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ABSTRACT

Carboxylic functionalization (COOH groups) of carbon nanotubes is known to improve their dispersion properties and increase the electrical conductivity
of carbon-nanotubepolymer nanocomposites. We have studied experimentally the eﬀects of this type of functionalization on the thermal conductivity of
the nanocomposites. It was found that while even small quantities of carbon nanotubes (∼1 wt %) can increase the electrical conductivity, a larger loading
fraction (∼3 wt %) is required to enhance the thermal conductivity of nanocomposites. Functionalized multi-wall carbon nanotubes performed the best as
ﬁller material leading to a simultaneous improvement of the electrical and thermal properties of the composites. Functionalization of the single-wall
carbon nanotubes reduced the thermal conductivity enhancement. The observed trends were explained by the fact that while surface functionalization
increases the coupling between carbon nanotube and polymer matrix, it also leads to formation of defects, which impede the acoustic phonon transport in
the single-wall carbon nanotubes. The obtained results are important for applications of carbon nanotubes and graphene ﬂakes as ﬁllers for improving
thermal, electrical and mechanical properties of composites.
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C

arbon nanotubes (CNTs) and graphene attracted attention as ﬁllers in
various types of nanocomposite (NC)
materials.14 One can expect that the high
intrinsic electrical conductivity, σ, thermal conductivity, K, and mechanical strength of CNTs
would lead to a substantial increase in the
average electrical and thermal conductivities
of the resulting composites at small loading
fractions of CNTs. It was demonstrated that
addition of CNTs to polymers can increase the
electrical conductivity by many orders of magnitude from 1010105 to 101104 S/cm.5
The electrical percolation thresholds, fT, for
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single-wall carbon nanotube (SW-CNT)
composites was observed at very low
CNT loading fraction, f ∼ 0.1 vol %, as
compared to 2030 vol % for composites
with spherical metallic ﬁllers. 6,7 The effects of CNTs on the heat conduction
property of composites is characterized
by the thermal conductivity enhancement
factor deﬁned as
η ¼ (K  Km )=Km

(1)

where K and Km are the thermal conductivities of the composite and the matrix material, respectively.
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sample no.

ﬁller type

maker

diameter (nm)

length (μm)

purity (weight %)

1
2
3
4
5
6
7
8
14
15
16

Multi Wall
Multi Wall
Short Thin MW
Single Wall
Single Wall
Single Wall
COOH Functional SW
COOH Functional MW
Multi Wall
Multi Wall
Multi Wall

Cheaptubes
Cheaptubes
Nanocyl 3150
Cheaptubes
Cheaptubes
Nanocyl 1100
Nanocyl 1101
Nanocyl 3100
Nanothinx NTX-1
Nanothinx NTX-3
Nanothinx NTX-4

