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Mechanical and Thermal Management Characteristics of
Ultrahigh Surface Area Single-Walled Carbon Nanotube

Aerogels

Kyu Hun Kim, Youngseok Oh, and Mohammad F. Islam*

Lightweight aerogels with large specific surface area (SSA) have numerous
applications. Free-standing aerogels are created from single-walled carbon
nanotubes (SWCNTSs), and their SSA and pore characteristics, electrical
conductivity, mechanical properties, and thermal management attributes are
determined. The SSA of the aerogels is extraordinarily high and approaches
1291 m2 g! at a density of 7.3 mg mL™", which is close to the theoretical limit
(=1315 m2 g7"). Mechanical characterization shows that these aerogels have
open-cell structures and their Young’s moduli are higher than other aerogels

cellular structures during the growth
process.['”] This method has predomi-
nantly been utilized to create foams with
multi-walled CNTs (MWCNTs)[1821 and
a mixture of MWCNTs and SWCNTs.[22]
However, MWCNTs have much lower
SSAP13l and inferior physical proper-
ties compared to SWCNTs.['Zl Also, due
to the nature of CVD-based fabrication
method, there are limitations in foam

at comparable density. The aerogels also enhance heat transfer in a forced
convective process by ~85%, presumably due to their large porosity and

surface area.

1. Introduction

Electrically and thermally conducting lightweight materials
with large specific surface area (SSA) have broad applications
as composite fillers,? sieves,®l heat sinks,* electrodes!® and
catalyst supports.[®l The properties of these foams are a function
of cell geometry as well as the volume fraction and the intrinsic
material properties of the cell walls.”®! As a result, foams cre-
ated from a low volume fraction of strong, highly electrically
and thermally conductive materials are optimal for these appli-
cations. Single-walled carbon nanotubes (SWCNTs) are ani-
sotropic macromolecules with low density, ultrahigh SSA,!
large mechanical strength!® and exceptional conductivities,
both electricall'!l and thermal.'?l SSA for individual SWCNTs
with closed-ends!®!®l has been predicted to be =1315 m? g!
and =1600 m? g! for SWCNTs with open-ends.'*1¢l Conse-
quently, different methodologies have been developed to utilize
SWCNTs as cell walls in electrically and thermally conducting
foams with large SSA.

Perhaps the most straightforward method of manufac-
turing SWCNT-based foams is a single-step chemical vapor
deposition (CVD) process in which hundreds of micrometers
to centimeters long (aspect ratio >100000) SWCNTs form
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shapes, control of SWCNT types, and
these materials contain impurities from
synthesis. The SSA of SWCNT-based
foams produced with this method-
ology!"”lis much smaller than the SSA of
individual SWCNTs.>13]

In another approach, we assembled purified CNTs to create
free standing aerogel monoliths.?¥l The solution processed
CNTs had much shorter lengths of =1 um (aspect ratio =1000)
and contained a mixture of SWCNTs and MWCNTs. The CNT
aerogel monolith fabrication is a multistep method involving
isolation of CNTs in water using dispersants,?l densification
of CNT suspensions to form hydrogels composed of three-
dimensional (3D) network of CNTs,12>2%l and removal of sur-
factant from these hydrogels and finally critical-point drying
(CPD) of hydrogels.[?}l These CNT aerogels have tunable shapes
and sizes arising from the inherent flexibility of aerogel syn-
thesis.?3] Also, the solution based manipulation of CNTs allows
removal of impurities and sorting by length, diameter and
electronic properties. These aerogels hold their shapes prima-
rily via van der Waals interactions at discrete CNT crosslinking
points or “nodes”,”’! making them very fragile under stress.[?’]
Unfortunately, fabrication of aerogels from SWCNTs have not
yet been possible because SWCNT hydrogels are typically too
fragile and often disintegrate during the surfactant removal or
the CPD steps.

