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transfer coefficients (H) via electrical heating method. The
H values of the CNT sheets containing different layers (1, 2, 3,
and 1000) were measured. We found that the single-layer
CNT sheet had a unique ability on heat dissipation because of
its great H. The H value of the single-layer CNT sheet was 69
W/(m? K) which was about twice of aluminum foil in the
same environment. As the layers increased, the H values dropped quickly to the same with that of aluminum foil. We also
discussed its roles on thermal dissipation, and the results indicated that the convection was a significant way of dissipation when
the CNT sheets were applied on macroscales. These results may give us a new guideline to design devices based on the CNT
sheets.
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Bl INTRODUCTION on the thermal properties of these sheets. Aliev et al. measured
the thermal conductivity and thermal diffusivity of these
sheets.'® But for these macroscopically thin and transparent but
microscopically spongy sheets, due to their large specific surface
(nanoscales on thickness), there should be large heat dissipated
by convection. Some researchers have pointed out that

Recently, carbon nanotube (CNT) sheets gotten from
superaligned CNT arrays have attracted great attention."
These unidirectional sheets are transparent and macroscale in
length and width, but their thickness is on nanoscale. They have
been applied on thermoacoustic loudstlj)eakers,3 flexible touch
screens,” CNT bending actuators,>® optically switchable
windows,’ supercapacitors,8 lithium-ion batteries,” and organic
solar cells.'” Among these applications, loudspeakers and
bending actuators synthetically utilize the sheets’ properties
on electricity, thermology and morphology (nanoscale thick-
ness). In these devices, electrical energy first converts to
thermal energy, and then to mechanical energy. The heat
propagation properties of CNT sheets directly determine the
transfer process of thermal energy to mechanical energy.
Thereby affect the work of devices.

For examples, Xiao et al. made a thermoacoustic loudspeaker,
which only needed to put CNT sheets on two electrodes.”
When periodic current passed through the sheets, there was a
period temperature on them, which caused a period thermal
vibration in the surroundings. The intensity of thermal
vibration was affected by the heat from sheets to surroundings. experimentally measured H of the CI;T}T sheets with different
Chen et al. fabricated an easy-operable bending actuator based layers and so that the buckypaper™ (up to 1000 layers

on CNT sheets.” In that work, CNT sheets were bonded to overlapped together). As a comparison, the H of aluminum foil
polymer. Because of their different thermal expansion was also measured using a traditional method. We found that

environments have a significant effect on dissipation of the
individual CNT, for instance, whether it is connected with
substrates'”*° or whether it is in a vacuum.*' The main object
connected with these sheets is usually air during applications.
Natural-convective heat transfer coefficients (H) directly show
the strength of convection. We need to know H to simulate the
temperature distribution of CNT sheets, which has a great
effect to electrical behaviors of devices based on these sheets.””
For the usual solid materials, the H can be gotten through a
process of natural cooling in air. But for these sheets, their H
values are difficult to obtain by this traditional method of
transient states because of their small thermal capacity.

In this paper, we used a steady-state electrical heating
method to measure the H values of the CNT sheets. We
theoretically derived the formulas of calculating H, thereby

coeflicients, the actuator would be bent when it was electrically the H of single-layer CNT sheet was twice of aluminum foil in
heated. The rate of bending or shape recovery was determined
by the rate of thermal dissipation. Received: December 2, 2013
In contrast to the rich researches on thermal properties of Accepted: February 18, 2014
individual CNT!™* and CNT arrays,ls_17 there is few report Published: February 18, 2014
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Figure 1. (a) Schematic of the experimental setup for the natural-convective heat transfer coefficient measurements. Keithley 2410 source meter
provided working voltage; an Optris LS infrared thermometer measured the temperature; the closed chamber maintained a stable environment and
its top was closed in the measurements. (b) Relation between the central temperature of the single-layer CNT sheet and the heating power.

the same environment, and as the layers increased, the H
decreased quickly to the same with that of the aluminum foil.
We think the alteration of effective contact areas can explain
this phenomenon.

