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Gas Diffusion, Energy Transport, and Thermal
Accommodation in Single-Walled Carbon Nanotube Aerogels

Scott N. Schiffres, Kyu Hun Kim, Lin Hu, Alan J. H. McGaughey, Mohammad F. Islam,

and Jonathan A. Malen*

The thermal conductivity of gas-permeated single-walled carbon nanotube
(SWCNT) aerogel (8 kg m=3 density, 0.0061 volume fraction) is measured
experimentally and modeled using mesoscale and atomistic simulations.
Despite the high thermal conductivity of isolated SWCNTs, the thermal
conductivity of the evacuated aerogel is 0.025 + 0.010 W m~' K™! at a tem-
perature of 300 K. This very low value is a result of the high porosity and
the low interface thermal conductance at the tube—tube junctions (esti-
mated as 12 pW K™'). Thermal conductivity measurements and analysis

of the gas-permeated aerogel (H,, He, Ne, N, and Ar) show that gas mol-
ecules transport energy over length scales hundreds of times larger than
the diameters of the pores in the aerogel. It is hypothesized that inefficient
energy exchange between gas molecules and SWCNTs gives the permeating
molecules a memory of their prior collisions. Low gas-SWCNT accommoda-
tion coefficients predicted by molecular dynamics simulations support this
hypothesis. Amplified energy transport length scales resulting from low gas
accommodation are a general feature of CNT-based nanoporous materials.

electrical conductivity, and thermal con-
ductivity (kywent = 50-200 W m™! K7,
kswenr = 1000-3000 W m~ K1).0-14
The CNTs in these nanoporous materials
interact through van der Waals interac-
tions between CNTs. Compared to other
aerogels, CNT-based nanoporous mate-
rials possess high electrical conductivity
and high specific surface area, and will
be useful in super-capacitors, desalination
membranes, lithium-air battery electrodes,
permeable catalysis scaffolding, gas sen-
sors, and thermoelectric devices.!'>~24
Inter-nanoparticle bonding and nano-
particle defectiveness are reported to
impact electrical conductivities of carbon-
based nanoporous materials, and similar
trends are emerging for thermal proper-
ties.[082] For example, the thermal con-

1. Introduction

Thermally insulating and ultralight nanoporous materials or
aerogels are attractive candidates for thermal/micrometeoroid
insulation in weight-conscious applications such as satellites,!!
thermostatically controllable insulation, and heat pipes.” The
most common types of thermally insulating foams with thermal
conductivity, k, less than 0.01 W m™ K™ are silica, amorphous
carbon, and polymeric aerogels.l> These aerogels are typically
electrical insulators. Recently, single-walled carbon nanotubes
(SWCNTs) and multiwalled carbon nanotubes (MWCNTs) have
been used to fabricate nanoporous materials,® primarily
because carbon nanotubes (CNTs) have exceptional strength,
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ductivities of carbon-based nanoporous
materials in the form of graphene foams
(10-12 kg m™3, few-layer graphene), verti-
cally-aligned arrays (41 kg m~3, SWCNTSs), sponges (7.5 kg m~,
MWCNTS), and mats (390 kg m~3, SWCNTs & MWCNTS) have
been reported as 0.26-1.70 W m™! K, 0.55 W m~' K1,[6:26]
0.15Wm ™ K178 and 0.16 W m~! K~1.7] Despite the extremely
high thermal conductivity of individual SWCNTs and graphene
molecules, in excess of 1000 W m™! K-1,10-1428] Jarge thermal
boundary resistance at nanoparticle-nanoparticle junctions dras-
tically lowers the thermal conductivity of carbon-based nano-
porous materials.?’”! Environment-dependent studies of thermal
transport have been performed on isolated CNT bundles to
identify gas-CNT heat transfer coefficients,?*3% yet not in CNT
networks. Technologically important knowledge gaps, such as
the effect of the CNT accommodation coefficient on gas diffu-
sion through the nanoporous network, remain unresolved.
Here, we report on the efficiency of phonon transport
through a van der Waals bonded SWCNT aerogel, the nature
of gas diffusion in the aerogel, and the efficiency of energy
exchange between gas molecules and the SWCNTs using
pressure-dependent thermal conductivity measurements and
multiscale simulations. SWCNT aerogels are fabricated from
solution-processed and purified SWCNTs,32 in contrast to
other CNT-based nanoporous materials,®# which may con-
tain residual impurities from chemical vapor deposition-based
synthesis approaches. We measured the thermal conductivity
of two SWCNT aerogels (8 kg m~, volume fraction ¢gwent =
0.0061)33 in five different permeating gases (H,, He, Ne, N,
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and Ar) from low (0.1 kPa) to atmospheric
(101 kPa) pressure. Our results suggest that
the thermal resistance at junctions formed by
van der Waals interactions between SWCNTs
negates the high thermal conductivity of
each SWCNT and allows us to estimate the
thermal resistance between SWCNTs. Fur-
ther, we infer from our measurements that
the ballistic travel distance of a gas molecule
between collisions with the SWCNTs within
the aerogel is two orders of magnitude greater
than the characteristic aerogel pore size. We
propose that this drastic length-scale differ-
ence is due to the open-cell network and the
inefficient energy exchange between gas mol-
ecules and SWCNTs, which lengthens the
mean distance energy is transported. Mole-
cular dynamics (MD) and mesoscale simula-
tions support our hypothesis, and clarify that
this is a general feature of CNT-based nano-
porous materials.