3050
<8
9.5
12
12
2
2
9.5
1835
2545
610

1020
1030
1.5
530
0.52
several
several
1.5
>10
>10
>10

>95
>95
>95
>90
>90
>70
>70
>95
97
98.5
>90

The reports on the thermal conductivity of composites after addition of CNT were less impressive and
rather inconsistent. There have been studies that
reported the thermal conductivity enhancement factors in the range ∼50250% at f ∼ 7 vol % of the CNT
loading.810 In other cases, K was not improved11 or
even decreased with addition of SW-CNTs.11 The common reason oﬀered as an explanation was that
although CNTs have excellent intrinsic thermal conductivity they do not couple well to the matrix material
or contact surface. The reported thermal boundary
resistance (TBR) between CNTs and polymer matrix
was as high as ∼107 m2 K W1.12 The large TBR at the
CNTmatrix interface can be attributed to the fundamental property;high Kapitza resistance H13 between one-dimensional (1D) CNTs and 3D bulk owing
to the large diﬀerence in the phonon density of states
(DOS). It was also suggested that the lack of thermal
percolation in CNT composites can negatively aﬀect
their heat conduction properties.7
The eﬀective utilization of CNTs in composites also
depends on their ability to disperse individually and
homogeneously within a matrix material. To maximize
the eﬀects of CNTs for improving the electrical, thermal, and mechanical properties of polymer composites, one should ensure that CNTs do not form
aggregates and, instead, disperse into a network with
increased accessible interfacial surface area.14 Chemical functionalization has been considered a possible
route for achieving this goal.15 Subjecting CNTs to
chemical treatment can improve the coupling at the
CNTmatrix interface leading to enhanced electrical or
thermal conductivity of the nanocomposites. However,
chemical functionalization that works well for improving the electrical properties of nanocomposites may
not necessarily result in improving the thermal properties. Moreover, the eﬀects produced on SW-CNTs can
be drastically diﬀerent from those on multi-wall carbon
nanotubes (MW-CNTs). The length and diameter of
CNT can also aﬀect the outcome of functionalization.
Here, we report the results of the experimental
investigation of the eﬀects produced by the carboxylic functionalization (COOH groups) of CNTs on
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TABLE 1. Characteristics of the Carbon Nanotube Samples

the thermal properties of the resulting carbonnanotubepolymer nanocomposites. The carboxylic
functionalization (COOH groups) of CNTs allows one
to substantially improve the electrical properties of
NCs.16 The situation with the thermal properties of NCs
is more complicated and the net eﬀect depends on the
interplay of improved CNTmatrix coupling and degraded intrinsic thermal conductivity of functionalized
CNTs. The obtained results shed light on the phonon
heat conduction in CNTs embedded inside the polymer matrix and can help ﬁnding a trade-oﬀ when
simultaneous increase in the electrical and thermal
conduction properties of NCs is required.
RESULTS OF THE MEASUREMENTS
For this study, a set of composite samples was
prepared with two diﬀerent matrix materials: (i) thermoset commercial epoxy resin, utilized in the automotive industry, and (ii) polydimethylsiloxane (PDMS),
a silicone rubber, which is widely used for bioapplications and as thermal interface materials (TIMs). The list
of samples with brief description is given in Table 1.
The prepared composites contained various carbon
materials as ﬁllers, including SW-CNTs and MW-CNTs
with diﬀerent diameters and lengths. A set of SW-CNTs
and MW-CNTs was subjected to carboxylic (COOH)
surface functionalization before addition to the
composites while others were added as grown (see
Figure 1ac). The amount of carbon ﬁllers in NCs was
varied as 0, 1, and 3 wt %. The composites were
prepared with 12 diﬀerent ﬁllers. The functionalized
ﬁller (ﬁller #8) was added to PDMS matrix at 3 wt %
using similar methods as with the Epilox epoxy resin
samples. Figure 1b shows CNTpolymer NCs prepared
in the form of cylinders of 12-mm diameter and 12-mm
thickness for the thermal study.
An ideal SW-CNT possesses a continuous lattice of
sp2 bonded carbon. It has very high intrinsic thermal
conductivity of ∼3000 W/(m K) at room temperature
(RT).17 Owing to the extra strong sp2 bonding, acoustic
phonons are the main carrier of heat in all types
of CNTs. The only other material system that revealed
a higher thermal conductivity is graphene.3,18,19
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Figure 1. (a) Illustration of carboxylic groups attached to the side-wall of SW-CNT. The new bond interrupts the continuous
sp2 crystal lattice of SW-CNT. The carboxylic groups usually form at the sites of the dangling bonds, defects or CNT ends. While
increasing the CN matrix coupling, the attachment of functionalized groups creates scattering centers for acoustic phonons
carrying heat in CNTs. (b) Photo of CNTpolymer composites prepared in the form of cylinders for thermal measurements. (c)
Scanning electron microscopy image of epoxy-based nanocomposite with 3 wt % of MW-CNTs (sample #14) showing the
random orientation of CNTs. The scale bar in the image is 300 nm. (d) Scanning electron microscopy image of epoxy-based
nanocomposite with 3 wt % of MW-CNTs (sample #16). The scale bar in the image is 1 μm.

