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ABSTRACT: A strategy for enhancing the heating performance
of freestanding carbon nanotube (CNT) sheet is presented that
involves decorating the sheet with granular-type palladium (Pd)
particles. When Pd is added to the sheet, the heating efficiency of
CNT sheet is increased by a factor of 3.6 (99.9 °C cm2/W vs 27.3
°C cm2/W with no Pd). Suppression of convective heat transfer
loss attributes to the enhanced heat generation efficiency.
However, higher heating response of CNT/Pd sheet was
observed compared to CNT sheet, hence suggesting that the
electron−lattice energy exchange could be additional heating mechanism in the presence of granular-type particles of Pd having a
diameter of 10 nm or less. CNT sheet/Pd is quite stable, retaining its initial characteristics even after 300 cycles of on−off voltage
pulses and shows fast thermal responses of the heating and cooling rates being 154 and −248 °C/s, respectively.
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1. INTRODUCTION
Since the first synthesis of carbon nanotube (CNT) forest that
can be drawn as a yarn1 and demonstration that large area CNT
aerogel sheets can be drawn from similar forests,2 forest-drawn
CNT sheets have been studied for various applications,
including optical polarizers,1−5 touch screens,6 microheaters,7

sound generators,8,9 and various other devices.10−14 High
intensity, broad spectrum, nonresonant sound generation can
be produced using the thermoacoustic effect, in which the
ultralow density and high gravimetric surface area of the aerogel
sheets optimizes the pressure oscillations induced by electrically
produced temperature oscillations.15 Similarly, when these
sheets are used as microheaters, fast thermal response, low
power consumption, and excellent stability results are expected.
Inelastic electron scattering at interfaces, known as electron−

lattice energy exchange or electron−phonon interaction, is one
of the basic processes for electron−phonon interactions in thin
film, nanostructured, and low-dimensional conductors. Elec-
tron−lattice energy exchange, which causes energy transfer at
interfaces, plays an important role in the heat generation in
resistive heaters.16,17 According to previous studies, electron−
phonon interactions are strongly increased because of confine-
ment effects for metal clusters18−20 having a diameter of 10 nm
or less.21

Many recent investigations have focused on utilizing CNTs
with functional guests.22,23 By effectively combining unique
properties of guest materials with superior mechanical, thermal,
and electrical characteristics of CNTs, remarkable results in
various fields have been obtained.22−25 Commercial thin film
heaters utilize platinum, which motivated us to introduce a
metal as a guest material. Palladium (Pd) is less expensive than

platinum and not oxidized up to 1070 K.26 Furthermore, it has
excellent thermal and electrical properties.
Decoration of the CNT sheet with Pd could be accomplished

by two techniques: reduction−oxidation (redox) reaction and
physical vapor deposition (PVD). For redox reaction, it is
necessary to generate defect sites on CNT walls through acid
pretreatment.27 Therefore, this method can damage the
inherent properties of CNTs. On the other hand, PVD
methods like thermal evaporation and sputtering, which
physically place a metal layer onto CNT without damage,
have the advantage of controlling the deposition volume and
particle size. Moreover, this method is especially suitable for
mass production.
Recently, various efforts have been made to develop heaters

based on carbon nanomaterials, such as CNT7,28−31 and
graphene32 because of their extraordinary thermal properties. In
this paper, we present a strategy for enhancing the heating
performance of freestanding CNT sheet by decorating it with
palladium. When Pd is added to the CNT sheet, the heating
performance is greatly enhanced; yielding a heating efficiency
that is higher than tripled. It can be thought that this is only
attributed to suppression of convective heat loss into
surrounding air. However, increased heating response after
Pd decoration suggests that the Pd has a contribution to heat
generation. The deposited Pd forms granular arrays along the
CNT bundles that comprise the sheet, and functions as
electron channels. Electrons that pass through the granular Pd
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channels interact with the lattice of particle interface, resulting
in the transformation of electron energy into heat, as
schematically illustrated in Figure 1b. As a result, enhanced

efficiency is attributed to suppression of convective loss as well
as heat generation of Pd nanoparticles. Heating response of
CNT sheet is improved by the presence of Pd. After 300 cycles
of on−off pulse of voltage, the CNT/Pd sheet is quite stable,
retaining its initial characteristics.