www.MaterlalsVIews.com

Figure 1. Images of SWCNT aerogels and custom vessel for thermal conductivity measure-
ments. a) SEM cross-sectional image showing the SWCNT network. Readily discernible SWCNT
struts confirm that the SWCNTs are well dispersed in the aerogel structure. b) Low-resolution

2. Results and Discussion

TEM image shows that the network is composed of mostly isolated and entangled SWCNTs.

c) Top: samples are formed in a holder with a suspended gold coated fiber that is used as

2.1. SWCNT Aerogel Characterization

a thermal conductivity probe. The fine mesh holds the elastic gel in place during synthesis,

allowing for solvent exchange and critical point drying of the aerogel. Bottom: this SWCNT
aerogel sample was used for thermal conductivity measurements (Sample 2).

The SWCNT aerogels were synthesized from
an aqueous SWCNT solution (diameter:
0.9 + 0.2 nm, length: 300 nm to 2.3 um) in a vessel custom-
ized for thermal conductivity measurements. Details about the
SWCNT aerogel fabrication are provided in the Methods section.
The porous network of SWCNTs was imaged using scanning
electron microscopy (SEM) (FEI Quanta 600) and transmission
electron microscopy (TEM) (FEI Tecnai F20) to verify that the
SWCNTs were well-dispersed. High resolution SEM images
of cross-sections of SWCNT aerogel show an isotropic porous
network of individual SWCNTs with an open-cell-like structure
(Figure 1a), which was further confirmed by low-resolution TEM
imaging (Figure 1b). The SWCNT aerogel specific surface area
and pore size distribution were determined using the Brunauer-
Emmett-Teller (BET) surface area measurement method and
nitrogen adsorption.? The BET measurements indicated that
the aerogels have mesopores (diameters in the range of 2-50
nm), with few micropores (diameters less than 2 nm) and few
macropores (diameters greater than 50 nm) (Figure Sla,b, Sup-
porting Information).4 The measured specific surface area of
the aerogel was 1190 m? g~1,13% which is close to the theoretical
limit for SWCNTs of 1315 m? g 1% further confirming that
the SWCNTs were isolated and unbundled within the aerogel.
Thermal conductivity measurements were performed on the
SWCNT aerogel using a modified 3w method developed specifi-
cally for low-thermal conductivity materials.’”! This technique,
which is called metal-coated 3w, is capable of measuring small
samples with reduced sensitivity to conduction and radiation
losses at the sample boundaries, as compared to steady-state
techniques like guarded hot-plate.’”) The measurements were
performed in vessels with a 15 x 10 X 5 mm? cavity spanned

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

by a suspended Au coated (100 nm thick) glass fiber (25 um in
diameter). An empty vessel, prior to aerogel synthesis, is shown
in the top of Figure 1lc. Using the synthesis process described
in the Methods section, the SWCNT elastic gel was formed
around this suspended fiber. A fine mesh held the elastic gel in
the cavity, while allowing for solvent removal and critical point
drying. A vessel with an aerogel sample inside is pictured in the
bottom of Figure 1c.