B THEORETICAL BASIS

A self-supporting CNT sheet is spanned between two
aluminum blocks which are large enough in volumes and
masses. When a small voltage is applied, there will be an
increment on temperature owing of joule heating. When its
temperature is not much higher than surroundings, heat
radiation is much weaker. The main ways of dissipation are
conduction and convection. Combining the two effects, the
CNT sheet will get an equilibrium temperature. Analyzing the
temperature, we can get the information of thermal
conductivity and H.

The CNT sheet is homogeneous and its length is much
larger than its width and thickness. The process of heat transfer
can be seen as one dimension along its axial direction. When
the system gets to the equilibrium state, we can get the
following Fourier equation

dr?
—kwt— + 2Hw X (T = T,) = UI/2I
dx (1)

where U is the voltage of the CNT sheet, I is the current, [ is
half of the length, w is the width, H is the convective heat
transfer coefficient, T is the temperature of the CNT sheet, T,
is the environment temperature. At the boundary of the CNT
sheet, the blocks are two large heat reservoirs. We can get
T(—l,00) = Ty and T(l,00) = T, Using this boundary condition,
we can get the solution of eq 1

cosh( l%x)

p
T(x, 00) = 1 - + T
2Hw cosh( 20 l)
Kt (2)
At the center point, x = 0, then we can get
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1 Pum
cosh( 20 l)
Kt

4Hwl
where Py, (Pym = UI) is the total power of joule heating.

If the test is carried out in vacuum, then H = 0, and we can
directly calculate K. In fact, when H is near zero, Second-order
Taylor expansion of the exponential terms in formula 3, we can
get

T(0, ) = |1 — T,

©)

T(0, ) = LP

sum + ’1-6
4Kwt

4)
This formula is also the principle of calculating thermal
conductivity using electrical heating.**

For the CNT sheets used in this work, the typical mass per
unit area is 1.5 ug/cm® The density of CNT bundles is 1.58 g/
cm® based on hexagonally closed-packed model.”® According to
closed-packed model, the effective thickness of the single-layer
CNT sheet is (1.5 ug/cm?)/(1.58 g/cm’®) ~ 10 nm. The
thermal conductivity of individual multiwalled CNT is about
1400 W/(m K).'* Because structure defects and tube—tube
interface,”> > the thermal conductivity of CNT sheets should
be smaller than that of individual multiwalled CNT. In natural
convective heat transfer situation, H usually changes between
10 and 50 W/(m? K). To reduce the effect of interfacial
thermal resistance, [ is selected to 20 mm in our experiments.
Then we can get that cosh((2H/Ktn)"?l) = [exp((2H/
Kitn)"?1) + exp(—(2H/Ktn)"?1)]/2 > 1 (n = layers of sheets;
for H=30 W/(m*K), K = 1000 W/(m K), t = 10 nm, if n = 1,
exp((2H/Ktn)"*1) = 1.1 x 10'5; n = 20, exp((2H/Ktn)'?1) =
2312; n = 500, exp((2H/Ktn)"*l) = 4.7) when n is not very
large. If n < 20, then we can rewrite formula 3 as

P
T(0, c0) = —um
(0, ) 4Hwl

Lo s)

Because cosh((2H/Ktn)'/?) > 1000, this treatment can ensure
the error less than one thousandth. Physical meaning of
formula 5 is that nearly all the heat is dissipated by convection
when the conduction is very small. Please note that if n > 500,
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Figure 2. (a) Relations between the central temperature and the heating power for the CNT sheets; (b) H values of the CNT sheets containing

different layers. Red line denotes the H of the aluminum foil.

this approximation can bring great error, so one has to calculate
H according to frmula 3.

On the basis of formula 5, when the sheet and environment
are selected, H, I, w, and T, are identified, and T(0,00) is related
only to P,,. There are two methods to calculate H. (1) Using
single T(0,00), Py, and T, we can get H. (2) We can get a
series of T(0,00) by changing P,.. Linear fitting T(0,00) and
P H can then be gotten via the slope. This method can
decrease test errors due to average multiple data. In our
experiments, we used the second method to calculate H.

So, in our experiments, we only need to change P, to get a
series of central point’s temperature. For CNT sheets (1, 2, and
3 layers), we use formula S to get H. For the buckypaper, its
conduction is large. First, we need to calculate its thermal
conductivity based on formula 4 in a vacuum, then combined it
with formula 3 to obtain H.

