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Thermal and Electrical Transport in Ultralow Density
Single-Walled Carbon Nanotube Networks

Ke Jia Zhang, Abhishek Yadav, Kyu Hun Kim, Youngseok Oh, Mohammad F. Islam,

Ctirad Uher, and Kevin P. Pipe*

Carbon nanotube networks offer significant technological
promise as a means of realizing, on a macroscopic size scale,
the excellent thermal, electrical, mechanical, and functionali-
zation properties of nanotubes, in general, and single-walled
carbon nanotubes (SWCNTs), in particular. In such networks,
the properties of the junctions between nanotubes can critically
determine the performance of the entire network. For thermal
and electrical applications of uncoated SWCNT networks, nano-
tube junctions are the primary bottleneck for heat and charge
transfer, since thermal and electrical conductivities are high
within the SWCNTs themselves.'3] In addition to the intrinsic
impedances of the individual junctions, collective effects (e.g.,
phonon interference) are believed to arise due to the intercon-
nected nature of the network and contribute to the total imped-
ance; Green's functions calculations that include such effects
have been used to study the large increases observed in junc-
tion impedance for SWCNT networks relative to that meas-
ured at the junction of two isolated (i.e., not within a network)
SWCNTs.I!

In this work, we present the temperature-dependent
(100-300 K) thermal, electrical, and thermoelectric properties
of SWCNT aerogels with ultralow density (p = 6.6 kg m™3). The
aerogels are three-dimensional, isotropic networks of SWCNTs
held together by van der Waals interactions at the junctions
between nanotubes.! Their ultralow density leads to an inter-
junction spacing (mesh size) of 20 nm,’! which is much larger
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than previous SWCNT networks (mesh size = 2 nm)! in which
these transport properties have been studied. This enables the
transport properties of the junctions to be distinguished from
those of the nanotubes themselves. We measure dramatic
(order of magnitude) improvements in the thermal and elec-
trical conductances of the SWCNT junctions compared with
previously reported junction conductances in SWCNT net-
works. The average junction conductances of the aerogel net-
work are found to be close to the ideal thermal and electrical
conductances at the junction of two isolated (non-network) van
der Waals bonded SWCNTs,2% suggesting the possible elimi-
nation of collective effects. We find that coating the junctions
and nanotubes with a few layers of graphene to improve the
aerogel network's mechanical properties degrades its elec-
trical and thermal performance, as the junction impedances
become outweighed by the increased impedances of the coated
SWCNTs themselves. The coating further leads to a plateau in
the aerogel thermal conductivity over a range of temperatures,
which we show is consistent with a temperature-dependent
phonon mean free path.!

Aerogels were synthesized from SWCNTs (SouthWest
NanoTech) with length | = 1 um and diameter d = 0.93 nm
through a critical point drying technique. Two types of aerogels
were considered: as-grown SWCNT samples (p = 6.6 kg m™)
and graphitic layer coated (Gr-coated) SWCNT samples (p =
16.1 kg m=3, synthesized from as-grown samples) that have sig-
nificantly improved mechanical properties.! Transmission
electron microscopy (Supporting Information, Figure S1) and
Raman spectroscopy measurements confirmed that the latter
samples were coated with between one and five layers of =3 nm-
long graphitic nanoplates, and that the underlying SWCNTs
remained intact during the coating process.! The graphitic
coating was also observed to accumulate at the SWCNT junc-
tions, which likely strengthened these junctions and improved
their mechanical properties.

Thermal conductivity was measured using a comparative
method (Supporting Information, Figure S2) that is standard
for materials with low thermal conductivity.®] A disc-shaped
sample of radius 10 mm and thickness 3 mm was sandwiched
between two stainless-steel discs (SS304), each having a radius
of 10 mm, thickness of 10 mm, and temperature-dependent
thermal conductivity that was previously measured. Silver paste
(DuPont 4929N) was used to reduce the contact resistance
between the aerogel and steel plates, and did not permeate the
samples. A heater was mounted on top of one steel plate and
used to generate a heat current while the other plate was placed
in contact with the cold finger of a cryostat, thereby realizing
a standard heat flux measurement geometry. Measurements
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were conducted in vacuum to prevent parasitic convection.
Two copper cylinders were mounted outside the cold finger as
radiation shields. The temperature of the sample holder was
controlled by a Lakeshore 340 temperature controller. Six ther-
mocouples (TC1-TC6) were inserted into small-bore holes in
the steel plates and affixed to the top and bottom of the sample
and were used in separate measurements to determine: 1) the
heat fluxes through the steel plates (TC5, TC6) and temperature
drop across the sample (TC3, TC4) when the heater was turned
on (from which the sample's thermal conductivity was derived),
2) the temperature drop and induced thermal voltage (TC3,
TC4) across the sample when the heater was turned on (from
which the sample’s Seebeck coefficient was derived), and 3) the
voltage drop across the sample (TC3, TC4) when the current
source (I) was turned on (from which the sample's electrical
conductivity was derived).