To measure thermal conductivity, the Au coated glass fiber
acts simultaneously as a resistance-based heater and thermom-
eter. A periodic current I at a frequency 1@ is driven through
the Au coating, causing Joule heating at a frequency 2. This
heating results in a periodic temperature change in the Au
coating, having an amplitude related to the thermal conduc-
tivity of the surrounding SWCNT aerogel. Small changes in the
Au temperature induce an electrical resistance change, as quan-
tified by the coefficient of thermoresistance [ = (1/R)dR/dT],
where R is the electrical resistance and T is the temperature.
B was determined independently by measuring the dR/dT of
the Au coating when the sample temperature was swept in
an oven. Through thermoresistance, the periodic temperature
oscillation induces a periodic electrical resistance oscillation in
the Au coating at a frequency 2. The voltage measured across
the Au coating then has a 3w component due to the Ohm’s law
multiplication of the 2w resistance with the 1o current. This
3 signal is measured with a lock-in amplifier. Periodic heating
naturally confines the thermal response to a penetration depth
Lp =+/a/w into the aerogel, where o is its thermal diffu-
sivity (k/c,, where c, is the volumetric specific heat at constant
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thermal conductivities are marked on
Figure 3. Equation 1 may have been violated
in the H, environment because an adsorbed
H, layer enhances the thermal conductance
between SWCNTs or because of sourcing/
sinking of heat due to adsorption/desorption
of H, during the experiment.[*~+7]

Among other studied CNT materials (ver-
tically-aligned CNT arrays, CNT sponges,
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Figure 2. Thermal conductivity measurement data analysis and validation. a) Representative
3w amplitude versus frequency data and fits to thermal conductivity. Data shown for sample
1in H, at pressures of 0.10 kPa and 98 kPa. b) The 3w voltage signal plotted versus current
shows the expected cubed power law (cubic best fits shown as solid lines). This validation was
performed in He at atmospheric pressure with T current source frequencies of 20, 35, and

59 Hz.

pressure). Our measured values of k, described next, result in
100 um < Lp < 1000 pm, which ensures that the aerogel sam-
ples appear semi-infinite to the temperature response and are
insensitive to external boundary conditions.

The thermal conductivity of the sample was determined by
fitting the temperature amplitude inferred from the 3w signal,
as a function of the applied frequency, to an analytical heat con-
duction model described previously.?”! Representative fits are
shown in Figure 2a for aerogel sample 1 in H, at pressures of
0.10 kPa and 98 kPa. The thermal conductivity of the aerogel at
each measurement condition was found using a least squares
fit with thermal conductivity as the sole fitting parameter. Refer-
ence values for graphite specific heat were used as the SWCNT
specific heat.*® The 3w amplitude has the expected linearly
increasing relationship with I?, as shown in Figure 2b, veri-
fying that our results are not influenced by parasitic conduction
through the aerogel or extrinsic non-linearities.’*”!

The thermal conductivities of the SWCNT aerogel versus
pressure with H,, He, Ne, N,, and Ar filling gases at tempera-
ture of 300 K are plotted in Figure 3 for sample 1 (the solid line
fits are discussed later). Data and fits for sample 2 are included
in the Supporting Information. At pressures below 150 Pa, the
thermal conductivity converges to 0.025 £ 0.010 W m~! K~! (the
average of two samples), independent of the permeating gas.
This 95% confidence interval of the extracted thermal conduc-
tivity was calculated by assessing the thermal conductivity varia-
tion due to uncertainty in the input parameters, including fiber
length, fiber diameter, aerogel heat capacity, and 8. The evacu-
ated thermal conductivity value, further referred to as Keyacuated:
includes the effects of solid conduction through the SWCNT
network and radiation exchange between SWCNTs, which are
both independent of gas pressure. The total thermal conduc-
tivity, ko, at higher pressures is the sum of keyacuaed and the
gas contribution to thermal conductivity kg,g,*!

ktotal = kevacuated + kgas (1)

Within the measurement uncertainty, kg, reaches the bulk
gas thermal conductivity by atmospheric pressure except
for H,. Reference values for the thermal conductivities of
H,, He, Ne, N,, and Ar (0.182, 0.155, 0.0483, 0.0260, and
0.0177 W m™ K )-8 plus the SWCNT aerogel's evacuated
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3000 4000 and CNT mats), the SWCNT aerogel has the
lowest thermal conductivity, but its thermal
diffusivity fits in the middle of these mate-
rials (4.2 x 10°° m? s71). The SWCNT aerogel
thermal diffusivity is five times smaller than
that of the denser vertically aligned CNT
arraysi®?% and seven times smaller than that
of the comparably-light CNT sponges.”?!
Compressed mats of CNTs!?’ have about six
times lower thermal diffusivity than the SWCNT aerogel. Like
the SWCNT aerogel, the tube-tube junctions of the compressed
mats are van der Waals bonded, but the tangling and inter-
nanoparticle contact maybe poorer than solution formed
aerogels. nanoporous graphitic foams with covalently bonded
nanoparticles have thermal diffusivities that are more than
ten times larger than the SWCNT aerogel. Similar trends for
mechanical and electrical conductivity have been observed in
graphitic nanoporous materials.[8:4]