B EXPERIMENTAL SECTION

The transparent and conductive CNT sheets were drawn out from
superaligned CNT arrays.”® Their typical density of per unit area was
about 1.5 ug/cm? The apparent thickness of single-layer CNT sheet
was about several micrometers but was difficult to be measured exactly
because of its aerogel-like feature. After densified using ethanol the
thickness could be tens of nanometers. All the CNTs formed the
sheets were multiwalled CNTs. Figure la schematically illustrates the
experimental setup. The sheet without any treatments was spanned
between two aluminum blocks and cut into 4 mm in width by the
laser. Alcohols and silver paste were both applied on the sheet/block
interface to decrease the interfacial thermal resistance. The distance
between blocks was 40 mm, and the height of blocks was 12 mm.
Keithley 2410 source meter was used to supply working power. An
Optris LS infrared thermometer whose temperature and spatial
resolution were 0.1 K and 1 mm was employed to measure the
temperature at the center of the sheet. The highest temperature
increment was less than 15 K. In this situation, the radiation was weak,
and most of the heat that dissipated to the air was by the convection.
The entire equipment was placed in a closed chamber, which ensured
all the measurements were in the same environment. This measure-
ment is noncontact and the radiation is weak, we can use formula S to
calculate H for single-layer, two-layer, and three-layer CNT sheets
based on the above method.

The buckypaper was gotten from 1000-layer CNT sheets
overlapped together. It was made by the continuous spinning process
with the specific equipment. The thickness of the buckypaper was 70
um. First, we measured the thermal conductivity of the buckypaper in
a vacuum chamber using the same equipment except for a
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thermocouple instead of the Optris LS infrared thermometer. By
calculating according to formula 4, the thermal conductivity of
buckypaper was 153 W/(m K). Combined with formula 3, the H of
the buckypaper could be obtained.

We need to note that in our experiments all the emissivity
coeflicients of the sheets were set to 0.95. The emissivity coefficient of
the buckypaper was calibrated with a thermocouple by measuring the
temperature on the same point and it was 0.95. For few-layers CNT
sheets, they could not be directly calibrated with a thermocouple
because of their vulnerability. We used the similar structure as shown
in Figure la to determine the emissivity of the few-layers CNT sheets
but one of the aluminum blocks was heat, we measured the
temperature neighbor the aluminum block, and found only when
the value of the emissivity coefficient was set to be larger than 0.9 we
could get the reasonable temperature. On the other hand, the
displayed temperature had little change when the value was larger than
0.9. So in our experiments, the values of emissivity for all the CNT
sheets were set to 0.95.

For the aluminum foil, we used a traditional method to measure H.
In brief, a piece of aluminum foil whose area and thickness were 1 X 1
cm? and 0.58 mm was merely supported by two porous foams. Then it
was heated by a laser to 338 K (the room temperature was 299 K).
After closing the laser, the temperature of aluminum foil dropped to
room temperature by convection according to the exponential decay.
On the basis of the lumped capacitance model, the exponential decay
coefficient was mCP/HS, where m, Cy and S are the mass, thermal
capatance per unit mass, and the surface area, respectively. By
exponentially fitting the temperature—time curve, we could get the
value of the decay coefficient. H could then be obtained.

B RESULTS AND DISCUSSION

Figure 1b shows the relation of the single-layer CNT sheet
between the central temperature and the heating power. The
fluctuation of the temperature was less than 0.3 K, and the error
bars were covered by the black symbols in the figure. From it
we can see that temperature is linear to heating power. So heat
conduction equation is linear too, and we can neglect the effect
of heat radiation in our experiments, which is nonlinear to
heating power.