The carboxylic surface functionalization is carried out
by placing CNTs in an oxidizing environment, e.g., nitric
acid at ∼130 °C, for an extended period of time.20 The
rate and degree of carboxylic oxidation functionalization depend on the number of defect sites already
present on CNTs. MW-CNTs are expected to have fewer
defects than SWCNTs due to their inherently larger
radius of curvature and correspondingly lower in-plane
strain. It was observed that the oxidation of MW-CNTs
GULOTTY ET AL.

occurs more slowly and selectively than that of
SW-CNTs. In case of MW-CNTs, the oxidation occurs
mainly at the nanotubes ends. As a result, SW-CNTs are
expected to have more sidewall functionalization sites
than MW-CNTs.16,21 The sidewall functionalization and
other contamination can adversely aﬀect the electronic properties of CNTs.22 This eﬀect is stronger
for SW-CNTs as all the current is carried by one wall.
MW-CNTs are less sensible to this eﬀect as the current
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Figure 2. Thermal conductivity of the epoxy-based nanocomposites with functionalized and unfunctionalized
SW-CNT and MW-CNT (ﬁllers # 3, 6, 7 and 8) at 3 wt % loading fraction. Note that functionalization produces little
eﬀect on the thermal conductivity in case of MW-CNT ﬁllers.
The thermal conductivity enhancement is degraded by
functionalization of SW-CNT ﬁllers.

can redistribute among other walls. The carboxylic
functionalization is expected to improve ﬁller dispersion within the bulk polymer matrix by reducing the
hydrophobicity of CNT ﬁller material.20 For the same
reason, the carboxylic functionalization is also expected to improve coupling between the CNT and
surrounding polymer matrix. The carboxylic functionalization of the sidewalls of CNTs results in breaking of
sp2 bonds and can lead to formation of sp3 covalent
bonds or CH defect sites that act as scattering centers
for acoustic phonon propagating along CNTs (see
Figure 1a).
The previous studies of electrical properties of
the functionalized CNTpolymer NCs, prepared by
the same method, established that the electrical
characteristics were isotropic suggesting that the
ﬁller is dispersed without preferential orientation.14,15
This was directly conﬁrmed by electron microscopy
(Figure 1c). It is also known that CNT NCs with functionalization reveal an increase in the electrical conductivity from essentially nonconductive (∼1011 S/cm)
to 6  107 S/cm at 3 wt % SW-CNT (ﬁller #6) and
105 S/cm and 2  102 S/cm at 1 and 3 wt % (ﬁller #3),
respectively. The electrical conductivity of MW-CNT
NCs is increased by a factor of 7 at 1 wt % ﬁller and
by an additional ∼20% at 3 wt % ﬁller when carboxylic
functionalization is applied (relative to MW-CNT NCs
with unfunctionalized CNTs of the same type).20,23 The
electrical conductivity of the SW-CNT-composites was
increased by 34% at 1 wt % ﬁller but decreased by a
factor of ∼3 at 3 wt % ﬁller when carboxylic functionalization is applied (relative to SW-CNT-composites
with unfunctionalized CNTs of the same type23).
The measurements of the cross-plane thermal conductivity of CNTpolymer NCs were performed using
the laser ﬂash technique (LFT). The details of the
GULOTTY ET AL.

Figure 3. Thermal conductivity of PDMS with and without
ﬁller #8 at 3 wt % as a function of temperature. The thermal
conductivity of epoxy composites with 1 and 3 wt % ﬁller
#16 is also plotted for comparison.