In this paper, we report fabrication of low density, free
standing aerogel monoliths from purified and isolated
SWCNTs. We determined their SSA, which approached the
theoretical limit, and pore characteristics including pore
volume, pore radii and pore radii distributions. We further
characterized their electrical, mechanical and thermal man-
agement properties. The Young’'s moduli of these aerogels
were larger than any other aerogels at comparable density.
These aerogels enhanced heat transfer in a forced convective
cooling process by =85%, which we attribute to their large
porosity and SSA.
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Figure 1. Images of SWCNT aerogels. a) Our fabrication method allowed
production of aerogels in various sizes and shapes, such as cylinders,
rectangles, cubes, truncated cylinders, and truncated cones. b) An SEM
image of an aerogel cross-section showing networks of nanotubes. c) Low
and d) high resolution TEM images show that the network composed of
mostly isolated and entangled nanotubes.

2. Results and Discussion
2.1. Images of SWCNT Aerogels

Photographs of free-standing aerogels of various shapes and
sizes, fabricated by filling appropriate molds with the hydrogel
precursor,”>?% are shown in Figure la. The ability to tune
shapes and sizes is a tremendous strength of our aerogel fab-
rication method. We imaged the nanotube network within the
aerogels using scanning and transmission electron microscopy
(SEM and TEM, respectively). High resolution SEM imaging
of aerogel cross-sections showed a porous, isotropic nanotube
network with an open-cell structure (Figure 1b), which was con-
firmed by low- and high-resolution TEM imaging (Figure 1c,d).
TEM imaging also showed a few bundles of nanotubes (in
Figure 1d), likely an artifact of sample preparation for TEM
imaging which involved powdering of aerogels, dispersing
in ethanol and then spraying onto a TEM grid. We note that
SEM and TEM images did not reflect the actual pore structures
within these aerogels because of the 2D representation of the
depth of field in these microscopy techniques.

2.2. Characterization of SSA, Pore Volumes, Pore Sizes,
and Pore Size Distribution of SWCNT Aerogels

We determined the SSA, pore volumes (V), pore radii (r), and
the pore radii distributions for aerogels with density p = 7.3—
13.1 mg mL™! using the Brunauer-Emmett-Teller (BET) surface
area measurement method.”’”! In Figure 2, we show nitrogen
adsorption isotherms at 77 K by plotting experimentally meas-
ured specific adsorbed volume (i.e., adsorbed volume divided by
mass of the sample) versus relative pressure P/ P, for cylindrical
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Figure 2. Adsorption isotherms. Nitrogen adsorption isotherms at 77 K
were measured using cylindrical aerogels with mass densities ranging
from 7.3 mg mL™" to 13.1 mg mL™". The inset shows a representative
adsorption-desorption isotherm with hysteresis loops for P/Py > 0.8
obtained from aerogel of density 9.9 mg mL™".

aerogels at different p; here, P is the equilibrium pressure and
Py is the saturation pressure of the adsorbates at the adsorption
temperature 77 K. Specific adsorbed volume of nitrogen slightly
decreased with an increase in p, possibly from some bundling
between nanotubes at higher concentrations. The adsorption-
desorption isotherms showed hysteresis loops at P/P, > 0.8
which suggested that the isotherms are of Type IV under
IUPAC (1972) classification,?®] and that the aerogels have mes-
opores, i.e., pores with diameters in the range of 2-50 nm;?28!
a representative adsorption-desorption isotherm for an aerogel
with p = 9.9 mg mL™! is shown in the inset of Figure 2. Addi-
tionally, the isotherms did not show excessive nitrogen uptake
for P/Py < 0.05, suggesting an absence of micropores (i.e.,
pores with diameters <2 nm), or a sharp increase near P/P, =
1 suggesting an absence of macropores (i.e., pores with dia-
meters >50 nm) in the aerogels.'¥l The isotherms also showed
a gradual increase in nitrogen adsorption for P/P, > 0.05 due to
multilayer formation on nanotubes in the aerogels.