Using the same method, we measured the relations between
central temperature and heating power for multilayer CNT
sheets (Figure 2a). The results were stable and repeatable.
From it, we can see that the single-layer sheet has the slowest
heating rate despite its thermal conduction is the weakest. This
hints single-layer sheet has a great H. For the buckypaper, the
heating rates vary largely from whether it is put in air. We can
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Figure 3. SEM images of (a) the single-layer CNT sheet (background is the substrate of aluminum.) and (b) the buckypaper. The inset in a) is the

optical image of the transparent single-layer CNT sheet.
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Figure 4. Dissipation ratios by convection for the single-layer CNT sheet and the buckypaper. Dotted line is extended result by theoretical
calculations. (The buckypaper thickness is 60um. To meet the one-dimensional hypothetical, the length should be much larger than thickness. We
take the minimum length as 1 mm.) (a) Dissipation ratios by convection; (b) dissipation ratios by convection per unit length.

also see that air has a great effect on its equilibrium
temperature. All of these indicate air has a significant effect
on heat dissipation of the sheets. Buckypaper has more thermal
conductive channels than two and three layers’ CNT sheets.
Higher conduction should be the reason of the slower heating
rate in air.

From the slopes of the CNT sheets in Figure 2a, we got the
H values. The H of the single-layer sheet is 69 W/(m?* K) which
is nearly double of aluminum foil, and when more than one
layer is overlapped, the H drops to the same with aluminum foil
(Figure 2b).In Figure 2b, the error bars means uncertainty in
groups of test results. The H of the CNT sheets we have gotten
has a big difference to the estimated H of individual CNT
which ranges from 1 X 10° to 1 X 10° W/(m? K).* But our
results here can compare the H of general solids. This shows
the principle of convective heat transfer strength for CNT
sheets is more similar to general solids.

We would like to give a reasonable explanation for our results
based on enlargements of effective contact areas. For the CNT
sheets, there is a big van der Waals force between CNTs. When
multilayer CNT sheets overlapped together, the CNT sheets
attract together closely, and the sheets become dense because
of the Van de Waals force, which is a long-range interaction.
From the SEM images as shown in Figure 3, we could see this
phenomenon. The microstructures of the single-layer CNT
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sheet and the buckypaper have a big difference. The single-layer
CNT sheet is thin and loose and the buckypaper is thick and
dense. For the single-layer CNT sheet, the thin and loose
structure provides gaps to make air flow inside. Part of air
between CNTs also can flow to take the heat away due to the
thin and loose structure. So not only the external CNTs but
also internal CNTs are beneficial to exchange heat with
surrounding air. But for the buckypaper, small gaps bring great
challenge to the air flow between CNTs. Only the air directly
contacted with the external CNTs can take amount of heat
away., So only the external CNTs favor to exchange heat with
air.®® We think the increment of H for the single-layer CN'T
sheet is caused by the internal CNT's that directly contacts with
the flow air. This would make the cooling areas increase. We
define the total cooling areas as the effective contact areas. We
can then get the enlargement rates between the effective
contact areas and the outmost surface through dividing H of
multilayer CNT sheets by the H of aluminum foil. In Figure 2b,
the right vertical axis represents the enlargement rates of
effective areas. We can see that the enlargement rate of single-
layer CNT sheet is about two. When the layers increase, the
enlargement rate rapidly decreases to one.

Single-layer CNT sheet has great H and demonstrates better
ability on convective heat transfer. We further analyze the role

dx.doi.org/10.1021/am405491t | ACS Appl. Mater. Interfaces 2014, 6, 3075—3080
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of convection on the total thermal dissipation. We can get the
dissipated power by conduction through

P

conduction x=—1 |

=|—-KSVTI| |l +1 = KSVTI
I)sum
= —tanh(

T,
[2H Kt
Kt (6)
T is the temperature profile shown in formula 2. The

dissipation ratio by convection, which shows the percentage
of convection, can be obtained through

_ Peonduct 1 |2H
convection - _ conduction =1- tanh —_ l
Pim Pim S ke

?)
We know that thermal conductance is inversely proportional to
length (larger thermal resistance), and convection is propor-
tional to length (bigger surface). So for the CNT sheets with
different lengths, the dissipation ratios by conduction or
convection will have a big difference. We need the thermal
conductance of the single-layer sheet to calculate the dissipation
ratios by convection. But the precise thermal conductance of it
is hard to measured directly because of its ultrathin thickness,
which makes some heat dissipated not by conduction and takes
difficulties on the temperature measurement in vacuum. If we
do not consider scattering between layers of the buckypaper,
each layer has the same conductance. The conductance of the
single-layer sheet can be obtained from the thermal
conductance of the buckypaper divided by the layers. For
comparison purpose, the dissipation ratios of the buckypaper
are also calculated.

