from Thermo Scientific, Honeywell and Fisher
Chemical.

Preparation of PC/CNT/PC composites

Polymer/CNT veil composites sandwich structures were fabri-
cated by compression moulding. First, a CNT veil (80 mm X
60 mm) was embedded in two PC films (90 mm x 90 mm).
Temperature and pressure of a hot press (Dr Collin P300E,
Germany) were set at 290 °C and 40 bar. The stack PC/CNT/PC
was introduced into the chamber of the hot press, pre-heated
for 10 min and then pressed for 3 min, before water-cooling
down to room temperature under pressure.
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Preparation of stretched and heat-repaired PC/CNT/PC
composites

Stretched and heat-repaired samples were made by using a
universal tensile tester (Instron 5900R84, UK) equipped with an
environmental chamber. PC/CNT/PC composites were cut into
strips of 40 mm x 5 mm, followed by uniaxially drawing at
160 °C and 100% min~" drawing speed, until reaching different
draw ratios. Heat-repaired samples were obtained by heating
stretched PC/CNT/PC composites at 170 °C for 10 min. Oriented
PC spontaneously recovered to the initial state when exposed
to temperatures above the PC glass-to-rubber transition (about
147 °C).

Characterization

The thickness of CNT veils was measured by using a profilo-
meter (Bruker Dektak Vision 64). FEI Inspect F Scanning
Electron Microscope (SEM) and an optical microscope (40x-
2500x Digital LED Trinocular Compound Microscope, VWR
and Axio Vert.Al Inverted Transmitted Light Microscope,
ZEISS) were used to observe the morphology of CNT veils and
the PC/CNT/PC composites, before and after stretching and
annealing. Mechanical tests were performed by using a quasi-
static tensile tester (Instron 5900R84) with a load cell of 100 N
and different strain rates (from 10% min~ ' to 100% min ).
The carrier mobility and concentration of the CNT veil were
obtained by a Hall measurement system (Cryogenic, UK). A two-
probe method was used to calculate the electrical conductivity
of PC/CNT/PC, by measuring the electrical resistance with a
Keithley 2000 multimeter. The length and width of the sample
were 40 mm x 5 mm. At least three specimens per sample were
tested and average values and standard deviation reported.
Raman tests were carried out by an inVia Qontor confocal
Raman spectrometer coupled with a microscope with a
633 nm laser source, to estimate the orientation of CNT veils
(The VV (vertical/vertical) polarization, where the incident and
scattered polarization were the same, was employed). The
Seebeck coefficient was characterized at 300 K under nitrogen
atmosphere, using a Seebeck testing system (MMR, SB100
digital Seebeck controller and K20 digital temperature control-
ler). The effective thermal diffusivities (1) of the specimens were
measured by using a custom-built setup consisting of a pulsed
(1 Hz) tunable laser beam to excite heat waves that propagate
periodically into the sample and by using as detector a high-
resolution infrared camera (FLIR T660). The camera was
mounted with an IR microlens (pixel size 50 x 50). Thermal
diffusivity is then calculated following the Angstrom method.>?
Then the thermal conductivity can be calculated by the following
equation.

K= ACpp (3)

where ¢, and p represent specific heat capacity and density,
respectively. Specific heat capacity of the CNT veil in this work
is 0.7 J g7 K~ .% Samples for thermal diffusivity tests were
treated with dichloromethane to remove PC layer. PC and CNT
veils were also tested by an attenuated total reflectance-Fourier
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transform infrared spectroscopy (ATR-FTIR, Brukler Tensor 27).
Thermogravimetric Analyzer (TGA 5500, TA Instruments) was
used to test residual PC on CNT veil.

Computational method
Dynamic mesoscopic model of CNT network materials

In the mesoscopic model, each nanotube is represented by a
chain of stretchable cylindrical mesoscopic elements, con-
nected with each other in mesoscopic nodes. The force field
in the equations of motion for mesoscopic nodes accounts for
stretching and bending of nanotubes,” bending buckling,**
and van-der Waals interaction between nanotubes.>®

In silico generation of CNT films with a continuous network of
nanotubes

To generate in silico an initial film sample with a continuous
network of nanotubes, the straight and dispersed (10,10)
400 nm long CNTs were randomly distributed in a volume with
a size of 10° nm x 10° nm x 10®> nm at a material density of
0.2 g cm>. Then the dynamics mesoscopic model was used to
simulate the self-assembly of CNTs into bundles at an elevated
mesoscopic temperature and fixed volume and with the peri-
odic boundary conditions in the plane of the film. Finally, the
film sample was relaxed at a mesoscopic temperature of 300 K
to obtain a steady-state quasi-equilibrium CNT network shown
in Fig. 6(a). Further details of the procedures used for the
generation of the initial film can be found in ref. 59.