measurements procedures are provided in the Methods section. Figure 2 shows the thermal conductivity as
a function of temperature for the neat epoxy, nanocomposite (NC) with SW-CNT (ﬁller #6), NC with functionalized SW-CNT (ﬁller #7), NC with MW-CNT (ﬁller #3)
and NC with functionalized MW-CNT (ﬁller #8). The ﬁller
fraction in all NCs is 3 wt %. One can see that addition of
as grown SW-CNTs to the epoxy enhances the thermal
conductivity by about 25%. Functionalization degrades the performance of SW-CNT ﬁllers. The thermal
conductivity drops almost to the neat epoxy value. This
trend suggests that while increasing the SW-CNT coupling to the matrix the side-wall defect sites created by
the functionalization strongly impede the acoustic
phonon transport along the SW-CNT. Addition of the
same fraction of MW-CNTs also enhances the NC
thermal conductivity although not as strongly as
SW-CNTs. Functionalization of MW-CNTs does not produce a noticeable eﬀect on the enhancement factor. The
latter can indicate that the contribution of the outer
wall to the heat conduction in MW-CNTs is marginal
and heat transport goes via the inside walls, which are
not aﬀected by the defects created by functionalization on the outer wall. It is illustrative to compare
the functionalization eﬀect on thermal and electrical
properties.20 At 3 wt % loading of SW-CNT (ﬁller #7), the
functionalization reduced the thermal conductivity
and decreased the electrical conductivity. At 3 wt %
loading of MW-CNT (ﬁller #8), the functionalization had
little eﬀect on the thermal conductivity while increasing the electrical conductivity by an additional ∼20%
compared to the unfunctionalized MW-CNT of the
same type.
Figure 3 presents the thermal conductivity for the
neat epoxy, neat PDMS and two types of NCs. The data
are shown for 1 and 3 wt % of the epoxyMW-CNT NC
(ﬁller #16) and 3 wt % of the PDMS-functionalized
MW-CNT NC (ﬁller #8). The results on this plot follow
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Figure 5. Thermal conductivity enhancement factor as a
function of the outer diameter of MW-CNT ﬁller at two
diﬀerent loading fractions. Each pair of points with the
same diameter on the graph corresponds to the same ﬁller
type. In order of increasing diameter, the data points
correspond to the ﬁllers #2, #16, #14, #15 and #1,
respectively.

Figure 4. (a) Thermal conductivity of epoxy-based nanocomposites with SW-CNTs of diﬀerent length. (b) The thermal conductivity of epoxy-based nanocomposites with
MW-CNTs of diﬀerent length. Note that longer CNTs perform better in terms of the thermal conductivity enhancement in both cases.

the expected trend. Addition of a larger fraction of
CNTs enhances the thermal conductivity stronger. The
PDMS-based NCs loaded with CNTs reveal higher K.
The data presented in Figure 3 allows one to analyze
the temperature dependence of the thermal conductivity. The epoxy-based NCs reveal a non-monotonic K
vs T dependence, which likely reﬂects the heat capacity
behavior. The speciﬁc heat of epoxy can change with
temperature owing to the loss of the water adsorbed
from the ambient or additional curing during heating.
The epoxy tends to absorb water stronger than PDMS
saturating at 1.56 wt %.24 The thickness of the
samples is suﬃciently small to allow for humidity eﬀect
on the epoxy during the sample storage. The eﬀect of
adsorbed water on properties varies with the chemistry
of the epoxy resin and hardener. However, the loss of
water during the thermal measurements at diﬀerent
elevated temperature would lower the speciﬁc heat
(the speciﬁc heat of water is 4 J/(g 3 K) while that of the
epoxy/air is 1 J/(g 3 K)) resulting in a valley around
6575 °C. PDMS has a more monotonically increasing
speciﬁc heat with the temperature in comparison with
that of the epoxy.
GULOTTY ET AL.