2.2. Phonon Transport through the SWCNT Aerogel

SWCNTs possess extremely high thermal conductivity as single
molecules (in excess of 1000 W m™! K1),10-14 yet the thermal
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Figure 3. Plot of effective total thermal conductivity for sample 1 versus
gas pressure. The gas contribution to thermal conductivity kg,s of H, at
4 kPa is illustrated as the difference between the aerogel’s total thermal
conductivity ki in Hy at 4 kPa and the evacuated thermal conductivity
Kevacuated- Fits to Equation 5 from kinetic theory are shown as solid lines
for each gas. The kinetic theory model fits two free variables for each
gas, the cross-sectional collision diameter ¢ and structural free path
r.. The reported error bars are due to propagated uncertainty in fiber
length, fiber diameter, and coefficient of thermal resistance f3 (see text).
The tick marks to the right of the plot indicate the expected atmospheric
kevacuated + kgas-
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conductivities of CNT-based materials are a)3s— e b) & ® Sample 1
far lower due to thermal resistance at tube- 0 ™ Sample2 A (R » Samplo 2

. . T imulation
tube junctions. The thermal conductance of - s
the tube-tube junctions was estimated from .z ne fo” £ 4

- . =20 : z Ol gdre
Keyacuated through the application of effective 2 He g 4
medium theory (see Experimental Section). 3§15 5 o4 Ne %
From this analysis, the thermal conduct- °,, :Z: .t o
N w o Ar
ance between SWCNTs, h, is 127¢ pW KL o = ° do
While no direct measurements of h between ' !
SWCNTs are available for comparison, Yang % o5 10 _15 20 25 80 385 % 10 20 30 40
Expected o [A]

et al.’! measured a junction conductance of
21 pW K! for multi-walled CNTs (diameter
1.4 nm) with perpendicular junctions. If these
measurements are rescaled for a diameter of
0.9 nm using a proposed diameter-squared
scaling law,””! the predicted junction conduct-
ance is 9 pW KL Prasher et al. experimen-
tally found a junction conductance of 3 pW K~! for SWCNTs in
a compressed mat, but found that atomistic simulations yield
much higher values (=50 pW K™).7] Agreement between h
of the SWCNT and prior measurements is of the same order.
It is noteworthy that the thermal resistance due to h is more
than 100 times greater than that due to conduction through
the SWCNTs. This result confirms that the excellent phonon
transport properties of SWCNTs can be overshadowed by poor
tube-tube phonon conductance in the SWCNT network.

to aid viewing.

2.3. Gas Transport and Energy Exchange in SWCNT Aerogel

Kinetic theory and multiscale simulations are now used to
understand how k,,, depends on pressure. The kinetic theory
expression for gas thermal conductivity is

c,vle
3

where ¢, is the volumetric specific heat, v is the gas root mean
squared (RMS) velocity, [ is the gas molecule mean free path
(i-e., the average distance a gas molecule travels before a scat-
tering event), and € is the correction factor between the kinetic
theory expressions for viscosity and thermal conductivity (2.50
for noble gases, 1.47 for Hy, and 1.95 for N,).5% The kinetic
theory expression for the bulk mean free path is

L kT
bulk = «/i]‘[ Po?

where o is the collision diameter of the gas molecule, P is pres-
sure, T is temperature, and kjp is the Boltzmann constant.”%
In a bulk gas, thermal conductivity is independent of pressure
because the volumetric specific heat is proportional to pressure
(i-e., it is proportional to the number density of molecules),
while the mean free path is inversely proportional to pressure.
As pressure is reduced in the aerogel, however, gas-gas colli-
sions become less frequent and gas-SWCNT collisions become
more frequent. In the limit of very low pressures, energy carried
by the permeating gas will travel an energy mean free path, r,.
The gas mean free path in the transition region between the
gas having primarily gas-SWCNT collisions (low-pressure) and
the gas having primarily gas-gas collisions (high-pressure) can

k=

(2)

)
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Molecular Weight [g/mol]

Figure 4. Kinetic theory fits of thermal conductivity versus pressure yield two variables: colli-
sion diameter o and mean free path r,. a) Plot of kinetic theory fit o versus expected values
of 6. b) Kinetic theory r, for H,, He, Ne, N,, and Ar and simulated r,/c versus gas molecular
weights for He, Ne, and Ar. The simulated Ar r, data point has been offset in molecular weight

be described by an effective mean free path, Iy, which can be
estimated using the Mattiesson rule to bel>!]

