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a b s t r a c t

Although the individual one- and two-dimensional (1D and 2D) carbon nanostructures possess
extremely high thermal conductivity, their macroscopic assemblies do not efficiently utilize it due to the
larger interfacial contact thermal resistance. To improve the overall performance, the key is the inter-
facial structure design to provide sufficient pathways for phonon transport with a limited sacrifice or
damage to the inherent thermal properties of nanomaterials. Particularly, the resonance of low-
frequency lattice vibrations is the most important mechanism for the reduction of the interfacial con-
tact thermal resistance. Based on recent theoretical and experimental studies and observations on
interfacial heat transport, we review here a fourfold set of transport problems in this field: (1) low-
frequency phonons in 1D and 2D nanostructures for heat transport; (2) the mechanisms of interfacial
thermal transport; (3) assembly structure design towards high utilization of the thermal conductivity
from individual nanostructures; and (4) recent development of thermal conductivity measurement for
individual and assembled nanomaterials.

© 2021 Elsevier Ltd. All rights reserved.
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1. Introduction

With relentlessly decreasing sizes of devices and structures, the
thermal transport becomes more and more severe, pushing the
rapid development of thermal interface materials (TIMs). Nano-
carbon materials, including carbon nanofibers (CNFs), carbon
nanotubes (CNTs), graphene sheets, and graphene nanoribbons
(GNRs), have shown a strong potential for the application as TIMs
due to their inherent high thermal conductivity [1e6]. Unfortu-
nately, although nano-carbons possess a high conductivity, on the
order of 102e103 Wm�1 K�1, the effective conductivity of the TIMs
using them as fillers is only on the order of 1e10 W m�1 K�1. A
better strategy to use nano-carbons is to assemble them into a
large-size material, like fibers and films, whereas the heat con-
duction across the interface between nano-carbons has become a
key factor limiting the overall thermal properties. To understand
the mechanism of heat transport in nano-carbon assemblies, and
thus to develop the enhancement strategies, it is necessary to
investigate thermal energy transport at interfaces. Therefore,
various problems including the physics of phonon transport in
nano-carbons, the interfacial heat transport, the assembly structure
design and optimization, and experimental measurement strate-
gies, should be investigated with great effort and carefulness.

First of all, for individual nano-carbons, there are new physics
and novel thermal properties different from bulk materials, such as
the abnormal heat conduction, size dependence of thermal con-
ductivity, and phonon boundary/edge scatterings [7,8]. For bulk
materials, heat conduction has been long time considered as a
diffusion process governed by Fourier’s law,

J¼ � kVT ; (1)

where J is the local heat flux, VT the temperature gradient, and k the
thermal conductivity which should be size independent. However,
this law fails in one-dimensional (1D) lattices as size dependence
raises up. For example, for a Fermi-Pasta-Ulam (FPU) chain with a
simple anharmonic approximation to the Hamiltonian, e.g., H ¼
P

i
p2
i
2 þ 1

2ðxi � xi�1Þ2 þ b
4ðxi � xi�1Þ4, k diverges with the lattice

length L approximately as L1=2 [9]. It is found that the
phononelattice interaction is the key factor for Fourier’s law [10].
For nano-carbons in which such interaction is not significant,
theoretical and experimental results have also confirmed the
similar length-dependent divergence of k [4,11e13]. Furthermore, k
does not converge even if its length is much larger than the phonon
mean free path [7]. These discoveries are consistent with the in-
vestigations on the atomic-chain model, that is, only the
phononephonon interaction cannot give rise to Fourier’s law.
Consequently, in nano-carbons such as CNT, graphene, and GNR,
the conductivity is mostly ascribed to low-frequency phonons
(LFPs), owing to their high phonon velocities and/or largemean free
paths [14e20].

When nano-carbons are assembled together, interfaces appear
and the contact thermal resistance becomes the key problem for
thermal transport. For example, when CNTs are bundled together
the conductivity along the bundle axis is just one third that of an
individual CNT, and in the perpendicular direction it is even two
orders of magnitude smaller [21]. The across-tube thermal
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resistance between CNTs is found to be strongly influenced by the
contact type (crossed or parallel), and the pressure applied on them
as well [22]. Similarly, the resistance between graphene sheets also
determines the conductivity of graphene assemblies [23e27]. Thus
the contact engineering for nano-carbons is very important, and
the mechanism of interfacial thermal transport should be clarified
in advance. Here the situation is limited to a small group of nano-
carbons.

When massive nano-carbons are assembled into macroscopic
materials, there aremore factors affecting the thermal conductivity,
such as the packing density, orientation, and flaws in assembly
structure [28]. Thus far, although it is still a challenge to produce
high-quality assemblies of nano-carbons, various important
achievements have been realized. Therefore, it is necessary to
establish the structureeproperty relationship for nano-carbon as-
semblies at the macroscopic scale.

Moreover, as the dimensions, density, and surface morphology
of these nano-carbon assemblies are greatly different from the
conventional large-size materials, it is also a challenge to precisely
measure their thermal properties. There have existed more than
ten types of measurement methods successfully applied to various
nano-carbon materials, while each has its own limitation. Based on
the special assembly feature of nano-carbons, it is also necessary to
remedy the existing measurement methods.

In this paper, we start with a section to introduce the fail of
Fourier’s law in low-dimensional systems, and thus lead to the
concept of LFPs which play an important role in determining the
capacity of heat transport for nano-carbons. Consequently, we also
discuss in this section the influences of interfacial phonon coupling
on the heat transports in and between nano-carbons, including the
theoretical modelling as well. In the next section, the thermal
conductivity of macroscopic nano-carbon assemblies is reviewed
according to the dimensionality, to show the effect of various as-
sembly forms. This section is organized into experimental pro-
gresses, strategies to improve thermal performances, and recent
theoretical investigations. Subsequently, considering the various
dimensionality and assembly structure, the measurement tech-
niques for accurate evaluation of thermal conduction are summa-
rized and discussed in a new section, by focusing on the
applicability and possible development toward nano-carbon as-
semblies. The above scheme is schematically depicted in Fig. 1.
Finally, we draw a conclusion and provide future directions for this
research field.
2. Low-frequency phonons in nano-carbons

2.1. Ballistic and diffusive phonon transports

In the past dozen years, the thermal conductivity of low-
dimensional nano-carbon materials, such as CNT, GNR, and gra-
phene, have attracted great attentions owing to their novel thermal
transport properties. Similar to the investigation on 1D lattice
models [9,10], the divergent k was also observed in nano-carbons.
Non-equilibrium molecular dynamics (NEMD) simulations
revealed that the conductivity of a CNT diverges as kfLa, where L is
the tube length and a ¼ 0:27, 0.15, and 0.11 for the (5,5), (8,8), and
(10,10) CNTs at 300 K (Fig. 2A) [29]. (Larger a values were also



Fig. 1. Scheme of interfacial heat transport in nano-carbon assemblies. (A colour
version of this figure can be viewed online.)
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reported, e.g., 0.4 and 0.36 for the (5,5) and (10,10) CNTs at 300 K
[12]). Here, a larger a value is attributed to the smaller CNT length,
where a more ballistic phonon transport is expected [30]. The
similar power lawwas also observed in GNRs; a ¼ 0:47 and 0.35 for
2-nm-wide armchair and zigzag GNRs, respectively (Fig. 2B) [4].
Due to the scattering of different edge-localized phonons, there is
also a large anisotropy in thermal conductivity for GNRs, which can
be controlled by the GNR width, edge roughness, and hydrogen
termination, as the edgeephonon scattering plays a negative effect
on the conductivity [31].