Figure 4a,b shows the eﬀect of the length of the asgrown CNT on the thermal conductivity. The data in
Figure 4a is presented for the SW-CNTs with the 3 wt %
loading fraction. The “long” SW-CNTs (ﬁller #4) enhance K stronger than the “short” SW-CNTs (ﬁller #5).
The same trend is observed for the MW-CNTs presented in Figure 4b. The diﬀerence in the length of CNT
in both cases is on the order of 1 order of magnitude.
The estimated average ratio of the CNT length, L, to
diameter, D, in the case of SW-CNTs was L/D ∼ 104 for
the “long” SW-CNTs and L/D ∼103 for the “short”
SW-CNTs. In the case of the “long” MW-CNTs, the ratio
L/D was above ∼103, while for the “short” MW-CNTs,
the ratio was ∼102. One can conclude that longer CNTs
with larger L/D are more eﬃcient in improving the heat
conduction properties of CNT  polymer NCs. This
conclusion is supported with the calculations reported
for composites with MW-CNTs using the Hatta-Taya
model for randomly distributed ﬁbers.25
In Figure 5, we present the thermal conductivity
enhancement as a function of diameter, D, at two
diﬀerent MW-CNT loading fractions. Despite some
data scatter, the data suggests a trend that larger D
is beneﬁcial for the thermal conductivity of MWCNT-polymer NCs. In previous studies of the electrical
conductivity of CNT composites, it was found that the
enhancement eﬀect was volumetric.25 In this case, the
MW-CNTs all have similar volume fractions ∼0.6 and
1.7 vol % at 1 and 3 wt %, respectively. It was also found
that the enhancement trend depended more on diameter of the ﬁller rather than L/D ratio.
DISCUSSION
For practical applications, it is important to identify
the CNT ﬁllers and loading fractions, which improve the
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electrical conductivity without degrading, or preferably, simultaneously increasing the thermal conductivity. Figure 6 presents the electrical conductivity
data20 and our measured thermal conductivity enhancement factors (see eq 1) for the epoxy-based
NCs with the as-grown SW-CNTs (ﬁller #6; red line),
functionalized SW-CNTs (ﬁller #7; blue line), as-grown
MW-CNTs (ﬁller #3; brown line) and functionalized
MW-CNTs (ﬁller #8; green line). One should note that
addition of 1 wt % of CNTs is usually not suﬃcient to
improve the thermal conductivity of NCs and can even
result in its degradation. Two data points with negative
η are shown in Figure 6. Four of the 11 tested ﬁllers
(samples #4, #5, #7, and #8) revealed a decrease in the
average thermal conductivity at 1 wt % compared to
the neat epoxy over the examined temperature range.
It is interesting to note that in the sample #8 addition of
1 wt % of MW-CNTs improved the electrical properties
of the composite substantially while slightly decreasing
the thermal conductivity from the neat epoxy value.
One can conclude from this data that in order to ensure
preservation or enhancement of the thermal conduction properties of CNTpolymer NCs the ﬁller loading
should be above 1 wt %, preferably closer to 3 wt %.
One can see from Figure 6, that in case of SW-CNTs,
functionalization produces negative eﬀect on the thermal conductivity. The side-wall defects created by
functionalization improve the SW-CNT coupling to
the matrix but deteriorate the thermal conductivity
of SW-CNT itself. The defects act as scattering centers
for the acoustic phonons that carry the bulk of heat in
all CNTs.3,18,26 In case of MW-CNTs, functionalization
improves dispersion and electrical properties without
degrading the thermal conductivity, which is primarily
determined by the ﬁller loading fraction. Note that the
sample #8 with the functionalized MW-CNT ﬁller at
3 wt % loading demonstrated the highest electrical
conductivity of 25 mS/cm with the thermal conductivity simultaneously enhanced by η∼15%. The latter can
be explained assuming that all walls contribute to the
GULOTTY ET AL.
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Figure 6. Electrical conductivity vs the thermal conductivity
enhancement factor for the epoxy based nanocomposites
with the functionalized and unfunctionalized SW-CNT and
MW-CNT ﬁllers at 1 and 3 wt % loading fraction. The electrical conductivity is shown in the logarithmic scale. The
data points correspond to the ﬁllers # 3, 6, 7 and 8.