The dissipation ratios by convection of the single-layer CNT
sheet and the buckypaper with different length are calculated
on the basis of formula 7 and shown in Figure 4a. Specially, the
Kt of the single-layer sheet is 153 W/(m K) X 70 um/1000.
From the results, we can see that when the length is less,
convection takes smaller portion of dissipation for both of
them. With the increase of length, the roles of convection
become important. For the single-layer sheet, when its length is
less than 0.32 mm, less than 10% heat is dissipated by
convection; when the length is more than 5.61 mm, more than
90% heat is dissipated by convection. This result also confirms
that our approximation was reasonable on calculating H (length
was 40 mm in our experiments), and we must consider
convection on thermal analysis for the CNT sheets in macro
applications. For the buckypaper, the positions of convection
ratios equaling 10 and 90% correspond to the length 14.09 and
250.09 mm, respectively. Some researchers have pointed out
that buckypaper possesses huge potential on chip cooling
because of its great thermal conductivity.”**" Our results here
show that the convection is an additional important way for the
thermal managements (for PCs and smart phones, the length of
cooling channels is about 100 mm). For the macro applications
of buckypapers, we may take advantage of both conduction and
convection.

For some applications, one focuses not only on the total heat
transfer quantity but also on their intensity. For example, for
the thermoacoustic loudspeaker, one needs more heat transfer
into air per unit length to get a bigger sound pressure. We can
obtain this intensity through the convection ratios dividing the
length. Dissipation ratios by convection of unit length are
shown in Figure 4b. There is a peak in the curves. The peak
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positions of the single-layer CNT sheet and the buckypaper are
0.89 and 39.72 mm, respectively. As seen in the curves, the
position of the peak shifts to the right with the thickness of the
sheets increase, but the peak height reduces. This peak gives us
a chance to optimize the sheet size to get the biggest unit
length’s dissipation by convection.

B CONCLUSION

In summary, we have developed a steady-state method to
measure the convective heat transfer coefficient H of suspend
CNT sheets. This method is noncontact and nondestructive to
samples and may also be used to characterize the thermal
properties of other thin films. Using this method, we find H of
the single-layer CNT sheet is twice of aluminum foil in the
same environment, and as the layers increase, the H drops
quickly to the same with aluminum foil. We think the effective
contact areas are the origin of these results. The single-layer
CNT sheet are thin and loose, the internal gaps make for air
flow inside, so the effective areas are enlarged. The analysis to
the dissipation ratios by convection indicates that convection is
the main dissipation approach for the CNT sheets on macro
scales. There is a maximum convection ratio of unit length for
different length sheets. The maximum for single-layer CNT
sheet is located about 0.89 mm. These results may give us a
new guideline to design the thermal devices based on the CNT
sheets.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: chliu@mail.tsinghua.edu.cn.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by National Basic Research Program
of China (2012CB932301) and the Natural Science Founda-
tion of China (51173098, 10721404).

B REFERENCES

(1) Zhang, M.; Fang, S.; Zakhidov, A. A; Lee, S. B; Aliev, A. E;
Williams, C. D.; Atkinson, K. R,; Baughman, R. H. Strong,
Transparent, Multifunctional, Carbon Nanotube Sheets. Science
2005, 309, 1215—1219.

(2) Liu, K; Sun, Y.; Chen, L.; Feng, C.; Feng, X;; Jiang, K; Zhao, Y.;
Fan, S. Controlled Growth of Super-Aligned Carbon Nanotube Arrays
for Spinning Continuous Unidirectional Sheets with Tunable Physical
Properties. Nano Lett. 2008, 8, 700—70S.

(3) Xiao, L.; Chen, Z.; Feng, C.; Liu, L.; Bai, Z.; Wang, Y.; Qian, L.;
Zhang, Y.; Li, Q; Jiang, K; Fan, S. Flexible, Stretchable, Transparent
Carbon Nanotube Thin Film Loudspeakers. Nano Lett. 2008, 8,
4539—4545.