Next we determined SSA for aerogels with various p by ana-
lyzing the measured nitrogen adsorption isotherms using the
BET theory!?’! (Figure 3a and Supporting Information Figure S1).
We first generated BET plots of 1/(W[(Py/P) — 1]) versus P/P,
based on measured adsorption isotherms (Supporting Informa-
tion Figure S1) and then fit a linear regression over a P/P, range
of 0.04-0.11 to obtain the y-intercept i = 1/(W,,,C) and the slope

= (C- 1)/(W,C); W was the mass of adsorbed nitrogen at a
relative pressure P/P, per unit sample mass, W,,, was the mass
of the adsorbed nitrogen monolayer per unit sample mass and
C was the BET constant. We then calculated SSA from W, : SSA
= (WmNpAcs)/ My, where Wy, = 1/(i + s), N, was the Avogadro’s
number, Acg was the cross-sectional area of nitrogen atoms and
M,, was the molecular weight of nitrogen, as shown in Figure
3a. SSA increased with a decrease in p because of smaller spe-
cific adsorbed volume of nitrogen at higher p and reached 1291
m? g! for aerogels with p = 7.3 mg mL™! which is very close
to theoretical limit for SWCNTs with closed-ends®!3! (1315 m?
g1) identified with a dashed line in Figure 3a. We note that the
optical and electrical conducting properties of the nanotubes in
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Figure 3. Specific surface area (SSA), pore volume (V), pore radii (r),
and the distribution of pore radii (dV/dr) in the aerogels. a) SSA and V
increased with a decrease in p. b) dV/dr based on the NLDFT analysis
method. dV/dr determined using the BJH method is shown in Supporting
Information Figure S2.

the aerogels were similar to those of “pristine” nanotubes (see
Experimental Section), leading us to believe that the aerogel
fabrication process did not damage the nanotubes, and the nan-
otubes had closed ends. We also measured SSA of nanotube
aerogels (density 9.6 mg mL™}) after annealing them at 1100 °C
for 12 h in vacuum (1136 m? g!), which would have repaired
any damage to nanotubes, and found it to be similar to the SSA
of aerogels with similar density (9.9 mg mL™!) before annealing
(1191 m? g!), additionally confirming that the nanotubes did
not open-up during aerogel fabrication process.

We then characterized r, V and pore radii distribution for the
aerogels from the isotherms using two different methods: the
non-local density functional theory (NLDFT) method?’! and the
Barret, Joyner and Halenda (BJH) method;*”/V was additionally
determined using the single point method (SPM).B! Note, to
determine V and pore radii distribution using the BJH method,
we used the desorption regime of the isotherm, which repre-
sents the lower free energy state compared to the adsorption
regime of the isotherm.% We show the range and distribution
of pore radii by plotting the fraction of pore volume (dV/dr) as
a function of r for aerogels with four different p obtained using
NLDFT analysis in Figure 3b and BJH method in Supporting
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Information Figure S2. Both the NLDFT and BJH methods fit
the isotherms well with fitting errors =3% and provided similar
dV/dr. However, the NLDFT analysis suggested that the aero-
gels had mostly mesopores with <3 vol% of micropores, par-
ticularly for aerogels with p = 8.8 and 9.9 mg mL™!, whereas
BJH method indicated that all the pores in the aerogels at any
p were mesopores. The pore radii were larger in lower density
samples and r decreased with an increase in p, presumably
due to higher packing of nanotubes within the aerogel.l?! Fur-
ther, the accuracy of the isotherm fitting by both the NLDFT
method, which assumes slit-like pores, and BJH method, which
assumes cylindrical pores, suggested that the pores had non-
spherical shapes. The pore volume calculated from NLDFT,
BJH and SPM were similar (Figure 3), and the largest V was

=28 cm?glatp=73 mgmL".