L_1o1 y
le luie 7o ®

Substituting Equation 3 into Equation 4 and setting [ in
Equation 2 equal to Iy gives an expression for the gas thermal
conductivity as a function of P, o, and r:

L Cuve («/irrPaz N l)l )

3

kBT Te

Values of ¢ and r, were determined by fitting the gas con-
tribution to thermal conductivity as a function of P using
Equation 5. The RMS velocity is +/3kzT/m, where m is the
molecular weight of the gas molecule. The fits capture the
experimental trends for all five gases, as shown in Figure 3. As
shown in Figure 4a, the fit values of o for both samples closely
match those predicted from NIST bulk gas viscosity data using
the kinetic theory expression for viscosity (pvl/3, where p is
density).P% The fit values of r, for both samples are plotted in
Figure 4b. Values ranging from 1-5 um were found in both sam-
ples. The trend in the r, values for sample 1 is to decrease with
increasing gas molecular weight, while the trend for sample
2 is relatively flat with molecular weight.

The measured r, values are significantly larger than the
pores (2-50 nm) in the aerogel. To understand the origin of this
discrepancy, we simulated gas transport through the SWCNT
aerogel. As shown in Figure 5, the mesoscale simulation (1.05 x
1.05 x 1.05 um?, periodic boundary conditions) is a random
network of SWCNTs modeled as chain of beads with a density
of 8 kg m™ (see Experimental Section). A gas molecule ran-
domly placed on a SWCNT is moved along a randomly chosen
direction until colliding with another SWCNT. A collision is
said to occur when the distance from the gas molecule to a
bead is less than sum of the SWCNT radius and the gas mol-
ecule radius. This procedure was repeated ten thousand times
and the collision distances follow a Poisson distribution. The
average distance, referred to as the structural mean free path,
r, ranged from 375 nm (argon) to 450 nm (helium), with less
than 1% variation between sample sets. These structural mean
free paths are much larger than the pore diameter (2-50 nm),

Adv. Funct. Mater. 2012, 22, 5251-5258
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Figure 5. To predict the structural mean free path of a gas molecule in the
SWCNT aerogel, a 3D network model was created. The mesoscale model
is 1.05 x 1.05 x 1.05 um® with periodic boundary conditions (a 300 x
300 x 300 nm?3 sub-section is shown). The SWCNTs are represented by
a string of beads and are each 1 um long. A gas molecule was randomly
placed in the model (i.e., the sphere) and moved along a randomly
chosen direction until a collision with a SWCNT occurred. This process
was repeated 10 000 times and the free paths were averaged to extract
the structural mean free path.

because the pores are open-celled, yet are still far smaller than
the r, values.

We hypothesize that inefficient energy exchange between gas
molecules and SWCNTs causes the order-of-magnitude differ-
ence between the energy mean free path, r,, obtained by fitting
the kg, data to kinetic theory, and the structural mean free path,
r, found from simulating gas movement through the aerogel.
The kinetic theory-based r, wrongly assumes that the gas mol-
ecules’ average temperature after a collision with the SWCNT
is that of the SWCNT. Instead, the extent of thermal acclima-
tion is characterized by the energy accommodation coefficient,
defined as o = %, where E;, and E,, represent the energy
fluxes incident to and reflected from the SWCNT and Ey is the
energy that would be leaving the SWCNT if the reflected gas
molecules had a distribution of energy characteristic of the wall
temperature.l>%52

To test this hypothesis, MD simulations were performed to
estimate the accommodation coefficient of the noble gases (He,
Ar, Ne) with a SWCNT. The MD simulation we designed tracks
the average energy change of a gas molecular stream interacting
with a SWCNT (see the Experimental Section for details and
the simulation cell shown in Figure 6). The calculated energy
accommodation coefficients are 0.07 + 0.01 for helium, 0.16 £
0.03 for neon, and 0.30 £ 0.10 for argon. These values are all
much less than one, confirming poor energy exchange during
collisions.