(4) Feng, C; Liu, K;; Wy, J,; Li, L.; Cheng, J.; Zhang, Y.; Sun, Y.; Lj,
Q.; Fan, S,; Jiang, K. Flexible, Stretchable, Transparent Conducting
Films Made from Superaligned Carbon Nanotubes. Adv. Funct. Mater.
2010, 20, 885—891.

(5) Chen, L; Liu, C.; Liu, K; Meng, C.; Hu, C.,; Wang, J.; Fan, S.
High-Performance, Low-Voltage, and Easy-Operable Bending Actuator
Based on Aligned Carbon Nanotube/Polymer Composites. ACS Nano
2011, S, 1588—1593.

(6) Sun, X. M.; Wang, W.; Qiu, L. B.; Guo, W. H;; Yu, Y. L.; Peng, H.
S. Unusual Reversible Photomechanical Actuation in Polymer/
Nanotube Composites. Angew. Chem., Int. Ed. 2012, 51, 8520—8524.

dx.doi.org/10.1021/am405491t | ACS Appl. Mater. Interfaces 2014, 6, 3075—3080


mailto:chliu@mail.tsinghua.edu.cn

ACS Applied Materials & Interfaces

(7) Meng, F.; Zhang, X;; Xu, G,; Yong, Z.; Chen, H.; Chen, M,; Lj,
Q.; Zhu, Y. Carbon Nanotube Composite Films with Switchable
Transparency. ACS Appl. Mater. Interfaces 2011, 3, 658—661.

(8) Yin, Y,; Liu, C; Fan, S. Well-Constructed CNT Mesh/PANI
Nanoporous Electrode and Its Thickness Effect on the Supercapacitor
Properties. J. Phys. Chem. C 2012, 116, 26185—26189.

(9) Wang, K; Luo, S.; Wy, Y.; He, X;; Zhao, F.; Wang, J; Jiang, K;
Fan, S. Super-Aligned Carbon Nanotube Films as Current Collectors
for Lightweight and Flexible Lithium Ion Batteries. Adv. Funct. Mater.
2013, 23, 846—853.

(10) Yang, Z. B,; Chen, T.; He, R. X;; Guan, G. Z,; Li, H. P.; Qiu, L.
B.; Peng, H. S. Aligned Carbon Nanotube Sheets for the Electrodes of
Organic Solar Cells. Adv. Mater. 2011, 23, 5436—+.

(11) Kim, P; Shi, L; Majumdar, A; McEuen, P. L. Thermal
Transport Measurements of Individual Multiwalled Nanotubes. Phys.
Rev. Lett. 2001, 87, 215502.

(12) Yang, D. J.; Zhang, Q; Chen, G; Yoon, S. F.; Ahn, J.; Wang, S.
G.; Zhou, Q;; Wang, Q;; Li, J. Q. Thermal Conductivity of Multiwalled
Carbon Nanotubes. Phys. Rev. B 2002, 66, 165440.

(13) Fujii, M.; Zhang, X.; Xie, H,; Ago, H.; Takahashi, K; Ikuta, T.;
Abe, H.; Shimizu, T. Measuring the Thermal Conductivity of a Single
Carbon Nanotube. Phys. Rev. Lett. 2005, 95, 065502.

(14) Li, Q; Liu, C.; Fan, S. Measuring the Thermal Conductivity of
Individual Carbon Nanotubes by the Raman Shift Method. Nano-
technology 2009, 20, 145702.

(15) Hone, J; Llaguno, M. C; Nemes, N. M,; Johnson, A. T,;
Fischer, J. E.; Walters, D. A.; Casavant, M. J.; Schmidt, J.; Smalley, R.
E. Electrical and Thermal Transport Properties of Magnetically
Aligned Single Wall Carbon Nanotube Films. Appl. Phys. Lett. 2000,
77, 666—668.

(16) Xie, H.; Cai, A.; Wang, X. Thermal Diffusivity and Conductivity
of Multiwalled Carbon Nanotube Arrays. Phys. Lett. A 2007, 369,
120—123.