There is competition between the ballisticity of phonon trans-
port and phonon scattering, as reflected by using such simple for-
mula of kfLa, where a is expected to decrease when L increases
from a ballistic size to a diffusive phonon-transport size. This is
because the anharmonicity of nanomaterials can be enhanced with
increasing the size, due to the strengthened phonon scattering. For
example, the conductivity of (5,5) CNT shows a linear dependence
with L (kfL) when L<40 nm and a power law (kf La) otherwise
[32]. (az0:62 when 40< L<200 nm and az0:26 when 200< L<
3000 nm.) Further increasing L up to >10 mm, the thermal con-
duction becomes very close to the completely diffusive transport,
and the ballistic transport can be ignored [30]. Thus far, it is known
that LFPs possess long phonon mean free paths, and lattice defects
can scatter the LFPs more efficiently and reduce significantly their
contribution to the thermal transport.

To provide a more realistic description, an empirical formula k ¼
k∞ð1�e�L=Lc Þ was proposed, where k∞ is the fit fully diffusive
thermal conductivity and Lc a fit length to describe the transition
from ballistic to diffusive phonon transport [33]. It can be roughly
considered that, the ballistic phonon transport dominates the
thermal conductivity, when L is smaller than Lc and the phonon
mean free path is limited to L owing to the boundary scatterings,
resulting kfL. Whereas, when L is much larger than Lc, the diffusive
phonon transport dominates, and the mean free path is limited by
the phonon scatterings, resulting in the L-independent k. Therefore,
when L is comparable to Lc, the phonon mean free path is deter-
mined by the combined contribution of boundary and phonon
393
scatterings.
The similar divergence of Fourier’s law was also observed in 2D

nano-carbons, but with a different size dependence, i.e., kflog L
[34e36]. This logarithmic dependence was experimentally and
theoretically verified in single-layer graphene, see Fig. 2C and D
[13]. Experiments showed that k does not saturate even in a su-
perlong sample with Lz8 mm, because the logarithmic dependence
arises for 700< L<9000 nm (Fig. 2C), as confirmed by NEMD sim-
ulations in the regime of 5< L<1000 nm (Fig. 2D). Similar to the 1D
case, the divergence of k out of the usual ballistic region is attrib-
uted to the reduced dimensionality, while the different size
dependence indicates that the LFPs are quite different in the 1D and
2D nano-carbons [37,38].

2.2. Low-frequency phonons

It has been clear that LFPs, especially the acoustic ones, have
very long mean free paths in 1D nano-carbons such as CNTs and
GNRs, and are mainly responsible for the unusually high thermal
conductivity and the intriguing length divergences
[14,16e19,30,39e41]. In such 1D materials, there are four acoustic
modes: longitudinal acoustic (LA), twisting acoustic (TWA) and
doubly degenerate transverse acoustic (TA) [42]. Similarly, for 2D
nano-carbons, LFPs are also of great importance. (Fig. 3A shows the
phonon dispersions in few-layer graphenes with the Bernal (AB)
stacking [41].) The phonon branches along the GA direction are
acoustic (A) and optical (O) with an in-phase and counterphase
movement of the adjacent layers, respectively. These modes can be
longitudinal (L) or transverse (T) for the atomic displacements
along or perpendicular to the wave vector, respectively. The LFP
branches along the GK direction can be classified similarly, and the
only difference is in the transverse branches, which are denoted by
T and Z for the in-plane and out-of-plane atomic displacements,
respectively. (The acronyms for the branches along the GA direction
are primed.)

As an important feature for a phonon, its mean free path, as
defined by the average distance traveled by the phonon between
successive collisions, is a function of the phonon frequency. The
LFPs have a larger mean free path than the others. For example, the
effective room temperature mean free path in CNTs can exceed 10
mm for sub-0.5-THz LFPs and is just 10e100 nm for over-20-THz
high-frequency phonons (HFPs) [48]. As the main source of ther-
mal resistance is from the collisions between phonons, the larger
mean free path of LFPs leads to longer energy transfer distance, less
scattering and more efficient heat transfer. Meanwhile, the pro-
portion of HFPs is very small, while the LFPs have an absolute
advantage in the density of states (DOS); and the relaxation time of
LFPs is also generally longer. Clearly, the contribution of LFPs to heat
conduction is dominant. Besides this, the finite size of nano-
carbons constrains the phonon motion and causes the thermal
conductance to appear size dependence. For example, MD simu-
lations showed that there are more and stronger LFPs in longer
CNTs (Fig. 3B), leading to the divergence of thermal conductivity
[45]. Furthermore, in terms of phonon scattering, the LFPs mainly
scatter through the three-phonon process (a type of phonon
coupling), while the HFPs aremore scattered by interface disorders,
causing their heat-carrying capacity to decrease [49].

For graphenes, there is a strong effect of inter-layer stacking on
the LFPs. Fig. 3C shows the phonon DOS of single-layer and bilayer
graphenes, calculated using the phonon dispersions in the frame-
work of lattice dynamics theory [46,50]. The peaks at 452, 605, and
638 cm�1 correspond to the ZA, TA, and ZO (out-of-plane optic)
phonon branches at edge of Brillouin zone, the peak at 1192 cm�1 is
associated with the low-velocity LA phonons from different di-
rections near the edge of Brillouin zone, the peak at 889 cm�1 is



Fig. 2. Length-dependent thermal conductivity for the 1D and 2D nano-carbon materials. (A) For (5,5), (8,8), and (10,10) CNTs at 300 K, a ¼ 0:27, 0.15, and 0.11, respectively [29]. (B)
For the 20-AGNR and 10-ZGNR (both about 2 nm in width), a ¼ 0:47 and 0.35 at 300 K [4]. (C) Length dependence for suspended single-layer graphenes [13], by assuming that the
contact thermal resistance is negligible (red squares), 5% (blue circles) and 11.5% (brown diamonds) to the total measured resistance in a 9-mm-long sample. The red diagonal lines
indicate the range of phonon mean free path. (D) Thermal conductivity of graphene as a function of the distance between the hot and the cold reservoirs [13], obtained with direct
(black circles) and reverse NEMD (red squares and green diamonds) at T ¼ 300 K and reverse NEMD at 1000 K (blue triangles). Results obtained with supercells with square aspect
ratio (green diamonds) agree well with those obtained with elongated supercells (all others). The dotted and dashed vertical lines indicate the limit of the ballistic transport regime
obtained by experiment and simulation, respectively. (A colour version of this figure can be viewed online.)
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related to ZO phonon at G point, and TO and LO phonons at the
center and edge of Brillouin zone are responsible for peaks at 1350
and 1585 cm�1. For the bilayer graphene, the stacking increases the
intensity of phonon DOS by a factor of �2, and generates new
phononmodes from the inter-layer interaction. As shown in Fig. 3C,
a new DOS peak related to ZA2 phonons at G point appears at
91 cm�1, which is considered as the bilayer analogs of the ZA po-
larizations of single-layer graphene and can be tuned by the twist
angle between graphene layers [50]. It means that the coupling
between graphene layers can affect both the in-plane and cross-
plane heat transport. New breathing modes were also observed
in disorderly stacked few-layer graphenes at 120 and 180 cm�1,
namely a combination mode (Eg þ ZO0) of the in-plane shear and
the inter-layer optical breathing modes and an overtone mode
(2ZO’), respectively [51].