2.3. Electrical and Mechanical Properties of SWCNT Aerogels

The aerogel fabrication process did not damage the electrical
transport properties of nanotubes. The electrical conduc-
tivity, «, of aerogels with p = 7.3 mg mL™" was 23 S m™! and
increased linearly to 71 S m™! at p = 14.1 mg mL™! (Figure 4a).
K of these aerogels was lower than typical values of other CVD-
grown SWCNT foams.'”! We attribute this difference in x to
the intrinsic electrical transport characteristics of nanotubes
we have used (CoMoCAT batch SG65), which were predomi-
nantly semiconducting with a small amount of metallic nano-
tubes. The electrical transport properties of the aerogels can be
tuned by varying the ratio of metallic versus semiconducting
nanotubes. We have recently prepared aerogels with a different
type of nanotubes (CoMoCAT CG100) containing both metallic
and semiconducting nanotubes; k for these aerogels were
=250 S m™! for p = 10 mg mL™! which was similar to reported
k of other SWCNT foams.['”) The normalized electrical resist-
ance (R/Ry) decreased dramatically (=50%) with an increase in
compressive strain to =15% but showed much smaller decrease
(=15%) with an increase in compressive strain from =15% to
60% (Figure 4b); here R is the electrical resistance and Ry is
the electrical resistance at compressive strain of 0%. We sug-
gest that the nanotubes within the aerogels freely rotated about
the existing nodes when compressed by =15% which increased
contact area between nanotubes and drastically reduced elec-
trical resistance (Figure 4b). As aerogels were compressed fur-
ther, the nanotubes aligned and further increased the contact
area between existing nodes and formed “new” nodes, which
caused a gradual decrease in the resistance.

To characterize the mechanical properties, we measured
compressive (tensile) stress (0) as a function of compressive
(tensile) strain (¢) for aerogels with p = 7.3-18.5 mg mL". Rep-
resentative plots of o versus € from compression and tensile
loading for aerogels of p = 9.9 mg mL™ are shown in Figure
4c. The high porosity of aerogels allowed compression of 290%.
The Poisson’s ratio () of the aerogels, measured via compres-
sion loading on a cylindrical aerogels, at all p studied was very
close to 0 for € up to 60% (Supporting Information Figure S3),
presumably because the highly porous structure of the aerogels
with filamentous cell wall allowed compaction along compres-
sion direction without expansion normal to the compression
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Figure 4. Electrical and mechanical properties of the aerogels. a) Aero-
gels were electrically conducting which suggests that aerogel fabrication
did not damage nanotubes. b) R/R, decreased dramatically (=50%) with
an increase in € to =15%. The decrease was much smaller (=15%) for
increase in € from =15% to 60%. c) Stress (o) vs strain (€) of aerogels
under compression showed three distinct regions: Hookian, plateau,
and densification. The Young’s moduli (E) for tensile and compressive
loading were similar. d) Even in the Hookian regime, the aerogels plasti-
cally deformed when compressed for more than 2-3 cycles. The plastic
deformation became more pronounced near £ = 9%. e) E of our aerogels
at low density were larger than E of other reported aerogels. E of these
aerogels had a power law dependence of =2 on p, which further confirmed
the open-cell structure of the aerogels.

direction. Note that the slightly negative values of y was prob-
ably an artifact of experimental errors in the measurements.
The o versus € curves during compressive loading of aerogels
at all p showed three characteristic deformation regimes typi-
cally observed for open-cell foams:®l a Hookean or linear elastic
regime (€ < 9%), a plateau region (9% < & < 60%), and a densi-
fication region (€ = 60%) with o rising steeply (Figure 4c); the
o- and eranges associated with different deformation regimes
varied slightly with p of the aerogels. The permanent deforma-
tion of the aerogels for € > 9% hindered measurement of ¢
versus € during the unloading cycle. The aerogels also showed
plastic deformation within the linear elastic regime when
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compressed for more than 2-3 cycles, particularly at € closer
to 9% (Figure 4d). In tensile measurements, ¢ increased lin-
early with an increase in € up to 9% when the aerogels cracked
similar to a brittle material (Figure 4c). The compressive and
tensile Young’s moduli (E), calculated from the linear region of
the o versus € curves (€ < 9%), were very similar for aerogels
with the same density, likely a manifestation of isotropic ori-
entation of nanotubes within the aerogels.!®! For example, com-
pressive modulus for aerogels of p = 9.9 mg mL™! (=0.22 MPa)
was very similar to tensile modulus (=0.21 MPa). The Young’s
modulus increased with an increase in p with a power-law
dependence of =2 (Figure 4e), further confirming that the aero-
gels had open-cell like structure.®l At this low-density regime,
our aerogels had the highest F compared to other types of aero-
gels (Figure 4e).3273% The storage (E’) and loss (E”) moduli of
the aerogels were nearly independent of frequency (w) over the
three decades of accessible w-range of 0.4-400 rad s (Sup-
porting Information Figure S4).