We now seek a relationship between r,, r, and « to confirm
that inefficient energy exchange causes the discrepancy between
r, and r,. Consider a gas molecule stream that has multiple col-
lisions with a SWCNT structure at Tgycnr: The gas molecule

Adv. Funct. Mater. 2012, 22, 5251-5258
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Figure 6. The MD simulation model used to predict the energy
accommodation of various gases with SWCNTs is pictured. The simula-
tion consists of two concentric SWCNTs, with energy being sourced to the
outer SWCNT and sinked from the inner SWCNT. The thermal accommo-
dation coefficient was calculated by tracking the energy of gas molecules
(the spheres) passing through the virtual cylinder (positioned one cutoff
length away from the inner SWCNT).

stream reaches a temperature T; after the i gas-SWCNT colli-
sion. The gas molecule stream temperature after the next gas-
SWCNT collision is

T =o(Tswent — T) + T (6)
The temperature difference through a gas-SWCNT collision,

Tiv1 — T = o (Tswent — Ti) 7)

is proportional to the energy transferred in the collision, as the
energy transferred is the product of the temperature difference
and specific heat. This collision transports a fraction o of the
energy a distance r, (the structural free path). The remaining
fraction of incoming gas energy, 1 —c, will from that point
(already having traveled r,) travel a distance r, further such that

re=ars +(1—a)(rs +r) (®)
which can be rearranged to give

T, 1

e _ = 9
re o« ®

This relation shows that in the low-pressure limit (i.e., when
the bulk gas mean free paths are much longer than the pore
size), the thermal energy is transported r,, a longer distance than
r, due to sub-unity gas-SWCNT accommodation. Physically, the
lower the gas-SWCNT thermal accommodation, the longer the
thermal memory of the gas molecules. An alternative derivation
of Equation 9 is shown in the Supporting Information.

The quotients of r; and o obtained from the modeling work
are plotted for the noble gases in Figure 4b, for comparison
with the experimental values of r,. The measured values of r, for
sample 1 and 2 agree in magnitude to these simulated values of
r,. Additionally, there is rough agreement in the trend of the
measured r, for sample 1 and the simulated r;/c. Although the
magnitudes of the r, values from sample 2 are consistent with
the simulation, there is less variation in measured r, between
the gases and no strong trend of decreasing accommodation
with increasing gas molecular weight. This discrepancy may be
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caused by sample 2’s longer exposure to a non-inert gas envi-
ronment, as surface contamination can drastically change the
thermal accommodation properties.’>%3] Repeated experiments
following one week of high-vacuum containment on sample 2
yielded identical results within experimental uncertainty.

The trend of decreasing r, seen in Figure 4b for sample 1
and the simulated r,/a stems from improved accommodation
of heavier gas molecules. This trend agrees with the relative
ratio of accommodation coefficients for various gases with
SWCNTs measured by Hsu et al.??) Accommodation coeffi-
cients generally increase with increasing gas molecular weight
because heavier gas molecules penetrate deeper into the wall's
intermolecular potential.l>3]

3. Conclusions

Our study of the thermal conductivity of SWCNT aerogel yields
novel insight into phonon transport through SWCNT junc-
tions, gas diffusion through SWCNT aerogels, and thermal
accommodation of various gases with SWCNTs. Our thermal
conductivity-based approach to understanding gas diffusion
and energy exchange in the aerogel identified a length scale for
energy transport over two orders of magnitude larger than the
pore size. We reconciled this difference through the low gas-
SWCNT thermal accommodation coefficient and the open-cell
network structure of the SWCNT aerogel. This understanding
will guide material scientists and application engineers who
want to harness the unique thermal and gas-diffusion proper-
ties of SWCNT aerogels and related nanoporous materials in
diverse applications.