To increase the DOS intensity of LFPs, attentions are paid to the
effects of temperature, defects, and surface functionalization, be-
sides increasing the size of nano-carbons [52]. For CNTs, a contin-
uous theory was developed to describe the LFP dynamics and
394
related low-temperature physics of axially stressed CNTs [53]. It is
found that a tensile stress increases the CNT’s eigen frequencies,
especially for the modes with radial polarization, while an axial
compression decreases them. Such effect is originated from the
stress-induced change in graphene’s modulus [54,55]. The major
influences of CNT chirality, diameter, and orientation of
StoneeWales defects on the DOS are found in the low-frequency
regime [56]. For example, vacancy defects and curvature have a
strong effect on the Raman-active E2g mode, whose frequency de-
creases with increasing the defect density and curvature [57]. The
defects and curvature also induce a phenomenon of phonon
localization, where some sharp peaks appear in the low-frequency
region and some high-frequency peaks vanish. Overall, the intro-
duction of defects is a negative effect to suspend the density of LFPs
due to the increased possibility of phonon scattering. The effect of
defects is also strong for 2D nano-carbons. As shown in Fig. 3D, at
high defect concentrations, new DOS peaks appear at the low-
frequency regime of bilayer GNRs, especially for the ZA2 out-of-
plane acoustic phonon at �100 cm�1 [47]. By properly folding



Fig. 3. Low-frequency phonons in nano-carbons. (A) Low-frequency phonon dispersion of Bernal graphite along two high-symmetry directions [41], in comparison with available
experimental data, shown by circles [43] and squares [44]. The dashed lines are the dispersion of rhombohedral graphite and the vertical dashed line is the Brillouin zone boundary.
Left inset: Brillouin zone of graphite with selected special points. Right inset: Phonon dispersion of Bernal graphite along high-symmetry directions. (B) Vibrational DOS of (10,10)
CNT with 50 and 100 layers, respectively [45]. The inset shows the DOS in the full frequency range, and the full graph shows the DOS in the low-frequency range. (C) Phonon DOS of
single-layer and AB-stacked bilayer graphene [46]. The contribution from ZA (red), TA (blue), ZO (magenta) and LA (green) phonon branches are also plotted. (D) Phonon DOS of
bilayer GNR (ribbon width 2.6 nm) at different concentrations of vacancy defect in the upper layer [47]. (A colour version of this figure can be viewed online.)
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few-layer graphenes, the ultra-low frequency inter-layer shear
mode can be effectively enhanced, and the van Hove singularity
caused by folding can also significantly enhance such shear mode
[58].
2.3. Interfacial phonon coupling

2.3.1. Theoretical description
In real applications, nano-carbons are always assembled

together to construct rich contacts between them. Hence, under-
standing the contact thermal resistance is of primary significance to
design advanced TIMs. There are several theoretical approaches to
describe the phonon transport/coupling across interfaces, such as
MD simulation, atomistic Green’s function method, and phonon
Boltzmann equation modeling [59,60]. The former two are more
suitable for small and simple structures due to the large con-
sumption of computational resources, and the latter provides a
robust and feasible tool with a clear physical picture of phonon
scattering. Thus far, there are mainly two classical models for
interfacial phonon transmission based on phonon Boltzmann
equation, e.g., the acoustic mismatch model (AMM) [61] and the
diffuse mismatch model (DMM) [62]. The AMM assumes that the
phonon completely specularly transmits or reflects as acoustic
waves at the interface. It was subsequently improved by including
the anharmonic atomic vibration at the interface. However, this
model has obvious limitations, because it assumes that the
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interface is ideally smooth, leading to the specular reflection
assumption. On the contrary, the DMM proposed assumes that the
interface is completely disordered, and the phonon diffuses elas-
tically and loses memory of its incident wave vector and polariza-
tion when arriving at the interface. The DMM can be used to
establish an upper bound for the across-interface heat transport, as
limited by the phonon DOS [63]. In both models, a crucial factor
determining the interfacial thermal resistance is the overlap of
phonon states. Both models can predict the thermal resistance at
low temperatures very well, while at high temperaturesmost of the
practical interfaces are not consistent with the corresponding as-
sumptions, leading to great discrepancy for the results between the
model predictions and experiments.

Therefore, based on the AMM and DMM models, the upper and
lower bounds of interfacial thermal conductance are determined,
and thus can be used to assist the analysis of MD simulations.
However, these models could be problematic as they only take into
account the elastic phonon scattering and ignore the contribution
of the inelastic scattering, leading to the underestimation as
compared to experiments [64]. It has been proved that the contri-
bution of inelastic scattering can be over 50% even at room tem-
perature to the total thermal conductivity for interfaces with large
acoustic mismatch [65]. When the mass difference between the
two materials is large, the surface inelastic transport can involve
four- and five-phonon processes and the optical phononmodes can
contribute comparable thermal conductance as the acoustic modes
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[66]. By developing an effective Debye DOS of phonons and
considering the inelastic scattering processes, it has been proved
that the vibrational mismatch can provide additional thermal
transport channels, especially at high temperatures [67]. As
compared to the classical DMM model, such modified DMM model
can give a 10-fold increase in thermal conductance, in better
agreement with the experimental results [68]. For the Au/graphene
interface, such DMM model shows a boundary conductance of
22.8 MW m�2 K�1 at 300 K (experimental result
21e26 MW m�2 K�1), among which the two-, three-, and four-
phonon processes contribute 13.3, 6.5, and 2.9 MW m�2 K�1 to
the total conductance, respectively.

Moreover, to consider the interface roughness, a mixed
mismatch model (MMM) was proposed, in which the ratio of the
specular and diffuse transmissions is determined by the interface
and also related to the DOS of phonons [69]. The model is suitable
for the prediction of interfacial resistance with arbitrary roughness
for carbon-based TIMs. The resistance increases with the surface
roughness, and such effect is more significant at low pressures.

Furthermore, for the nano-carbon/metal interfaces, the inter-
facial thermal transport can also be affected by the coupling be-
tween the electrons in metal and the phonons in nano-carbons,
which is beyond the scope of the above models. Therefore, new
strategies should be introduced into the AMM/DMM models, or
combined with MD simulations. For example, by using the result of
a density functional theory (DFT) calculation predicting the
electronephonon coupling of noble metals, it is found that such
coupling can enhance the apparent thermal interface conductance
of the acoustic mismatched interface even by two orders of
magnitude [70]. In another approach, based on NEMD simulation
and Green’s function method combined with DFT, the electron-
mediated heat transfer was calculated [71]. The results show that
the electronephonon coupling in CNT/Cu can provide an equivalent
contribution to the overall interfacial thermal conductance as
compared to that of phonon-based heat transfer.

Clearly, although the AMM and DMM models can improve the
understanding of interfacial heat transport, the accuracy of these
models is restricted by the rough assumption of phonon scattering,
e.g., lack of high-order scattering processes and electroephonon
coupling. As the transmission coefficient calculated by DMM is
about two orders of magnitude lower than that calculated by AMM,
these models calculate the upper and lower limits of interfacial
resistance spanning over a super wide range. Therefore, it is
necessary to establish more accurate description of interfacial
phonon scattering or transmission into these models, based on the
MD and ab initio investigations. For example, MD simulations at the
atomic level is very helpful to understand the thermal transport of
nano-carbons, especially the phenomenon taking place at the in-
terfaces between nano-carbons and substrates. Thus in the
following discussions, various MD simulations are introduced in
separate topics.