phonon transport so that the increase in defectiveness
of the external wall consequent to functionalization
leads to a marginal decrease in thermal conductivity
overwhelmed by the decrease in thermal contact
resistance due to functionalization. Thus, COOH
functionalized MW-CNTs appear to be the optimum
ﬁller for the polymer NCs when improved uniformity of
the ﬁller dispersion is desired with the simultaneous
enhancement of the electrical and thermal conduction
properties.
In this study, we speciﬁcally limited our analysis to
relatively low loading fractions of CNTs. From the
technological point of view, we were motivated to ﬁnd
a practically feasible way of increasing both the electrical and thermal properties. The larger CNT loading
fractions are impractical because of the prohibitive
cost of CNTs and additional cares needed to achieve
proper dispersion. Higher loading usually results in less
uniform CNT dispersion making comparison less accurate. It was also observed earlier20 that the electrical
conductance in our samples starts to saturate for the
loading fractions above 3 wt %.
Although a direct comparison of the results is not
possible due to diﬀerences in the composition and
preparation methods, it is illustrative to discuss our
data in the context of prior studies of the thermal and
electrical properties of CNTpolymer composites.21,2729
It was reported that subjecting MWCNTs to triethylenetetramine (TETA) grafting was beneﬁcial for the
epoxy-based composites at all investigated loading
fractions.21 However, TETA functionalization is diﬀerent from the one used in our study. The authors
indicated that TETA-functionalized MWCNTs constitute
the “core-shell” structure (MWCNT is the core and TETA
is the shell), which explain its beneﬁt for enhancing the
thermal conduction and mechanical strength.21 Our
task was to test if increasing the CNTmatrix coupling
leads to simultaneous enhancement of the electrical
and thermal properties. Another study reported increased thermal conductivity in the silicone composite
with 2 vol % of MWCNTs.30 The examined silicone
matrix is similar to our PDMS while the CNT length is
much shorter leading to much lower CNT distances.
Our results for thermal properties of CNTPDMS composites are in line with the data reported in ref 30. The
thermal conductivity measurements of puriﬁed SWCNTepoxy composites prepared using suspensions
of SW-CNTs in N,N-dimethylformamide (DMF) and
surfactant stabilized aqueous SW-CNT suspensions
revealed some enhancement of the thermal conductivity at rather small weight fractions (∼1%) of
SW-CNTs.27 However, the SW-CNTs in this work were
not subjected to chemical functionalization and had
much smaller length than CNTs in our study. Finally,
based on our results and data reported in literature,7,28,29
one can observe that the question of the thermal
percolation remains open.7,28,29
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METHODS
The composites for this study were prepared with several
diﬀerent CNT ﬁllers. The desired quantity of ﬁller was mixed into
liquid epoxy resin stirred vigorously (1200 rpm for 10 min). The
sonication with the ultrasonic frequency 37 kHz for 15 min was
applied to help remove voids from the mixture. Degassing in
vacuum was performed to completely remove air pockets. The
composite mixture was poured into a mold and cured in oven at
70 °C for 4 h. A more detailed description of the samples was
reported by some of us elsewhere.20,23,31
To perform the measurement of the thermal conductivity
with LFT, each sample was placed into a stage that ﬁtted its size.
The bottom of the stage was illuminated by the ﬂash of a xenon
lamp. The temperature of the top surface of the sample was
monitored by a cryogenically cooled InSb IR detector. The
temperature rise as a function of time allows the determination
of the thermal diﬀusivity. The thermal conductivity, K (W/(m K)),
is calculated from the equation
K ¼ RFcp

(2)

where R is the thermal diﬀusivity (m /s), F is the mass density of
the material (kg/m3) and cp is the speciﬁc heat (J kg1 K1). The
speciﬁc heat was obtained from the laser ﬂash calorimetry.32
The method requires a reference sample of known heat capacity and similar thermo-physical properties. In our case, the neat
epoxy and neat PDMS were used as the references. An assumption was made that the reference sample and the test sample
absorb an equal amount of energy from equal light ﬂashes.
Further details of the laser ﬂash measurement procedures,
in the context of other material systems, have been reported
elsewhere.33,34
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