(17) Jakubinek, M. B.; White, M. A;; Li, G.; Jayasinghe, C.; Cho, W.;
Schulz, M. J; Shanov, V. Thermal and Electrical Conductivity of Tall,
Vertically Aligned Carbon Nanotube Arrays. Carbon 2010, 48, 3947—
3952.

(18) Aliev, A. E; Guthy, C.; Zhang, M.; Fang, S.; Zakhidov, A. A;;
Fischer, J. E; Baughman, R. H. Thermal Transport in MWCNT
Sheets and Yarns. Carbon 2007, 45, 2880—2888.

(19) Shi, L.; Zhou, J.; Kim, P.; Bachtold, A.; Majumdar, A.; McEuen,
P. L. Thermal Probing of Energy Dissipation in Current-Carrying
Carbon Nanotubes. J. Appl. Phys. 2009, 105, 104306.

(20) Steiner, M.; Freitag, M.; Perebeinos, V.; Tsang, J. C.; Small, J. P.;
Kinoshita, M.; Yuan, D.; Liu, J.; Avouris, P. Phonon Populations and
Electrical Power Dissipation in Carbon Nanotube Transistors. Nat.
Nanotechnol. 2009, 4, 320—324.

(21) Hsu, L; Pettes, M. T.; Aykol, M.; Shi, L; Cronin, S. B. The
Effect of Gas Environment on Electrical Heating in Suspended Carbon
Nanotubes. J. Appl. Phys. 2010, 108, 084307.

(22) Zhou, Z; Doy, X; Ci, L,; Song, L,; Liu, D.; Gao, Y.; Wang, J;
Liu, L.; Zhou, W,; Xie, S.; Wan, D. Temperature Dependence of the
Raman Spectra of Individual Carbon Nanotubes. J. Phys. Chem. B
2005, 110, 1206—1209.

(23) Zhang, L.; Zhang, G; Liu, C.; Fan, S. High-Density Carbon
Nanotube Buckypapers with Superior Transport and Mechanical
Properties. Nano Lett. 2012, 12, 4848—4852.

(24) Wang, D.; Song, P,; Liu, C;; Wu, W.; Fan, S. Highly oriented
carbon nanotube papers made of aligned carbon nanotubes.
Nanotechnology 2008, 19, 075609.

(25) Zhong, H. L, Lukes, J. R. Interfacial Thermal Resistance
between Carbon Nanotubes: Molecular Dynamics Simulations and
Analytical Thermal Modeling. Phys. Rev. B 2006, 74, 125403.

(26) Yang, J.; Waltermire, S; Chen, Y.; Zinn, A; Xu, T,; Li, D.
Contact thermal resistance between individual multiwall carbon
nanotubes. Appl. Phys. Lett. 2010, 96, 023109.

(27) Zhang, G, Liu, C; Fan, S. Temperature Dependence of
Thermal Boundary Resistances between Multiwalled Carbon Nano-

3080

tubes and Some Typical Counterpart Materials. ACS Nano 2012, 6,
3057—3062.

(28) Jiang, K; Wang, J.; Li, Q; Liu, L; Liu, C.; Fan, S. Superaligned
Carbon Nanotube Arrays, Films, and Yarns: A Road to Applications.
Adv. Mater, 2011, 23, 1154—1161.

(29) Hsu, L; Pettes, M. T.; Aykol, M.; Chang, C.; Hung, W.; Theiss,
J.; Shi, L; Cronin, S. B. Direct Observation of Heat Dissipation in
Individual Suspended Carbon Nanotubes Using a Two-Laser
Technique. J. Appl. Phys. 2011, 110, 044328.

(30) Kordas, K; Toth, G.; Moilanen, P.; Kumpumaki, M,;
Vahakangas, J.; Uusimaki, A.; Vajtai, R.; Ajayan, P. M. Chip Cooling
with Integrated Carbon Nanotube Microfin Architectures. Appl. Phys.
Lett. 2007, 90, 12310S.

(31) Endo, M.; Muramatsu, H.; Hayashi, T.; Kim, Y. A;; Terrones,
M.; Dresselhaus, N. S. “Buckypaper” from Coaxial Nanotubes. Nature
2005, 433, 476—476.

dx.doi.org/10.1021/am405491t | ACS Appl. Mater. Interfaces 2014, 6, 3075—3080