2.3.2. In-plane heat transport
For the contacted nano-carbons, the interfacial phonon coupling

becomes a key problem for heat transfer, either across the interface
or along (parallel) the nano-carbon itself. For the parallel transport,
multi-layer graphenes or GNRs are a typical example to investigate
the effect of interfacial interaction. Generally speaking, the in-plane
phonon modes (LA and TA) dominate the in-plane heat transport,
while the out-of-plane modes (ZA) determine the cross-plane or
interfacial heat transport via the phonon coupling. It is found that
the thermal conductivity rapidly reduces from � 4000 W m�1 K�1

for a single-layer graphene to �2800e1300 W m�1 K�1 when the
number of graphene layer reaches 2e4 [17]. Such change is ascribed
to the cross-plane coupling of LFPs and the Umklapp scattering for
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the LA and TA phonons. For the thermal transport in multi-layer
graphene, the ZA phonons have a very dominating contribution
via the normal phonon scattering [19]. Therefore, based on the
investigation of the possible three-phonon scattering events, it is
found that the effect of inter-plane interactions can openmany new
pathways for phonon scattering, most notably for those involving
three ZA phonons [72]. Similarly, for the phonon DOS of multi-layer
GNRs, the coupling can induce remarkable shrinkage and weak-
ening for the LFPs within 1200e1600 cm�1 at the edge of nano-
ribbons, and the cross-plane coupling can take place mainly for the
LFPswithin 300e600 cm�1, see Fig. 4A [73]. As a result, the in-plane
heat transport is suppressed by the cross-plane coupling.

The interfacial coupling also results in remarkable decrease in
thermal conductivity for other nano-carbons. For example, the
conductivity of GNRs rapidly decreases with the thickness
increasing frommonolayer to bilayer, and the reduction is up to 67%
when the number of layer reaches 4 [74]. Considering the impor-
tant contribution of ZA phonon coupling, by artificially freezing the
out-of-plane atomic vibration in one layer, the conductivity along
such layer would increase from 334 to 467 W m�1 K�1, while the
conductivity along the other layer is nearly unaffected. When the
freezing is on both layers, the bilayer GNR shows the same con-
ductivity as a monolayer GNR.

The presence of a substrate has also a strong and negative in-
fluence on the in-plane heat transport for nano-carbons. For a
multi-layer graphene supported on an amorphous substrate, the
in-plane conductivity is strongly suppressed, and the thickness of
multi-layer graphene needs to be more than 30 layers to recover
the graphite’s conductivity [76]. This is because that the phonon
scattering at the interface, as influenced by interface roughness,
results in a reduction of the basal-plane phonon mean free path.
Similarly, for a GNR/SiC contact, the SiC substrate also significantly
reduces the GNR’s conductivity by the strong interfacial interaction.
Interestingly, when a bilayer GNR is supported on SiC, one GNR
layer acts as a buffer layer, and the other GNR layer shows the
highest thermal conductivity. There is also an effect from the GNR
edge. When the graphene-substrate interaction is weak, the defect
has a strong influence on the strengthening of interfacial coupling,
while for a strong graphene-substrate interaction, the effect of
defect is not large.

Note that there could be about 80% reduction in thermal con-
ductivity for a single-layer graphene when being supported on
amorphous SiO2 (down to �600 W m�1 K�1 at room temperature),
because of the leaking of phonons across the interface and the
strong scattering of ZA phonons [20]. Based onMD simulations, it is
found that there is an order-of-magnitude reduction in thermal
conductivity due to the damping of ZA modes [77]. However, such
suppression can be modulated by the substrate coupling, or in
terms of the graphene-substrate interaction. For a strong interac-
tion, the ZA modes can hybridize with the SiO2 Rayleigh waves,
leading to a linearized dispersion relation, higher group velocity,
and enhanced thermal transport. This is quite similar to the case of
double FrenkeleKontorova chains, where the inter-chain interac-
tion always enhance rather than suppress the thermal conductance
[78].

In several investigations, it is indeed observed that the substrate
can also increase the conductivity for nanostructures. With a model
containing two coupled FPU chains (Fig. 4B, top panel), a compet-
itive mechanism on the variation of thermal conductivity is ob-
tained [75]: i) phonon scattering due to the interfacial phonon
resonance decreases the conductivity (negative effect), and ii) the
reduction of intrinsic scatterings between phonons increases the
conductivity (positive effect). To describe the inter-chain coupling,
a parameter of resonance angle J ¼ jarctanðl2 =l1Þj is used, where
l1=2 are the phonon amplitudes of the two FUP chains, and is



Fig. 4. Effect of interface on the in-plane heat transport of graphene. (A) Spatially resolved phonon spectrum in zigzag graphene with single and four layers, respectively [73]. (B)
Schematic of two coupled FPU chains (top panel) and the calculated heat flux J along the two chains as a function of resonance angle J (bottom panel) [75]. The dashed line
indicates the heat flux of isolated chain 1. The three cases correspond to different groups of atomic atom and spring constant for the coupled chains, details see Ref. [75]. (A colour
version of this figure can be viewed online.)
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determined by the atomic mass and spring constant of the coupled
chains. When J is small (<p=24), the variation of thermal con-
ductivity is dominated by the positive effect, while the negative
effect dominates whenJ>p=12 (Fig. 4B, bottom panel). According
to this mechanism, the positive effect was realized in a modified
double-wall CNT and an ice-nanotubes coupled within a CNT
[75,79], where the vdW interaction from the outer-tube increases
the tangential elastic modulus (the out-of-plane force constants) of
the inner-tube. As a result, the frequency of ZA phonon in the low-
frequency region upshifts, and thus reduces the intrinsic phonon
scatterings at room temperature as less phonons are excited. Thus,
it is expected that it might be possible to increase the conductivity
of 2D nano-carbon via an appropriate coupling between the
substrate.

2.3.3. Cross-plane heat transport
The interfacial phonon coupling has more important effects on

the cross-plane (interfacial) heat transport, which is still a very hot
topic thus far. When the heat is transferring, there is usually an
obvious temperature jump across the interface, based onwhich one
can define the interfacial thermal resistance [62,80]. A large num-
ber of investigations have been performed to understand such
interfacial resistance, to show the effect of chemical bonding and
vdW interactions [81e89], and various studies also shown that the
coupling of LFPs is particularly important for the cross-plane heat
transport. Furthermore, the interfacial thermal conductance be-
tween nano-carbon and other materials is also of great importance,
such as CNT/Si [82,90], CNT/SiO2 [91], CNT/Cu [71], graphene/sili-
cene monolayer [84], graphene/Cu [92], graphene/water [93], and
so on. Taking the heat transport between CNTs as an example, it is
mainly constrained by the following two problems: the energy
contained in HFP modes should first be transferred to LFP modes
via phonon coupling, and efficient pathways should be established
to exchange the energy with the LFPs.