The sample thermal conductivity (x) was derived using the
1D Fourier law k = Qty/(As(T3 — T,)) where t; and A are the
sample thickness and cross- sectlonal area and Q is the heat
flux through the sample. Q was estimated using the heat flux
Apky(Ts — Tg)/t, transferred through the bottom steel plate,
where k, is the steel plate thermal conductivity and t, is the
distance between TC5 and TC6. Three sources of error (dis-
cussed further in the Supporting Information) are associated
with Q: uncertainty due to parasitic black-body radiation losses
from the sample (calculated to be less than 7.4%), uncertainty
due to parasitic conduction losses through the thermocouples
(calculated to be less than 0.1%), and uncertainty in #, due to
the nonzero thermocouple diameter (calculated to be less than
10%). Direct calculation of the heat loss by comparison of the
heat fluxes in the top and bottom steel plates, while having a
larger uncertainty than the component analysis above due to
the collective uncertainties associated with a larger number of
thermocouples, likewise suggested that the heat loss was small
compared to Q. The uncertainty in t; due to surface roughness
was approximately 5%, and the uncertainties in temperature
and voltage measurements were each less than 0.01%. The
interfacial temperature drops at each end of the sample were
estimated to be less than 0.3% of the temperature drop across
the sample itself. The fraction of Q carried by radiative heat
transfer within the aerogel was calculated by photon diffusion
theory!!3 to be between 0.3% and 2.3% for the as-grown sample
and between 0.3% and 2.7% for the Gr-coated sample over the
range of 100-300 K. Accounting for the above sources of uncer-
tainty (discussed further in the Supporting Information), the
maximum error in thermal conductivity is found to be 18%.
Since the same bottom steel plate was used for all measure-
ments (thus fixing t,), the relative uncertainty in thermal con-
ductivity for the two aerogel samples is less than 9%.

The measured thermal conductivities of the as-grown and
Gr-coated SWCNT aerogels at room temperature are shown
in Figure 1la. Both aerogels are found to have thermal con-
ductivities similar to conventional carbon aerogels (CAs)
of much higher density"] At room temperature, the
average k/p is 85.9 W cm? kg! K! for the as-grown aero-
gels and 14.6 W cm? kg™ K™! for the Gr-coated aerogels, both
of which are much higher than that found in CAs (typically
=5 W cm? kg! K!). Figures 1b,c show the temperature depend-
ence of thermal conductivity measured for the SWCNT aerogels
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Figure 1. Thermal properties. a) Thermal conductivities of SWCNT aerogels
and carbon aerogels (CAs) with various densities at room temperature. A
(red and blue): as-grown, B (black and brown): Gr-coated, [J,0,0: CAs.[13-17]
b, ¢) Thermal conductivities of (b) Gr-coated and (c) as-grown SWCNT
aerogels as a function of temperature (excluding thermal radiation within
the aerogel). d) Derived average junction thermal conductances for two
as-grown SWCNT aerogels (data points) and for a dense SWCNT network
(dashed line),? as well as the theoretical junction thermal conductance of
two isolated (non-network) van der Waals bonded (10,0) SWCNTs (solid
line). e) Average junction thermal conductances of SWCNT networks
with various mesh sizes: dense networks (¥,0, 0,%)2327-2 and as-grown
SWCNT aerogels (A red and blue). For < and O, an isotropic SWCNT net-
work of volume fraction 70% (typical of buckypaper)% was used to estimate
the mesh size. Also shown is the theoretical junction thermal conductance of
two isolated (non-network) van der Waals bonded (10,0) SWCNTs (dashed
line)? and three crossed SWCNTs (O) from a Green's function calculation.[")
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primarily over the range of 100-300 K. The thermal conductivi-
ties of the as-grown aerogels strictly increase with temperature,
similar to a single isolated (non-network) SWCNT-SWCNT
junction over this temperature range.’! While the Gr-coated
aerogels are more than twice as dense, their thermal conduc-
tivities are approximately half that of the as-grown sample, and
exhibit a plateau region. Such plateaus in thermal conductivity
have been observed in amorphous materials (including aero-
gels) due to strong Rayleigh scattering of phonons from local
variations in density or bond length, but typically occur in such
materials at a much lower temperature (=30 K).['81]