We compared experimentally determined compressive pla-
teau stress (o) to the maximum stress the aerogels can with-
stand due to the nodes between nanotubes (0,04.) and to the
Euler buckling stress (Gpycuing) to gain insight into deforma-
tion mechanism of aerogels. We estimated Goqe aS: Opode =
VEjpteraction Where v was the number of nodes per unit volume
within the aerogels at a particular p and Ej,eraction Was the van
der Waals interaction energy between nanotubes at the nodes.!’!
We to0k Eipteraction = 40kgT where kg is the Boltzmann constant
and T'is the temperature.?”l We calculated the number of nodes
per nanotube by dividing length of a nanotube (=1 pm) by the
average distance between the nodes, &. For aerogels with p =
9.9 mg mL™, £ = 12 nm?®! and the number of nodes per nano-
tube was =83, resulting in v = 1.5 X 107 nodes cm™3 and 0,pge =
0.03 MPa. For aerogels with p = 9.9 mg mL™!, the measured
0,1 = 0.02 MPa (Figure 4c). Thus, we believe that the nanotubes
in the aerogels bent in the Hookian regime resulting in linear
elastic deformation and that the plateau regime started when
the nodes between the nanotubes started to break. We also note
that the actual stress on nanotubes at & = 9%, Git = Opl/ Pacrogel
was comparable to or exceeded the Euler buckling stress!®! for
nanotubes: Oluckling = Enanotube!, /& at all p, where Dacrogel Was
the volume fraction of aerogels, E, . owupe Was the Young's mod-
ulus of nanotubes =1.25 TPa,l'%] was the the second moment
of inertia =D} 1./64 Duanowve Was the diameter of
nanotubes. For example, aerogels with p = 9.9 mg mL™! cor
responded t0 Q,erogel = 0.0076 by taking density of a nanotube
to be 1.3 g mL™L. Then, 0u; = 0.02 MPa/0.0076 = 2.63 MPa
was comparable to Opyciiing = 2.95 MPa, where we again took
&~ 12 nm for @,eope = 0.0076.12° It is possible that nanotubes
also started to buckle in the plateau regime. We also believe
that the aerogels could not recover their original shapes when
compressed by 10-15% because of an absence of any restora-
tive force that can disrupt any additional nodes formed between
nanotubes at higher compression.

2.4. Thermal Management Characteristics of SWCNT Aerogels

Although the thermal conductivity (k) of aerogels was expected
to be low due to ultra-low material content and thermal contact

Adv. Funct. Mater. 2013, 23, 377-383
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Figure 5. Thermal management characteristics of aerogels. a) Tempera-
ture profile obtained via infrared imaging showed that aerogels enhanced
heat conduction through air. b) Schematic of a home-built system to
measure heat transfer from a hot plate using aerogels as heat sinks using
a forced convective cooling method. c) Temperature differences between
the outlet (T,,) and inlet (T,) air with and without an aerogel as heat sink
on top of a hot plate at a surface temperature Ty,,,. Showed potential of
these aerogels as heat sinks.

resistance at the nodes,””] we examined their heat conduction
and heat transfer characteristics because of their large porosity,
ultrahigh SSA and because individual SWCNTs have extremely
large k, which have been reported to be 21000 W (m K)~2.[12] For
all thermal management characterization experiments, we used
aerogels with p = 7.3 mg mL™! (i.e., porosity: 99.4% based on
Brerogel) Since these aerogels had the highest SSA (1291 m?* g™
and the largest porosity.