The way in which nano-carbons are connected determines the
phonon coupling and thus the heat transport across the interfaces.
The coupling can be observed in evolution of phonon vibration in
contacted nano-carbons. For example, between two parallel and
infinite single-wall CNTs, the pre-excited breathing oscillation in
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one tube decays over a long time scale, while the breathingmode in
the other tube becomes active, see Fig. 5A [94]. Such resonance
effect allows near complete and highly efficient intertube energy
transfer, and the strength of the intertube vdW interaction sets the
time scale for the energy transfer. It is also found that the LFPs
exchange energy more rapidly. However, in more cases, there are
just finite contacts between CNTs, namely CNT junctions. Due to the
limited contact length, the intertube coupling is weak and thus the
thermal resistance of CNT junction is huge. For example, an inter-
facial conductance GCNT�CNT of 50 pW K�1 was obtained for
crossing single-wall CNTs by using both MD and atomistic Green’s
function simulations [95]. By decreasing the spacing between CNT
junctions to the coherence length of phonons, GCNT�CNT becomes
one order of magnitude smaller, indicating that the interference
effects and coherent transport of phonons play a significant role.
For (10,10) CNTs, GCNT�CNT can vary from �600 to �100 pW K�1

with changing the crossing angle from 0+ to 90+ [22]. There is
another contact between CNTs, namely overlapping. The heat
transport across two overlapped CNTs can be affected by the
nanotube spacing, overlap, and length, as shown in Fig. 5B [81]. By
increasing the overlap and tube length, as well as decreasing the
intertube spacing, the cross-plane heat transport can be efficiently
enhanced. Note that the most dramatic enhancement of heat
transfer is at a spacing smaller than 0.2 nm, where the heat transfer
mechanism by bonded interactions is enabled. Furthermore, the
large interfacial thermal resistance can be significantly reduced by
modifying the molecular structure at the interface to enhance both
the matching of phonon spectra and phonon mode coupling. The
modification can be the increase in overlap length, strengthening in
intertube coupling, polymer wrapping around the CNT junction,
and metal coating [96]. There are also other essential parameters to
govern the across-tube thermal conductance. For example, the
number of walls and the associated curvature can determine the
efficiency of thermal energy exchange [97,98]. From the point of
view of anharmonicity of the interfacial interaction, it is revealed
that inelastic effects become important at high temperatures and
can facilitate the interfacial heat transfer [85].

As introduced above, the presence of a substrate can strongly
suppress the in-plane heat transport in multi-layer graphene [76].



Fig. 5. Heat transport across the interface between nano-carbons. (A) Change in the radius of two parallel (10,0) CNTs (A and B) as a function of time, indicating the transfer of
energy between them [94]. (B) Initial, transient, and steady-state temperature profiles for two 5 nm long (10,10) CNTs with 2.5 nm overlap and 0.6 nm spacing [81]. The outermost
five data points at the left and right ends represent the temperatures imposed at the hot and cold reservoirs. The steady-state temperature jump in the overlap region corresponds
to intertube thermal resistance. (C) Interfacial thermal conductivity for bilayer graphene intercalated with argon atoms, as a function of the areal density [25]. The conductivities
without intercalation and with full coverage are also plotted for reference. (D) Snapshots (IeVI) of intercalated argon monolayers as areal density indicated in (C). (A colour version
of this figure can be viewed online.)
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However, the enhanced interfacial phonon coupling and energy
exchange is the aim for designing efficient thermal-conductive in-
terfaces between various 2D nanostructures. MD simulations have
shown that the shearing phononmodes have different contribution
to the interfacial heat transport [99]. The shearing modes account
for about 15% and 39% of the total heat transport for the graphene/
graphene and MoS2/MoS2 contacts, while the contribution is just
2% for the graphene/MoS2 heterostructure. This is because the
formation of periodic Moir�e pattern in the heterostructure sus-
pends the excitation of shearing modes. When defects are intro-
duced in either graphene orMoS2, they can break theMoir�e pattern
and thus increase the interfacial friction. Consequently, the inter-
facial phonon coupling, and thus the heat transport, are enhanced.
Similarly, for the graphene/silicene heterostructure, there is a small
lattice mismatching (�2.5%) for both layers [100]. The mismatching
has a strong influence on the vibrational properties. Different from
the free-standing graphene whose in-plane and out-of-plane
phonons are well decoupled, the coupling with silicene induces
breaking in various symmetries (e.g., reflection, translation, and
rotation) of graphene, and thus the atomic vibrations are altered by
the interfacial vdW interactions, leading to the coupling of in-plane
and out-of-plane phonons. As temperature increases, the LFPs can
be more scattered into multiple LFPs, which are coupled with the
phonons in silicene (in a frequency range of 1e17 THz) to contribute
the enhancement in interfacial thermal transport. When hydroge-
nation is applied on the graphene from the side facing the silicene,
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the SieH interaction increases the strength of interfacial coupling
and thus the heat transport. Similarly, for the conductance across a
gold/graphene interface, the defects in the graphene sheet can
enhance the out-of-plane LFPs in graphene, and thus improve the
heat transfer across the interface [101].

Another way to deal with the phonon coupling is the across-
interface phonon transmission and thus the transmission coeffi-
cient. For example, the average phonon transmission coefficient
from a multi-layer graphene to the SiO2 substrate was calculated to
be about 0.2 at room temperature [76], providing another proof of
coupling between the in-plane modes in graphene and the surface
and bulk modes in SiO2. It is also found that the intrinsic thermal
conductance of most graphene/metal interfaces is onlyz50% of the
phonon radiation limit, suggesting that heat is carried across the
interfaces mainly through the elastic transmission of phonons
[102]. To overcome the problem of a large mismatch in the phonon
energy in graphene and the metals, metal nitrides can be used as
replacement to enhance the inelastic phonon transport and provide
better matching of phonon energy.

Furthermore, besides the above understanding of the interfacial
phonon coupling, a new process of remote interfacial phonon (RIP)
scattering is recently considered to be an important heat transfer
mode at the interface between nano-carbons and dielectric sub-
strates [103]. The RIP scattering arises from the thermally excited
vibrational modes near the substrate surface (e.g., SiO2) that have
an electric dipole moment and can couple with the charge carriers



L. Qiu, X. Zhang, Z. Guo et al. Carbon 178 (2021) 391e412
in nano-carbons [104e106]. However, unlike CNTs, the contribu-
tion of RIP in graphene/dielectric substrate is quite small (less than
2%) compared with that of phonon vibration. Such difference is due
to the small contact area between CNT and substrate, while for the
large contact area between graphene and substrate, the interfacial
phonon coupling is the major part. Clearly, such RIP scattering can
be considered a type of electronephonon coupling.

The cross-plane heat transport can also be altered and even
enhanced by introducing guest particles at the interfaces, due to the
possible enhancement of phonon coupling by the LFPs of the guest
particles. For example, argon intercalation shows a strong influence
on the interfacial conductivity of bilayer graphene, see Fig. 5C and D
[25]. At low concentrations, the conductivity is reduced by the
intercalating atoms, as the coupling between different layers is
suppressed. When the number of Ar atoms increases, a new atomic
layer is formed between the graphene layers, resulting in the
decrease in grapheneegraphene coupling and rapid increase in
Aregraphene coupling. For a full coverage, the conductivity reaches
the maximum, yet still smaller than that without intercalation.
Nevertheless, by selecting appropriate intercalating guest particles,
the interfacial heat transport can become stronger. For example,
based on the successful MD studies on the thermal conductivity of
graphene sheets [107,108], the diffusivity of the interface between
GO and lipid membrane was investigated [109], showing that
structured water can be identified near the GO layer with a
maximum thickness of 1 nm. The intercalated and confined water
can mediate the interfacial thermal coupling, and efficiently
enhance the thermal dissipation. Similar to this study, an interface-
engineering approach was designed to establish a seamless, elec-
trically insulating, while thermally transparent interface between
graphene and metal substrates by introducing water intercalation
[110]. The presence of the interfacial water layer can expand and
unfold the wrinkles formed on graphene sheets and insulate the
electronic coupling, whereas the water vibrations still provide
efficient pathways for interfacial heat transport.