2. EXPERIMENTAL SECTION
2.1. Preparation of Freestanding CNT/Pd Sheet.

Vertically aligned multiwalled carbon nanotube (MWCNT)
arrays were grown on an iron-catalyst-coated silicon substrate
by chemical vapor deposition of acetylene gas. The diameter

and height of MWCNTs are ∼10 nm and ∼200 μm,
respectively. CNT sheets were drawn from a sidewall of the
MWCNT forests using the dry-state spinning process,2,11 which
typically have a density of ∼1.5 mg/cm3, an areal density in the
sheet plane of ∼1 to ∼3 mg/cm2. The as-produced CNT sheet
was suspended between two tungsten wires. Then, a 100 nm
thick layer of Pd metal was deposited by the thermal
evaporation method. The freestanding CNT/Pd sheet has a
suspended area of 5 mm ×5 mm as shown in Figure 1a.

2.2. Experimental Setup and Instrumentation. An
infrared (IR) thermal detector (NEC Avio, TVS-500EX), which
has a lateral resolution of 0.7 mm at measurement distance of
30 cm, was utilized for in situ measurements of electrically
generated temperature profiles. The temperature dependence
of the electrical resistivity was investigated in the range between
8 and 300 K under 1.33 × 10−1 Pa pressure. Temperature was
controlled using a variable temperature cryogenic system (Janis,
ST-100).
The surface morphology of the sheet was observed by field-

emission scanning electron microscopy (FE-SEM, Hitachi-
S4800) and high-resolution transmission electron microscopy
(HR-TEM, JEM-3000F). The change in the electrical resistance
before and after Pd deposition on CNT sheet was evaluated by
I−V measurement.

3. RESULTS AND DISCUSSION
A freestanding CNT/Pd sheet was fabricated by mechanical
draw from a CNT forest and then thermal evaporation of a 100
nm thick Pd metal layer on the sheet (see Experimental Section
for details). Figure 1a shows an optical image of the
freestanding CNT/Pd sheet formed between two tungsten
wires. Detailed view of CNT/Pd sheet is depicted in the right
of Figure 1a. The temperature profile and heating/cooling rates
of the CNT/Pd sheet (applied voltage of 5.5 V) are shown in
Figure 1c. The heating/cooling rates can be obtained from the
derivative of the temperature profile. For a steady-state
temperature of 105 °C, the heating/cooling rates of the
CNT/Pd sheet are 154 and −248 °C/s, respectively, as shown
in the figure. These fast thermal responses are due to very low
thermal capacity15 and the giant gravimetric surface area of the
carbon nanotube sheets. The temperature measurement setup
based on an infrared (IR) detector is schematically illustrated in
the inset of Figure 1c. The IR thermal detector was located 30
cm above the sample. All experiments were carried out at room
temperature under atmospheric conditions. The surface
temperature of the sheet was evaluated from the IR radiation
emitted from the CNT or Pd cluster, which is based on
emissivity of them (0.94, 0.86, respectively). The emissivity of
all samples was calibrated using the temperature measured by
thermocouples. The steady-state temperature was averaged
over the entire sheet area.
Current−voltage (I−V) measurements before and after

deposition of Pd on CNT sheet reveal that the electrical
resistance of the CNT sheet is greatly reduced from 3.18 kΩ to
0.147 kΩ after deposition of Pd. The reduced electrical
resistance coms from reduced contact resistance between
CNTs as well as formation of electrical path of granular Pd.
Figure 2a, b show scanning electron microscopy (SEM) images
of a CNT sheet before and after deposition of Pd, respectively.
After Pd deposition, the diameter of CNT bundle increases and
the surface becomes rough. It has been reported that Pd films
are conformally coated on suspended CNT due to strong
binding energy between metal atoms and CNT.33 It can be

Figure 1. (a) Left: optical image of freestanding CNT/Pd sheet. Right:
detailed view of CNT/Pd sheet. (b) Schematic of heat generation by
electron−lattice energy exchange in Pd nanoparticles on CNT. (c)
Temperature profile with time and its derivative (heating/cooling rate)
of CNT/Pd sheet with applied voltage of 5.5 V. Inset: experimental
setup for temperature measurement.
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thought that Pd metal grown on curved surface of CNT bundle
forms grain boundaries and finally grows into particles.
Transmission electron microscopy (TEM) images of CNT/
Pd sheet in Figure 2c shows that densely packed and cluster
shape of Pd nanoparticles are deposited on CNT bundles. The
diameter of Pd nanoparticles is measured to be 5−10 nm by
TEM analysis.
The heating performance of CNT #1, CNT #20 and CNT/