Stretching of CNT film

To stretch the CNT film, the parts of CNTs belonging to the
“clip” layers of 50 nm thickness were moved in the opposite
directions with a constant deformation velocity of 20 m s~
Further details of the procedure used for the CNT film stretch-

ing can be found in ref. 59.

Calculation of thermal conductivity

The average thermal conductivity was calculated using a com-
putational model.>**” The model of thermal transport pro-
cesses accounts for finite intrinsic conductivity of individual
CNTs and the inter-tube contact heat transfer. The temperature
distribution in each individual nanotubes is calculated by
solving one-dimensional heat conduction equation with dis-
tributed source terms describing the inter-tube heat transfer.>®
The model of inter-tube contact heat transfer’” was parame-
terised assuming a contact conductivity of 5 x 10~ ** W K" for
crossed (10,10) CNTs at equilibrium gaps between them.®® The
thermal conductivity &y of individuals CNTs is known to be
dependent on the CNT length.*>®® To quantify this effect, the
simulations were performed for ky = 600 W m ™' K * (here ky is
traditionally defined for a reference area of 2nRJ, where R is the
SWCNT radius and § = 3.4 A is an equilibrium gap between
graphene layers), which is a conservative estimate for relatively
short 400 nm long CNTs considered in this study, and addi-
tionally for CNTs with infinite k. In the latter case, each
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nanotube has a constant temperature that can be found from
the condition of zero total contact heat flux.*” For calculations
of thermal conductivity, the opposing sides of the film sample
are attached to two heat baths at temperatures of 300 K and
600 K and then the steady-state distribution of temperature in
all CNTs is calculated. Once the steady-state temperatures
of CNTs are determined, the heat flux g through the whole
sample and distribution of average temperature along the
applied temperature gradient 7(x) are calculated. The average
thermal conductivity is calculated from the Fourier law as
k = |q(xy, — x1)/(T(xy) — T(x1))/A|, where coordinates x, and x,
correspond to the boundaries of the central part of the sample,
where the temperature distribution T(x) is not affected by the
vicinity of the heat baths (for a homogeneous sample,
the distribution of 7(x) is linear at x; < x < x,),”> and 4 is
the maximum cross-sectional area of the sample. The local
thermal conductivity of the film is calculated based on the local
gradient 07/0x of the average temperature as x(x) = |g/0T/0x|/A.

Conclusions

A novel method to introduce defects into CNT veils to reduce
their thermal conductivity, without significantly affecting
Seebeck coefficient and electrical conductivity, has been
demonstrated. Solid-state drawing of CNT veils embedded
between two polycarbonate films generated fragments in the
CNT veil of reducing size with increasing draw ratio, in a
process reminiscent of fibre fragmentation in continuous
fibre-reinforced composites. Fitting the Kelly-Tyson model,
an interfacial shear stress between PC and CNT veil of 0.43 MPa
could be estimated, indicating a relatively good interaction.
A successive heat treatment at above the PC glass-to-rubber
transition temperature spontaneously reconnected the CNT
veils fragments electrically but not thermally.

The defect-engineered CNT veils experienced a decrease in
thermal conductivity from 46 (virgin) to 13 W m ' K *
(stretched to DR = 1.5 and heat-treated), while the Seebeck
coefficient and electrical conductivity went from 51 to 61 pV K™
and 289 to 214 S ecm™ ", respectively. A large-scale mesoscopic
simulation indicates that the experimentally-observed reduction
in CNT veils thermal conductivity can be explained by a weakened
connectivity of the CNT network upon stretching. The ZT figure-
of-merit is estimated to increase from 5.6 x 10~* (virgin CNT veil)
to 2.7 x 102 (stretched and heat-treated PC/CNT/PC) when the
insulating polymer layer is accounted for. The above results show
that defect engineering can be a valuable strategy to optimize TE
properties of CNT veils and, potentially, other organic thermo-
electric materials.
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