There are other more efficient guest particles, such as nano-
clusters and nanowires (NWs) which exhibit a high DOS for LFPs
due to the surface effect and/or amorphous structure [111e114].
Therefore, when NWs are introduced between nano-carbons, the
LFPs of nano-carbons can be strengthened, and the across-plane
phonon scatterings (energy exchange) can be thus enhanced. In a
model where an atomic Au chain is introduced between two
adjacent CNTs, MD simulations showed that more local carbon
atoms (of both CNTs) can vibrate at sub-5 THz [115]. Such increased
DOS is ascribed to the resonance with the vibration of the Au atom
chain which possesses abundant LFPs. Similarly, with a similar
model where (I3)- and (I5)- polyiodide chains are intercalated be-
tween two adjacent CNTs, more local carbon atoms at the contacts
are found to vibrate at frequencies <5 THz and around 12 and
20 THz, as the iodine atoms vibrate in an extremely low frequency
region (<2 THz) [116]. Besides these, polymer wrapping can also
provide additional pathways for heat transport of CNT junctions
[96]. When ten polyethylene chains wrap around two adjacent
CNTs, the hybrid structure shows vibrational modes at low fre-
quency ranges, indicating an assisting role of polyethylene chains in
energy transfer between CNTs.

3. Macroscopic nano-carbon assemblies

In the past decade, various macroscopic nano-carbon assem-
blies have been developed [117,118]. Among them, 3D foams, aer-
ogels and forests, 2D films and sheets, and 1D fibers are of
particular interests. In these assemblies, the utilization efficiency of
the high thermal conductivity of individual nano-carbons is similar
to the problem toward high strength and electrical conductivities.
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For example, high alignment and packing density are important to
improve the tensile strength and electrical conductivity for CNTand
graphene fibers [119e123]. Usually, they are also beneficial for
thermal conductivity [3], and thus the thermal performance varies
greatly according to the dimensionality of the assemblies, as they
generally become loose to compact from 3D to 1D, and from
entangled to aligned.
3.1. Experimental investigations

3.1.1. 3D aerogels, foams, and forests
3D aerogels and foams [124] are not good at heat conduction

due to the suppressed conductivity contributed from the gas flow
within the structural pores, thus their most possible applications
are thermal insulators. For example, a very low k of 0.0263 W m�1

K�1 at 200 +Cwas obtained for a carbon aerogel at a mass density of
0.066 g cm�3 [125], similar to the pioneering research of carbon
aerogel (0.029Wm�1 K�1) about 20 years ago [126,127]. Fig. 6A and
B shows two SEM images for such carbon aerogels with a mass
density of 0.052 and 0.182 g cm�3, respectively. (The samples were
obtained by carbonizing the supercritically dried resorcinol-
formaldehyde aerogels.) Their sub-mm pores can efficiently sup-
press the gas convection for heat conduct. With increasing themass
density, the pore size gradually decreased (Fig. 6C), and the
contribution of the intrinsic heat conduction between carbon par-
ticles was enhanced, as reflected by the increase in total conduc-
tivity (Fig. 6D).

The k value can bemuch smaller when graphenes are assembled
directly into aerogels. Ultralight graphene aerogels with a final
density of 0.0141e0.0524 g cm�3 and pore size of tens to hundreds
of mm were prepared by treating the freeze-dried graphene oxide
(GO) aerogels with microwave heating [128] (The inset in Fig. 6E
shows their self-assembled foam-like network with very thin cell
walls.). As a result, the aerogels exhibited an extremely low k of
0.0047e0.0059 W m�1 K�1 at room temperature, which further
decreased at lower temperatures, see Fig. 6E. A slightly higher k of
0.0281e0.0390 W m�1 K�1 for GO aerogels and 0.0363e0.0667 W
m�1 K�1 for the 1500-+C-annealed ones were also reported, as their
mass density was higher (0.0562 g cm�3) [129]. In another study,
due to the decreased pore size (about 3.6 nm), a porous graphene
aerogel displayed kz0:10 W m�1 K�1 [130], yet still smaller than
that of a polydimethylsiloxane (PDMS) film (0.18Wm�1 K�1). The k
value became higher, up to 1.7 W m�1 K�1, when the graphene
aerogel was grown by chemical vapor deposition (CVD) on nickel
foam [131], or up to 8.28 W m�1 K�1 on porous Al2O3 [132].

For CNTs, when being assembled into a 3D random network, the
k value is also down to �0.1 W m�1 K�1, smaller than that of
thermally insulating amorphous polymers [95]. Such value is far
below the conductivity of individual CNTs or single-layer graphe-
nes, and also lower than that of other carbon-based TIMs
[6,133,134]. The major reason is ascribed to the very low volume
fraction of nano-carbons, the ultrahigh porosity of 3D nano-carbon
monoliths, and the weak phonon coupling between neighboring
nano-carbons via the very limited vdW contacts [95,131].

Another important 3D form of CNT assembly is the vertically
aligned CNT array or forest. Due to the vertical alignment, the heat
conduction along this direction can be much stronger as compared
to the foams and aerogels. For example, a large anisotropy ratio as
large as 72 was observed by measuring the longitudinal diffusivity
(0.8 cm2 s�1) and the transverse one (0.011 cm2 s�1) [135]. The
tested samples exhibited longitudinal k in air of 3.0e6.4Wm�1 K�1

and transverse ones of 0.08e0.14 W m�1 K�1. The longitudinal k
increased to 10e15 W m�1 K�1 for the annealed CNT forests, more
than 3-fold higher than that of currently used phase-changing TIMs



Fig. 6. Structure and thermal properties of carbon aerogels. (A,B) SEM images of carbon aerogels with a mass density of 0.052 and 0.182 g cm�3, respectively [125]. (C,D) Pore sizes
and total thermal conductivities of the aerogels as functions of mass density. (E) The measured thermal conductivity as functions of temperature for five graphene aerogels [128].
Inset shows the typical cellular structure of the aerogel. (A colour version of this figure can be viewed online.)
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(2e5 W m�1 K�1) [136]. Similar values along the length direction,
e.g., 5.2e8.3 W m�1 K�1, were also reported for more forests
[137,138]. The conductivity strongly depends on the mass or tube
density in the forest. For example, a longitudinal k of 0.5e1.2Wm�1

K�1 was measured for �6-mm high and 0.06-g cm�3 dense CNT
forests [139], while by a dense growth, the mass density was z
1.9 g cm�3 and the k was 3.0e15 W m�1 K�1 [135]. Liquid soaking
was used to make a solid of vertically aligned CNTs, resulting in a
15-fold increase in mass density [140]. The densified CNTs showed
thermal diffusivities of 0.78e1.0 cm2 s�1 at room temperature,
while the values of the as-grown CNT forests were just 0.47e0.77
cm2 s�1. As a result, the typical k value increased from 1.9 to 52 W
m�1 K�1 after the densification. Today, in order to efficiently use
CNT forests as TIMs, besides the growth of high-density CNT forests
[135,141,142], metal coating [143] and shear pressing [86] on forest
top have been used to reduce the contact resistance.