Pd sheet is given in Figure 3a, where #1, #20 and CNT/Pd
denote 1, 20 layers of CNT sheet, and a Pd-decorated one-layer
CNT sheet, respectively. The CNT #20 sheet has a resistance
of 145 Ω that is almost the same as that of CNT/Pd sheet (147
Ω). These results clearly reveal a much better heating
performance of the CNT/Pd sheet over the CNT #1. In fact,
the efficiency of the CNT/Pd sheet is 99.9 °C cm2/W, whereas
it is 27.3 °C cm2/W for the CNT #1 sheet, a 3.6 fold increase in
efficiency. Moreover, the CNT/Pd sheet shows a better

efficiency by a factor of 1.3 than CNT #20 sample, although
the resistance is practically the same for both.
The heating/cooling responses of the samples as a function

of steady-state temperature are presented in Figure 3b. The
heating/cooling rates have a linear relationship with temper-
ature. The cooling response curves in the figure can be
explained in terms of thermal mass, the mass of CNT #1 being
the lowest and that of CNT #20 being the highest. The
temperature change induced by electrical input depends on
thermal capacitance per area, thus the CNT #1 is expected to
provide high thermal response. It is clear that suppression of
convective loss attributes to the enhanced heat generation
efficiency in 20 layers of CNT sheet. Suppression of the
thermal losses also takes place in the CNT/Pd sheet. However,
it is observed that the CNT/Pd sheet shows faster heating
response compared to that of CNT #1 as shown in Figure 3b,
even though the CNT/Pd sheet has larger thermal capacitance.
This enhanced heating rate might be explained in terms of
electron−phonon interaction raking place in the nanoparticle
array of Pd that leads to heating, as explained below.
As shown in Figure 4a, the temperature dependence of

resistivity of CNT #1 is quite different from that of the CNT/
Pd sheet. The resistivity of CNT #1 sheet decreases with
increasing temperature, showing a negative temperature
coefficient of resistivity, dρ/dT < 0.2,34 For the CNT/Pd
sheet, however, resistance increases with temperature (dρ/dT >
0), which is in good agreement with previous results35,36 on
metallic granular film and indicates that granular structure acts

Figure 2. SEM images of CNT sheet (a) before and (b) after Pd
deposition. (c) TEM image of morphology of deposited Pd on CNT
sheet. Inset: magnified view of a rectangular part in the figure. The
diameters of deposited Pd nanoparticles are about 10 nm or less.

Figure 3. (a) Heating performance of the CNT #1, CNT #20, and
CNT/Pd sheet. (b) Thermal response with respect to the steady-state
temperature of the samples.
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as an electron channel. This inferred that electrons that pass
through the channel interact with Pd nanoparticle array.
According to the previous report,19−21 electron−lattice energy
exchange for metal nanoparticles smaller than 10 nm strongly
increases because of confinement effects.16,17 Hence, the
increased heating rate of the CNT/Pd sheet that results with
the addition of Pd clusters could be ascribed to the interaction
of electrons with lattice at numerous grain boundaries. Further
studies are necessary to better understand the contribution of
the Pd nanoparticles.
For practical implementation of the CNT/Pd sheet heaters,

the heat transfer as well as heat generation properties should be
considered. The thermal conductivity of the CNT sheet was
reported as 50 ± 5 W/m·K in the previous report,34 which is
quite lower than that of individual CNT. The thermal
conductivity in the sheet is mainly limited by dangling
terminals and weak van der Waals contacts between CNTs.
The thermal conductivity of Pd is known as ∼72 W/m K.
Therefore, heat transfer of CNT sheet might be improved
slightly after Pd decoration.
To test the stability, the CNT/Pd was subjected to repeated

heating and cooling cycles in which a bias of 4 V is applied for
10 s and then turned off for 10 s. The test result is shown in
Figure 4b where the temperature and voltage profiles are given

as a function of cycle. It can be seen that the thermal response
is stable even after 300 cycles.

4. CONCLUSION
We have presented a strategy for enhancing the heating
performance of freestanding CNT sheet by depositing on the
sheet a thin layer of granular-type metal. When palladium is
used, the CNT sheet/Pd delivers an efficiency of 99.9 °C cm2/
W, which is more than triple, the efficiency without Pd. The
remarkable improvement can be attributed to the electron−
lattice interaction and suppression of heat loss of Pd
nanoparticles. The CNT/Pd sheet responds fast to applied
voltage; the heating and cooling rates are 154 and −248 °C/s,
respectively. The sheet is also shown to be stable when
subjected 300 on/off voltage pulse cycles.
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