To analyze the thermal performance of the two types of
aerogels, we first express the aerogel thermal resistance as
R = Ryr + Rjun, Where Ryr is due to transport within the
SWCNTs and Ry, is due to transport at the junctions between
the SWCNTs. Ry is calculated by considering a structure that
has the same radius, thickness, and density as the aerogel
sample and which contains n, layers of SWCNTs (each having
ny SWCNT, all of diameter d and length I) that are perfectly
aligned in the direction of the temperature gradient. Ry is then
given by Rgwent X 12/1q, Where Rgwcenr is the thermal resistance
of a single SWCNT. Because the phonon mean free path (/) of
an as-grown 1 nm-diameter SWCNT is larger than 750 nm for
temperatures below 300 K,?”) we assume ballistic heat transfer
within the SWCNTs in the as-grown aerogel and set g = I.
Applying the thermal conductivity relation k = Cvlg,/3,°! we
express Rgwent of the as-grown aerogels as 3/(nddCvg), where
8= 3.35 A is the graphite intersheet spacing,?l C is the SWCNT
specific heat (taken to vary from 153 to 641 ] kg™! K! over the
range of 100-300 K based on data for an isolated uncoated
(10, 10) SWCNT),?2 and vy is the ballistic phonon group
velocity, which is independent of nanotube length and calcu-
lated as =1.5 x 107 m s7! based on vy = 3k/(Clyg,) and measure-
ment data of an as-grown 1 nm-diameter SWCNT.2% The above
calculations predict a contribution of Ryr to the total measured
SWCNT aerogel thermal resistance of only 0.3-0.8%; similar to
other SWCNT networks, the resistance of the as-grown sample
is therefore dominated by junction resistances.2*!

For a network of junctions each having thermal conduct-
ance G, the total contribution of the junctions to the aerogel
thermal conductivity can be derived using an excluded volume
approach.l''?4 Properly accounting for the transport properties
of the 3D random SWCNT network (which yields electrical and
thermal conductivities proportional to p? 311242 rather than
p1220) we apply the density relation p = 27rdpgraphene/ Dl
the network thermal conductivity k = GI*(p/Pgraphene)*/ (727d)1**
to derive the ]unctlon contribution to thermal conductivity
Kiunc = TGI2d/(18 ) ) and the total junction thermal resistance
Riunc =18 D t,/(m2dGA,). An average mesh size of D =20 nm
was used for the as-grown samples (which had volume frac-
tions of 0.52% and 0.49%) based on small-angle neutron-scat-
tering measurements of as-grown SWCNT aerogels with 0.5%
volume fraction.”! As shown in Figure 1d,e, the average indi-
vidual junction conductances of the as-grown SWCNT aerogels
derived from their measured thermal conductivities are very
close to the value of 60 pW K! predicted by a Green's function
model for a single isolated (non-network) van der Waals bonded
SWCNT junction.’! To compare these average individual junc-
tion conductances to those of dense SWCNT networks, we
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again apply the SWCNT network density relation and derive
values of G for dense SWCNT networks?>?7172% using G =
Gacl(pac/P)*k/kac, where AG refers to the as-grown aerogel.
Note that the thermal conductance of a single junction is pro-
portional to k/p?. The results, also plotted in Figure 1d,e, show
that the thermal conductances of junctions in dense SWCNT
networks have a typical magnitude of 2 pW K7!, 30 times less
than that of the as-grown aerogel.

Reduction of the junction thermal conductance due to
phonon interference has been proposed based on atom-
istic Green's function simulations!! as a reason for the very
small measured thermal conductivities of dense SWCNT
networks, since the phonon coherence length in SWCNTs
is on the order of micrometers.??l Based on a simple domi-
nant phonon model®! and a longitudinal acoustic phonon
velocity of 24 km s71,?2l the dominant phonon wavelength is
predicted to be 1.5 nm at 300 K and 4.5 nm at 100 K. Dense
SWCNT networks previously studied have a typical mesh size
of 2.5 nm,123?7-2% making the space between adjacent SWCNTs
less than 1 nm. Because of their relatively wide junction
spacing, interference effects are expected to be less pronounced
in aerogel networks; this is supported by the similarity of the
derived average as-grown junction conductance to the predicted
value for a single isolated (non-network) SWCNT junction.
Furthermore, since ultralow density SWCNT networks exhibit
the intrinsic properties of SWCNT-SWCNT junctions, they pro-
vide an accurate means to characterize single-junction thermal
properties that is much simpler and less prone to significant
experimental uncertainties than measuring a single-junction
resistance directly.3