3.1.2. 2D mats, films, and papers
For the assemblies with denser packing densities, mostly in a 2D

form (like a CNT mat or buckypaper), the in-plane conductivity
becomes much higher, typically up to several to tens W m�1 K�1

[144e153], ascribed to the numerous intertube contacts. The situ-
ation is the same for other nano-carbon assemblies [129,154]. The
key issues affecting the thermal properties are also the nano-
carbon alignment and densification. For a multi-wall buckypaper
with random CNT alignment, the in-plane k was just up to 2.92 W
m�1 K�1 [148], and the perpendicular (out-of-plane) one was quite
similar, of 2.25Wm�1 K�1 [150]. In order to improve the k value, Cu
NWs were mixed into CNT buckypapers, and it was enhanced to
10.1 W m�1 K�1 at a CNT:Cu mass ratio of 1:1 [150]. Clearly, the
random orientation and the corresponding low packing density
limit strongly the thermal performances. Different from the filtra-
tion strategy that was used in the above buckypapers, nonwoven
CNT films were also prepared by collecting CVD-grown CNT aero-
gels [155]. The nonwoven CNT films exhibited anisotropic proper-
ties along the in-plane and perpendicular directions, where the k
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values were 25 and 0.1 W m�1 K�1, respectively.
Improving CNT alignment can greatly enhance the heat transfer

along the alignment direction. A comparisonwas conducted for the
random aligned and magnetically aligned single-wall buckypapers,
and their nanocomposites as well, see Fig. 7A and B [145]. The
alignment increased the conductivity at 270 K from 16.2 to 32.1 W
m�1 K�1, and induced a high anisotropy of 1.64 between the con-
ductivities along and perpendicular to the alignment direction.
(The anisotropy was even up to 3.5 for temperature below 200 K) A
notable result is that the perpendicular k was close to that of
random buckypapers, indicating that a certain number of CNT
contacts can allow efficient heat transfer through the CNT network.
However, for the buckypaper-based nanocomposites, the k values
becamemuch lower (Fig. 7A and B), as the matrix (epoxy) has a low
conductivity (0.2 W m�1 K�1), and the infiltration also suppresses
the intertube phonon coupling. For the denser and more magnet-
ically aligned CNT films, the conductivity along the parallel direc-
tion could exceed 200 W m�1 K�1 [144,156]. By domino pushing
aligned CNT forests and layer-by-layer stacking the forest-spun CNT
sheets, much highly packed and aligned CNT films were obtained,
which showed a high conductivity even up to 300e766Wm�1 K�1,
at a mass density of 1.34e1.39 g cm�3 [146,157]. These highly
aligned CNT films also exhibited excellent electrical conductivity
and Young’s modulus.

Owing to the planar structure, the highly compacted (and or-
dered) graphene papers show a much higher thermal conductivity
than CNT films. For example, graphene papers with a density of
1.13 g cm�3 were prepared by vacuum filtration, namely FGPs, and
then converted into ultrathin papers with a higher density of
1.95 g cm�3 by annealing at 2800 +C for 2 h and compressing at
100 MPa, namely FCGPs [158]. Both the electrical and thermal
conductivities (s and k) were remarkably improved by 3.5e5 folds
after the annealing and compressing, up to 2:39� 105 S m�1 and
1324 Wm�1 K�1, respectively. To better show the different thermal
properties, the temperature profiles as a function of heating time is
also shown in Fig. 7D. After being connected to a heater, the heat



Fig. 7. Thermal properties of CNT and graphene papers. (A,B) Thermal conductivities and their normalized values for the pristine buckypapers and the corresponding composites
along different directions [145]. Parallel (k) and perpendicular (⊥) indicate the heat flows which are parallel and perpendicular to the applied magnetic field direction (H) as shown
in the inset. The normalization is based on the value obtained at 270 K. (C,D) Electrical and thermal conductivities of FGP and FCGP (the inset shows the tested FCGP), and IR images
showing the temperature evolution of the heat spreaders made of FGP and FCGP, as a function of heating time [158]. (A colour version of this figure can be viewed online.)
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transported much more rapidly along the FGCP film than the FGP.
Interestingly, there is a switch-on effect of the thermal conductivity
for graphene papers [159]. For a high-purity graphene paper (mass
density 1.62 g cm�3), the thermal conductivity could jump from
1732 to 3013 W m�1 K�1 when the temperature decreased from
room temperature to 245e260 K. (The thermal diffusivity also
jumped by several folds due to the switch-on.) This is caused by the
difference in thermal expansion coefficient between the pure gra-
phene flakes and surrounding impurity flakes, inducing separation
of the flakes at certain temperatures.

Clearly, the 2D assemblies of CNTs and graphene sheets usually
exhibit higher in-plane thermal conductivities than the perpen-
dicular ones. The high degree of alignment or ordering of the nano-
carbons, as well as the high packing density, are necessary for more
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efficient interfacial phonon coupling and thus the high in-plane
conductivities. Due to the planar nano-structure, graphene papers
are more conductive for heat than CNT films.

3.1.3. 1D fibers
Owing to the high alignment and densification, the 1D assembly

of CNT fibers can also be very conductive for heat. So far, a wide
range of value of 21e770 W m�1 K�1 has been reported for the
conductivity. For example, a value of 60±20 W m�1 K�1 was re-
ported for a 10-mm-diameter forest-spun CNT fiber at room tem-
perature [160]. It was higher than that of 21 W m�1 K�1 for a wet-
spun 0.5-mm CNT fiber [161]. There is generally a remarkable
decrease in conductivity with increasing the fiber diameter; for a
34-mm sample the k value decreased to below 30 W m�1 K�1. Here
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the loose packing of CNTs, as reflected by the fiber density of �
0.9 g cm�3, strongly limited the thermal performance, due to the
strong interfacial thermal resistance. By upgrading the wet-
spinning method, multifunctional CNT fibers were prepared, that
combined carbon fiber’s high specific strength, stiffness, and ther-
mal conductivity with metal’s specific electrical conductivity [162].
Fig. 8A shows the CNTs were highly aligned and densified in these
fibers. The CNTs bundled together to form thin fibrils with a
diameter of 10e100 nm and length >50 mm, and these fibrils built
up hundreds-of-meter-long fibers. The fibers had a high mass
density up to 1.3 g cm�3, as evidenced by the morphologies of fi-
ber’s cross section. As a result, the fibers exhibited a tensile strength
of 1:0±0:2 GPa, modulus of 120±50 GPa, electrical conductivity s ¼
ð2:9±0:3Þ � 106 S m�1, and thermal conductivity k ¼ 380± 15 W
m�1 K�1. Iodine doping could further improve the performance; the
highest s and k values were 5� 106 S m�1 and 635 W m�1 K�1,
respectively. Fig. 8B compares CNT fibers (from various literature)
to the materials with the best electrical and thermal properties.
These CNT fibers have combined the specific s of metal wires
(copper, silver, and aluminum) with the specific k of high-
performance carbon fibers.

For the measurement of 1D and 2D samples with one dimen-
sionality in the micrometer scale, the heat radiation could be
problematic by resulting in a large difference in the apparent and
intrinsic (true) thermal conductivities (as discussed below). By
revising the measurement method, it is possible to extract the true
conductivity from the apparent one (kap). For example, kap.
diverged with increasing the sample length for a neat CNT fiber
(489, 504, and 584 W m�1 K�1 at fiber length of 7.19, 8.84, and
11.56mm, respectively), while the true onewas k ¼ 448± 61Wm�1

K�1 by extracting the contribution of heat radiation. Thus based on
the revisedmeasurement, one can analyze the strategies tuning the
thermal performances, and it is suggested to compare the true
conductivity in fute investigations. For example, when a CNT fiber
was infiltrated with polyvinyl alcohol, both kap and k decreased by
about 30e50% (k ¼ 225±15 W m�1 K�1), indicating that such
Fig. 8. Thermal conductivity of CNT fibers. (A,B) Structures and conductive properties of we
SMGOs, and the comparison in thermal conductivity for graphene fibers without and with
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polymer inhibited the heat transfer between CNT bundles. The
conductivity can also be different by changing the spinning
method. For an aerogel-spun CNT fiber, and obtained k ¼ 75:9 W
m�1 K�1 at room temperature [164]. This is ascribed to the entan-
gled CNT assembly and the residual catalyst particles. After a
soaking treatment with HCl, the room temperature kwas improved
up to 138 W m�1 K�1, which was considered as a result of the
removal of the residual particles.