4. Experimental Section

SWCNT Aerogel Fabrication: SG76 SWCNTs (diameter: 0.9 £ 0.2 nm,
length: 300 nm to 2.3 um) produced by the CoMoCAT method were
obtained from SouthWest NanoTechnologies Inc. and purified as
previously reported prior to the actual use for synthesis in order to
remove any residual metal catalyst and carbonaceous impurities.’l
Purified SWCNTs were suspended in deionized water (Millipore)
using sodium dodecylbenzene sulfonate (SDBS) surfactant (Acros
Organics) at a SWCNT dispersion concentration of 1 kg m™; the mass
ratio of SWCNT:SDBS was 1:10.31325455] The solution was then tip-
sonicated (Thermo Fisher 500) for 2 h at 60 W; the temperatures of the
dispersions were maintained at room temperature during sonication
using a large water bath. The SWCNT dispersions were centrifuged at
21 000 g for 30 min (Beckman Coulter Allegra 25R) to sediment SWCNT
bundles. The supernatant was collected to fabricate SWCNT aerogels.
The SWCNT concentration in the supernatant was determined using
optical absorbance spectra (Varian Cary 5000 visible-near infrared
spectrometer) with an extinction coefficient of 2.6 (absorbance mL)/
(mg mm) at 930 nm and the Lambert-Beer equation.F® The average
SWCNT concentration in the supernatant was higher than 0.75 kg m=.
The absorption spectra from the supernatant showed sharp van Hove
peaks, confirming SWCNTs were left intact after our purification and
dispersion processes.?'? The supernatant was then ultracentrifuged at
51 000 rpm (270 000 g) for 5 h (Beckman Coulter L-100K, rotor type
70Ti) to sediment SWCNTs. The sedimented SWCNTs were collected
and redispersed in water at a concentration of =2.5 kg m~ using a
SDBS solution of concentration 5 kg m= and then tip sonicated for 10
to 20 min. The solution was then further concentrated by evaporating
water off to a final concentration of 3.3 to 3.7 kg m~. Bubbles generated

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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due to cavitation during the sonication were removed by degassing the
concentrated SWCNT solution in vacuum and then poured the solution
into the custom vessels containing the Au-coated optical fiber. To avoid
further drying, the SWCNT solution was left sealed up with parafilms,
and it formed a hydrogel within =12 h.21:3257] After complete gelation of
the solution, we removed the residual SDBS surfactant in the hydrogel by
soaking the gel in water first for 3 h. Water was exchanged with ethanol
by sequentially soaking the hydrogel in different concentrations of
ethanol varying from 20-100% with the step size of 20% for 24 h under
ambient lab conditions. Ethanol enhanced the removal of the surfactant,
but direct soaking in high concentration of ethanol resulted in significant
shrinkage. High temperature processes were avoided in order not to
damage the thermal conductivity measurement fiber. The sample was
dried in a critical-point-dryer (CPD; Tousimis Autosamdri-815) after
exchanging ethanol with liquid carbon dioxide (LCO,) and created
a SWCNT aerogel. The aerogel density was estimated by measuring
the volume and mass of aerogels made by the same technique. TEM
imaging of a cross-section of SWCNT aerogels (Figure 1b) showed
minimal residual surfactant and SWCNT walls were clearly visible. Energy
dispersive X-ray spectroscopy (EDX) analysis showed <1 wt% of sodium
and sulfur, which are components of the surfactant, in SWCNT aerogel
(Figure S3, Supporting Information), further indicating that the aerogels
were essentially surfactant-free;'l note, quantitative analysis limit of EDX
was below 1 wt%. Aqueous dispersions created from powdered SWCNT
aerogels clearly showed van Hove peaks in NIR fluorescence spectra
(Figure S2a, Supporting Information) similar to the spectra obtained
from SWCNT suspensions before hydrogel formation, confirming that
SWCNTs remained well-preserved through the aerogel fabrication
process. The radial breathing modes (RBM) and the peak intensity
ratio of D-band to G-band were similar for nanotube powder prior to
any processing and aerogels (Figure S2b, Supporting Information), also
indicating structural integrity of nanotubes in the aerogels.

Junction Thermal Conductance Estimation: The effective medium
theory thermal conductivity expression for a network of perfectly
contacting randomly oriented tubes is Kefrective = Ktube®Prube/3,2”°% where
Kiube is the tube thermal conductivity, @y is the tube volume fraction,
and the factor of three accounts for the random orientation of the tubes.
This expression is applied to evaluate the effective SWCNT thermal
conductivity, keswent, by substituting dswent for upes Keswent for
ktuber and kevacuated for keﬁ'ective This )”e|d5 kESWCNT =12+5Wm’ K!
for @swent = 0.0061, which is two orders-of-magnitude lower than
measurements of individual SWCNT thermal conductivity."® This
discrepancy stems from the finite thermal conductance at the tube-tube
junctions, h. By writing the effective thermal resistance, Ry, as the sum
of the resistance due to thermal transport along the tube, Ry, and
the resistance due to thermal transport through the tube-tube junction,
Rjunctions the tube-tube conductance can be estimated. The total thermal
resistance to energy transport is Ry, = L/keswentA, where L is the tube
length and A is the tube cross-sectional area. Similarly, the thermal
resistance imposed by conduction along a tube is Rype = L/kswentA
where the literature value of ksycnr = 3000 W m™' K114 is used. The
thermal resistance from the tube-tube junctions is Rjunction = 1/h. These
expressions are related as Rioia) = Riupe + Rjunction to find h from