The graphitic layers (composed of =3 nm long flakes
between 1 and 5 atomic layers thick)* accumulated at the junc-
tions of the Gr-coated aerogel are expected to increase the con-
tact area of each junction and hence its conductance G.?233]
Using the average number of layers (2.5) to scale®? the junc-
tion conductance of the Gr-coated sample relative to that of the
as-grown sample through Gg, = Gag(da,/dac)?, and accounting
for its same average mesh size D =20 nm (since the graphitic
coating is applied to the as-grown sample and therefore does
not affect the mesh sizel*l), we plot the calculated total junction
resistance Rjy, as well as the total measured thermal resistance
R in Figure 2a. The junction resistance is found to have only a
small (less than 8%) contribution in these samples which is not
large enough to account for the measured thermal conductivity
plateau.

To analyze this plateau, we take the difference R — Rjyy to
be the resistance of the Gr-coated SWCNTs themselves (Ryr)
and study the effect of the graphitic layers on phonon boundary
scattering. Using the same ballistic phonon velocity as derived
for the as-grown aerogel, we find that I, for the Gr-coated
SWCNT aerogel is on the same order as the nanotube diam-
eter, consistent with the Casimir limit (l,,5, =~ d)** and other
1D nanostructures such as Si nanowires coated with germa-
nium.! Previous models for coated 1D systems have pre-
dicted a frequency-dependent lg, that falls to a minimum
at a particular frequency due to strong phonon coupling at
that frequency between the 1D system and coating.”! Using
a dominant phonon model®Y and the Debye temperature
Tp = 960 K for (10, 10) SWCNTSs, 22l we translate this frequency
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electrical transport in uncoated SWCNT
networks also dominated by transport at the
junctions.?! In the same way that the average
junction thermal conductance in a network
- is proportional to k/p?, the average junction
electrical conductance in a network is pro-
portional to o/p?. As shown in Figure 3d, the
average junction electrical conductance of an
as-grown SWCNT aerogel is approximately
= 2 orders of magnitude greater than that of a
dense or bundled SWCNT network.1?>23 Fol-
lowing calculations equivalent to those given
above for thermal conductance, we derive an
average junction contact resistance for the
as-grown aerogel of 9.8 MQ. While smaller

(@)

values in the range of 0.43-2.3 MQ have been
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measured for a junction between two isolated
4 (non-network) SWCNTs on a silicon dioxide
substrate,® it has been shown that substrate
effects can pull SWCNTs into closer con-
tact than when they are free-standing as in
the SWCNT aerogels measured here.l®! The
similarity in the temperature dependences
of the electrical conductance for the SWCNT
- aerogel junctions and the isolated (non-net-
work) junction (Figure 3b) further supports
the electrical ideality of the SWCNT aerogel
junctions.”!

The Gr-coated aerogel has a lower electrical
conductivity than the as-grown aerogel (sug-
gesting increased carrier scattering due to the

(b)
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Figure 2. Analysis of observed thermal conductivity plateau. a) Temperature-dependent compo-
nents of thermal resistance for Gr-coated aerogel. B: R from measurement (radiation excluded),
Ot Rym +: Rjync- b) Temperature-dependent phonon mean free path /¢t predicted for a coated
nanowire (orange dashed line),”] derived for Gr-coated SWCNT aerogel (@

dependence into a temperature dependence, finding qualitative
agreement with the trend in lq,(T) derived for the Gr-coated
samples (Figure 2b) and quantitative agreement in the temper-
ature of the minimum. This analysis suggests that the thermal
conductivity plateau observed for the Gr-coated aerogel is due to
the dominant phonon mean free path reaching a minimum at
that temperature.

Measured electrical conductivities of the SWCNT aerogels
(derived from o = It/(VA,), where V is the voltage drop meas-
ured across the sample when current [ is applied) are shown in
Figure 3a. As observed in other SWCNT networks, the electrical
conductivities of all samples increase with temperature, pre-
sumably due to tunneling at the junctions.l?’] Like the thermal
conductivity measurements, the electrical conductivities of the
Gr-coated samples are found to be much lower than that of the
as-grown sample.