We first investigated heat conduction through aerogels
under natural convection in ambient conditions and in steady-
state (details in the Experimental Section). Infrared imaging of
the temperature profile of aerogels showed that the top of the
aerogel reached =180 °C when the aerogels were in thermal con-
tact with a hot stage at a surface temperature of 300 + 0.45 °C
(Figure 5a). In comparison, air temperature at the same height
above the hot stage reached only =50 °C without aerogels. Inter-
estingly, the temperature profile were not altered or enhanced
with the addition of thermally conducting grease (between the
stage and the aerogel), which suggested that the aerogels con-
formed to the stage surface morphology.

We examined the heat transfer potential of aerogels using
an impinging-jet (i.e., a forced convective cooling) method®® in

Adv. Funct. Mater. 2013, 23, 377-383
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an ambient environment at steady-state (setup and parameters
in Figure 5b and Experimental Section). We note that the inlet
air flow rate (m = 10 standard cubic centimeter, sccm) was suf-
ficiently low that a flow restricting mask did not significantly
improve the heat transfer from the hot surface, and was not
used. Figure 5c shows the steady-state temperature difference
between the outlet air (T,,,) and the inlet air in an ambient envi-
ronment (Ty, = 20.7 °C) impinged upon a hot plate at a surface
temperature T, with and without aerogels as a heat sink. We
then estimated the heat dissipation rate, g, with and without
aerogels using the expression: q = mC, (Ti, — Tow) where C,
is specific heat of air at a temperature = (Ti, + Tyu)/2.138 The
aerogel enhanced the heat dissipation rate from the hot plate by
=85% at low T, but the enhancement decreased slightly to
=65% at high Ty e

3. Conclusions

We have fabricated free-standing aerogel monoliths composed
of isolated SWCNTs. The extremely high SSA of the aerogels
reached 1291 m? g™}, which is close to the theoretical limit.
The Young’s modulus of these aerogels is larger than any other
existing aerogels at comparable density. The aerogels greatly
enhanced heat transfer compared to air in forced convective
cooling method, likely from the high porosity and SSA of the
aerogels. The tunability of the shapes and sizes of the aero-
gels coupled with solution based manipulation of nanotubes
including removal of impurities and sorting by length, diam-
eter and electronic properties, will make these aerogels suitable
in a variety of applications including sensors, electrodes, heat
sinks, fillers in compositesB**% and membranes.