Lt Lt 1 (10)

kESWCNT A B kSWCNTA h

From this expression, h is 127 pW K7, assuming A = 2nr§ and L =

1.0 £ 0.5 um (the average length of the SWCNTs), where r is the radius
of the SWCNTs and J is the layer separation in graphite (0.335 nm).
This model is meant to provide an order of magnitude estimate of the
thermal boundary conductance and assumes that van der Waal bonds
to other SWCNTs do not significantly decrease the thermal conductivity
within an SWCNT and that each SWCNT transports thermal energy its
full length.

Structural Free Path Simulation: To estimate the mean free path of
the gas molecules in the SWCNT aerogel in the absence of gas-gas
collisions, a model representing the structure of the SWCNT aerogel
was constructed. To allow for simulation of large enough systems, the
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SWCNT structure was simplified using beads, with one bead per 0.5 nm
of SWCNT. The beads on the same SWCNT are connected by harmonic
bonds (stiffness 5000 eV A~?) and a harmonic angle of 180° (stiffness
5000 eV rad?). These values were chosen to provide a rigid SWCNT
network at low temperatures, but to allow for deformation at higher
temperatures. The interaction between beads on different SWCNTs are
described by the 12-6 Lennard-Jones potential (length scale of 11 A,
energy scale of 1 eV). 5291 aligned SWCNTs of length 1 um were initially
placed in a 1.05 x 1.05 x 1.05 um? simulation cell, so that the density of
the model structure was 8 kg m=3, the same as that of the experimental
samples. The system temperature was gradually increased from 0 to
20 000 K and then kept at a temperature of 20-000 K for 40 ns. This
procedure melted the initial structure, randomly orienting the SWCNTs.
The system was then cooled down to a temperature of 300 K over
10 ns and kept there for 20 ns. The final structure of the network model
is shown in Figure 5. There are 20-30 junctions on each SWCNT, close
to a previous estimation.®’]

Accommodation  Coefficient ~ Simulation: ~ Molecular  dynamics
simulations were used to predict the gas-SWCNT accommodation
coefficients. The structure used is shown in Figure 6 and comprises two
concentric SWCNTs of 40 nm length. The outer (36, 36) and the inner
(6,6) SWCNTs have diameters of 48 A and 8 A.

The MD simulations were performed using LAMMPS.PY The
interactions between carbon atoms was modeled with the adaptive
intermolecular reactive empirical bond-order (AIREBO) potential®® and
the interactions between carbon-gas and gas-gas were modeled with
12-6 Lennard-Jones potentials (see Supporting Information Table S1).
The simulation time step was 1 fs and periodic boundary conditions
were applied in all directions.

At a gas pressure of 506 kPa, the system was equilibrated to a
temperature of 300 K using the Nose-Hoover thermostat within
500 ps. This high pressure reduces simulation time by tracking more
gas atoms simultaneously, while remaining in the free molecular gas
transport regime, as gas-gas collisions are rare relative to gas-SWCNT
collisions. The global thermostat was then turned off and a heat
source (or sink) (1-10 pW depending on the gas) was applied to the
outer SWCNT and a heat sink (or source) of the same magnitude was
applied to the inner SWCNT, both through velocity rescaling. Steady
state was reached after =10 ns as a result of collisions between the
gas molecules and the SWCNTs and data was collected for 40 ns in
each simulation. For all the simulations, the temperature of the inner
SWCNT was kept at 300 K and the temperature of the outer SWCNT
was varied (260-340 K).

To calculate the energy accommodation coefficient, we monitored
the energy of the gas atoms entering and departing a virtual cylinder of
radius 13 A surrounding the inner SWCNT. This radius is equal to the
radius of the inner SWCNT plus the SWCNT-gas L] cutoff distance. From
the energy stream of gas molecules entering and departing this virtual
cylinder, we calculated the energy accommodation coefficient from[>02

_ Ein_Ere _

Ein - Eu:

Z E/’n(") - Z Ere(i)
3/ Nk (Tyas — Tenr)

(1
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