Similar to phonon transport, the mean free path and coher-
ence length of electrons in SWCNTs are generally assumed to
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coating) and greater temperature dependence
(Figure 3c) than the as-grown aerogel, a single
SWCNT, single-layer graphene, bilayer gra-
phene, or a graphene ribbon.’*% These dif-
ferences between the as-grown and Gr-coated
aerogels likely arise from a perturbation of
the structural symmetry and band structure
of the SWCNTs by the graphitic coating, sim-
ilar to the way in which these characteristics
are perturbed in single-layer graphene when a second layer is
added.” The derived activation energy for the Gr-coated aerogel
is E, = 34 meV, similar to values found for graphene ribbons.*’!
Measured thermopower (Seebeck coefficient, S) data for the
SWCNT aerogels are shown in Figure S3 in the Supporting
Information. Unlike thermal conductivity and electrical con-
ductivity, thermopower does not have a strong dependence
on density. The similarity of the thermopower of the as-grown
aerogel to that of a single (10, 0) SWCNTE2Y or a dense SWCNT
networkl*!l suggests that it is not strongly dependent on junc-
tion properties. Both experiments? and simulations*? have
suggested that phonon drag effects can strongly contribute to
the thermopower of a SWCNT and can increase over the tem-
perature range of 10 K to 300 K. The thermopower is found
to be much lower for the Gr-coated aerogel than the as-grown
aerogel, as increased phonon boundary scattering reduces bal-
listic phonon transport and hence the contribution of phonon
drag (as well as the thermal conductivity, as discussed above).

wileyonlinelibrary.com 2929

o
o
3
]
G
2
a
-
o
=




2
o
<
S
=
5
=
=
o
1%/

ADVANCED
MATERIALS

www.advmat.de
200 (a). T T T T T T T
I y
a A
_ 150 - = XK B = -
- i = X 1
Ejoof = 7 5
9 | As-grown
© 50 Gr-coated .
ofw s + = = = & F |
100 150 200 250 300
Temperature (K)

10° E-(b) %I*JE * . As-grown 7

N & = S TS

S T =
r | A/::

o Single SWCNT o
junction Gr-coated

1 PR S E T S

10° F(c) SLG 1

< [ - — _SWCNT

> [Gr-coated X 8= _ _ 1
= lpo »~ E T T T e— ]
i Gra [ ey
phene ribbon ‘/\\ %
E_=24meV NN ]
0.002 0.004 0.006 0.008 0.010 0.012
Temperature'1 (K'1)

100 L4 v T v T v T v y
D ( ) As-grown
£ 10 3

% 1 Z|— - ]
Q) gl 3 | Dense SWCNT E

0.1 ;1 .—‘l neltwor;ks 1 " 1 . (O

0 5 10 15 20

Mesh size (nm)

Figure 3. Electrical properties. a) Electrical conductivities of SWCNT
aerogels vs. temperature. A: as-grown, M(black and olive): Gr-coated.
b) Temperature dependence of normalized conductivity of SWCNT aero-
gels. Data for an isolated (non-network) junction between two metallic
SWCNTs is shown as a dashed line.3”] ¢) Temperature-dependent nor-
malized conductivity of Gr-coated aerogel and: (solid line) single 1.3 nm
diameter SWCNT:B8l +: single layer of graphene;1*? @: bilayer graphene;1*’!
+: 36 nm wide graphene ribbon.% d) Junction electrical conductances
of as-grown aerogel and dense SWCNT networks at room temperature.
O,+, @: dense networks.[2525.23]

In conclusion, measurements of the thermal, electrical, and
thermoelectric properties of ultralow density SWCNT aero-
gels over the range of 100-300 K indicate that the thermal
and electrical conductances of the constituent junctions are
much higher than those found in dense SWCNT networks and
approach the ideal values of isolated (non-network) SWCNT
junctions. In particular, the junction thermal conductance of
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the as-grown aerogel is very close to the theoretical maximum
for a van der Waals bonded SWCNT junction. Graphitic coat-
ings used to improve the aerogel mechanical strength are found
to greatly inhibit thermal and electrical transport. Reduction in
phonon mean free path is evidenced by both thermal conduc-
tivity and thermopower measurements; the latter suggests that
increased phonon boundary scattering in the Gr-coated aerogel
reduces the contribution of phonon drag.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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