4. Experimental Section

SWCNT Aerogel Fabrication: Purified CoMoCAT SWCNTs (batch
SG65; SouthWest NanoTechnologies, Inc.), which had diameters = 0.8 +
0.1 nm, lengths = 450 nm-1 um, were used, resulting in an aspect ratio
=1000 (manufacturer’s specifications).142 Nanotubes were suspended
in Millipore-filtered deionized water at a concentration of 0.1 wt% using
sodium dodecylbenzene sulfonate (SDBS) surfactant (Acros Organics)
at a SWCNT:SDBS ratio of 1:5 or 1:10;2324 different SWCNT:SDBS ratios
did not result in any noticeable differences in aerogel quality. Suspensions
were sonicated using a tip sonicator (Thermo Fisher 500) for 2 h at 60 W
followed by centrifugation at 21 000 g for 30 min (Beckman Coulter
Allegra 25R) to sediment nanotube bundles. The collected supernatants
contained mostly isolated nanotubes. The nanotube concentration
in the supernatants was determined using optical absorbance using
UV-visible (vis)-near IR (NIR) spectrometer (Varian Cary 5000) with an
extinction coefficient of 2.6 (absorbance mL) (mg mm)~' at 930 nm and
the Lambert-Beer equation. Supernatants showed sharp van Hove peaks
in the vis-NIR absorption and NIR fluorescence spectra indicating that
our dispersion process did not cut or open the ends of nanotubes.!l
This was further supported by electrical conduction of the nanotubes.*!]
The supernatants were then concentrated by evaporating water off to
a final concentration of 3.5 to 4.5 mg mL™". In a previous work, small
angle neutron scattering was used to show that nanotubes did not form
bundles when densified to these high concentration dispersions.l?l
The concentrated nanotube suspensions were degassed to remove
any bubbles (bubbles significantly degrade the mechanical integrity of
aerogels) and poured into various shaped molds. Nanotube suspensions
formed hydrogels within 12 h due to van der Waals interactions between
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nanotubes.?>2% To remove SDBS from the hydrogels, a wash with 1 M
nitric acid at 50 °C for 20 min was used. The acid wash did not damage
nanotubes since Raman spectra from hydrogels before and after acid
wash was nearly identical (Supporting Information Figure S5a). Note
that surfactant removal by hot water induced a significant shrinkage
of hydrogels®! and was avoided. The acid-washed hydrogels were
neutralized by washing with deionized water until pH equilibrated to 7.
To create aerogels, water was exchanged with ethanol by sequentially
soaking the surfactant-free hydrogels in ethanol baths (ranging from
20-100 vol% anhydrous ethanol) with a step size of 20% for 48 h at
room temperature and then ethanol was removed from the hydrogels
via critical-point-drying (CPD) (Autosamdri 815, Tousimis). Energy
dispersive X-ray (EDX) spectroscopy showed that sodium and sulfur
were not present in the aerogels (Supporting Information Figure S5b);
the quantitative analysis limit of EDX was <1 wt%. Since sodium and
sulfur are a component of SDBS, this suggested that the final aerogels
were essentially surfactant-free. =10% shrinkage was observed along
each dimension of the aerogels compared to the dimensions of the
hydrogels. p of the aerogels was calculated based on the final mass
and dimensions of the aerogels. Aqueous dispersions created from
powdered aerogels clearly showed van Hove peaks in vis-NIR absorbance
(Supporting Information Figure S5c¢) and NIR fluorescence spectra
(Supporting Information Figure S5d). These spectra were similar to the
spectra obtained from nanotube suspensions before hydrogel formation,
confirming that nanotubes remained well-preserved through the aerogel
fabrication process.

Raman Spectroscopy: Raman spectra were collected using an inverted
Raman confocal microscope (inVia Raman microscope, Renishaw) with
a 20 x (0.4 NA) objective (Leica Microsystems) and a laser of wavelength
785 nm (1.58 eV). Laser power was set to 10 mW to avoid heat induced
damage to the samples, and the laser spot size was 1-2 um with an
exposure time of 3 s. 10 scans were collected, each at five different
locations for each sample, and the scans were averaged to improve
signal-to-noise ratio. The data collection and analysis were performed
using WiRE software (Renishaw). Each Raman spectrum was normalized
by its G-band intensity.

Near-Infrared Fluorescence Spectroscopy: Near-infrared fluorescence
spectroscopic characterization of dispersions prepared from powdered
aerogels were collected using a Nanolog Spectrofluorometer system
(Horiba Jobin Yvon) equipped with a liquid nitrogen cooled InGaAs array
detector. NIR fluorescence data was analyzed using Nanosizer software
(Horiba Jobin Yvon).

Electron Microscopy: The 3D networks of nanotubes within the aerogels,
the pore radii and the pore structures were imaged using a scanning
electron microscope (SEM; FEI Quanta 600) and a transmission electron
microscope (TEM; FEI Tecnai F20) at 200kV. A Tecnai F20 at 200 kV was
used to collect low resolution TEM images and an FEI Titan 83 at 300 kV
to collect high resolution TEM (HRTEM) images.

Characterization of SSA, Pore Volumes, Pore Radii and Pore Radii
Distribution: Aerogel SSA was measured by adsorption and desorption
of nitrogen at 77 K using a BET surface area measurement system
(Quantachrome NOVA 2000). The pore volumes and the pore radii
distributions were then determined from the measured isotherms at
77 K using the NLDFT and BJH methods.

Electrical Resistance Measurements: Copper wire leads were attached
to the flat surfaces of the cylindrical aerogels with silver paste (DuPont
4929N) and a two-probe contact direct current measurements using
EC-Lab V10 and Fluke Ohmmeter were used to measure resistance of
aerogels versus p.

Measurement of Mechanical Properties: The compressive and tensile
measurements of o as a function of € were performed using an Instron
5940 series tabletop testing system with a 10 N load cell. The instrument
had a position control resolution of <0.1 um and could measure
positions with an accuracy of 0.1% of displacement. For compressive
measurements, cylindrical aerogel samples of diameter of =5 mm and
length of =3 mm were loaded between two compression heads with the
top head applying uniaxial compression and release on the sample along
the vertical direction at speed of T mm min~'. A 2% prestrain was applied
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to make a uniform flat contact between the compression heads and the
sample and to prevent slipping of the sample. Since the aerogels were
too fragile to hold using grips typically used for tensile measurements,
cylindrical aerogel samples of diameter of =5 mm and length of =3 mm
were attached to tensile heads using silver paste (DuPont 4929N) and
left overnight for a complete curing of the silver paste before performing
any measurements. No prestress was applied for tensile measurements
and heads traveled at a speed of 1 mm min~'. E" and E” of aerogels were
measured as a function of @ with a prestrain of 3% and an oscillatory
compressive strain of 1% using a dynamic mechanical analysis system
(G2-RSA, TA Instruments) and disk-shaped stainless steel compression
heads of diameter 15 mm. Aerogels used for dynamical mechanical
analysis =5.5 mm in diameter and =6.6 mm in length.

Thermal Management Characterization: Aerogels with p=7.3 mg mL™
(i.e., porosity =99.4% based on @erogel) Were used for all thermal
management characterization experiments since these aerogels had the
highest SSA (1291 m? g7') and the largest porosity. For heat conduction
experiments, aerogels of diameter and length of =5.5 mm and =6.6 mm,
respectively, were placed on a digital hot plate (Corning) under natural
convection and in ambient environment. The surface temperature of
the hot plate was set using its high precision temperature controller to
300 + 0.45 °C. A steady state temperature profile in the aerogel reached
within =15 min. The temperature profile was imaged using an IR
imaging camera (HotFind-V, Guangzhou SAT Infrared Technology). The
temperature profile did not change significantly if thermally conducting
grease (Cool Grease 7018, Melcor) was used between the aerogel and
the hot stage.

The heat transfer characteristics were measured from a hot place
with and without aerogels as heat sinks in ambient conditions and in
steady-state using a home-built system based on a impinging-jet or a
forced convective cooling method. The schematic of the system is
shown in Figure 5b. The diameters of the inlet and outlet tubes were
5.6 mm, and they were enclosed within a Styrofoam tube coated on
the outside with thermally insulating vacuum grease (Dow Corning)
to reduce unaccounted heat loss. An aerogel of diameter and length
of =5.5 mm and =6.6 mm, respectively, was placed at the bottom of
the inlet tube and on a thermoelectric heating/colling stage (Melcor);
a thermally conducting grease (Cool Grease 7018, Melcor) was used
between the aerogel and the hot stage. Air at ambient temperature (T;, =
20.7 °C) was flowed through the inlet tube at a mass flow rate of 10
standard cubic centimeter (sccm); the air flow was controlled with a flow
regulator. The inlet air flow rate was very low and air hit the hot plate.
A flow restricting mask did not significantly improve the heat transfer
from the hot surface and was not used. Since the aerogel had a slightly
smaller diameter than the inner diameter of the inlet tube, this gap was
closed using thermally insulating vacuum grease (Dow Corning) to stop
air from flowing around the aerogel. The surface temperature of the hot
stage was set using a high precision temperature controller (MTTC-
1410, Melcor) from Tgye = 50 £ 0.1 °C to 105 £ 0.1 °C. The outlet and
inlet temperatures were measured using K-type beaded thermocouples
(Thermo Fisher) placed 0.5 cm away from the perimeter of the aerogel
and Traceable dual-channel thermometer (Thermo Fisher). The outlet
temperature T, reached steady-state within =15 min and was recorded.
For comparison, the experiments were repeated keeping all parameters
the same and without any aerogel.

Supporting Information

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