Like the films/papers, graphene fibers also show a higher ther-
mal conductivity than CNT fibers. Recently, graphene fibers with
differentmicrostructures were spun by using large- and small sized
GO sheets (LGGOs and SMGOs) [163] (Fig. 8C shows the micro-
structures of an optimized fiber containing SMGOs.). For the pure
LGGO fibers, microvoids were generated between graphene sheets
during thermal annealing. After adding 30 wt% SMGOs, these voids
were filled and the high degree of orientation of the LGGOs was
well maintained inside the fibers. As a result, the annealed fibers
containing SMGOs became much more conductive for both heat
and electrons than the annealed LGGO fibers. Fig. 8D shows the
effect of annealing temperature on k for the two fibers. The opti-
mized fiber containing 30 wt% SMGOs, subjected to annealing at
2850 +C, exhibited k ¼ 1290±53 W m�1 K�1 and
s ¼ 2:21±0:06� 105 S m�1. Besides the individual fibers, wet-spun
GO fibers were used to fabricate nonwoven graphene fiber fabrics,
where the crossed fibers can be self-fused to strengthen the fabrics
and form efficient pathways for inter-fiber heat transfer. After being
annealed at 3000 +C, the final fabrics exhibited a high in-plane k ¼
301:5 W m�1 K�1.

Clearly, due to the different assembly structures, nano-carbon
aerogels, foams, forests, mats, papers, fibers, and fiber fabrics
have shown quite different thermal properties. The thermal con-
ductivity is mainly determined by the capacity of heat transfer
between different nano-carbon structures, and can range from
below 0.01 to above 1000Wm�1 K�1, spanning more than 5 orders
of magnitude. Besides the annealing treatment that is widely used
to remove oxygen-containing functional groups and increase the
t-spun CNT fibers [162].(C,D) SEM images of the optimized graphene fiber with 30 wt%
SMGOs [163]. (A colour version of this figure can be viewed online.)
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sp2 crystallinity, the most important problem is the appropriate
design of the assembly structure, in which the phonon coupling
between nano-carbons should be suspended or strengthened to
meet the applications. Therefore, there are quite a number of
strategies to improve the thermal performances.
3.2. Strategies to improve thermal performances

Acid treatment, densification, alignment optimization, etc., are
found to be able to efficiently enhance the thermal conductivity of
CNT fibers [165e167]. Thus far, the highest apparent conductivity
kap of 630e770Wm�1 K�1 (obtained at a gauge length of 2 cm) was
obtained for an aerogel-spun fiber containing rich and densified
single-wall CNTs, [167]. Local densification (e.g., using polar sol-
vents) and short covalently bonding between CNTs (e.g., using acid
treatments) are also effective to boost the interfacial conductance,
with an enhancement factor of 2.8 [165]. In another strategy, Au
nanoparticles were infiltrated into CNT fibers to excite sub-5-THz
LFPs, resulting in the improved intertube heat transfer [115]. Such
method can increase the intrinsic k from to 30.5 to 50.0 Wm�1 K�1,
by about 70%. Similarly, the decoration of I�3 and I�5 polyiodide
chains can also excite the LFP modes for carbon atoms at the in-
terfaces, and simultaneously act as extra heat transfer channels as
well [116], similar to the iodine doping [162]. Furthermore,
impregnation of metal nanoparticles [115] or NWs [168] can also
improve the thermal conductivity by providing richer channels for
intertube heat transfer. However, polymer infiltration that
strengthens CNT fibers might not benefit the heat conduction as
polymers are usually heat insulators. Nevertheless, it was still
found that by applying electro curing on bismaleimide (BMI) resins
which are pre-impregnated inside a CNT fiber, the cross-linked BMI
molecular chains can be aligned along the CNTs, and thus enhance
the heat conduction along and across the CNTs [169]. The apparent
k of electro-cured CNT/BMI fiber was up to 374 W m�1 K�1 (gauge
length 12 mm), which is higher than that of various pure CNT fibers
and sheets, and the intrinsic k was even up to 177 W m�1 K�1. A
following investigation showed that the interaction between CNT
and polymer and the effective heat transfer pathways are the key
issues affecting the interfacial thermal transport [170].

For the graphene assemblies, the dry-bubbling process, graph-
itization, and mechanical pressing were used to improve the grain
size and stacking order of graphene layers in their assembly films/
papers [26]. The large grain size, high flatness, and reduced inter-
facial phonon scattering lead to remarkably enhanced thermal
performances. The maximum k of graphene films has reached to
3200 W m�1 K�1 and outperformed the commercial pyrolytic
graphite sheet by 60%. By following the idea of incorporating
SMGOs [163], a high k value of 1103 W m�1 K�1 was obtained for
the high-temperature annealed graphene films containing the
same masses of LGGOs and SMGOs [171]. A decoration of Ag NWs
into graphene nanosheets (reduced graphene oxide), realized by an
in-situ growth, can also remarkably increase the across-plane
conductivity by 260% [168]. Based on NEMD simulations, such
improvement is derived from the strong excitation of LFP modes of
the interfacial carbon atoms by resonating with Ag NWs.

Besides the intrinsic thermal properties of the nano-carbon
assemblies, the contact resistance between them and the contact-
ing substrates is also very important for applications. Usually it is
also referred as “interface effect” to describe the contact resistance.
For example, when CNT forests are used as TIMs, the interfacial
transport between the forest and heat sink is still a challenging
problem, where the forest’s degree of uniformity has become a key
factor. By optimizing the CNT growth parameters (e.g., growth
temperature and gas flow), the height uniformity was improved by
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8 folds, and thus the contact resistance between CNT forest and
heat sink was reduced by 60% [87]. Considering the limited contact
between CNT ends and heat sink, an engineering method of shear
pressing was designed to push the top CNT segments down to the
horizontal direction [86]. Therefore, there became more contacts
between the CNTs and heat sink (coated with SiO2), resulting in a 7-
fold increase in the in-plane thermal conductivity and a 4-fold
decrease in the contact resistance. Moreover, the CNTs at the for-
est top were also coated with diamond-like carbon and/or TiN
nanolayers to enlarge the contact area [172]. Such contact is more
efficient for heat transport than the contact using the uncoated
CNTs, and resulted in a 50-fold reduction in contact resistance
(from 15 to 0.3 mm2 kW�1). These studies well demonstrate that
the highly densified and flattened surface of nano-carbon assem-
blies are important for heat transport from the heat sink to the
assemblies, or vice versa.
3.3. Theoretical investigations

For nano-carbon assemblies, predicting their thermal properties
can be realized by theoretical models which take into account the
assembly morphology, individual properties of nano-carbons, and
the impact of their contacts [173] (Note that Section 2.3.1 discusses
the principles of interfacial phonon coupling between two or
several nano-carbons, while here the main focus is the modeling or
simulation of the assembly containing massive nano-carbons.).
Specially, the thermal phenomenon taking place at the contacts
can also be investigated by Green’s function calculation.

For example, by considering the CNT-CNT contact conductance
GCNT�CNT (the quantity can be well predicted by MD or Green’s
function method), a formula is derived to describe the thermal
conductivity kmat for randomly oriented CNT mat [174],

kmat ¼0:18L

L2j
GCNT�CNTz

0:18L
2pD

rfilm
rgraphene

GCNT�CNT; (2)

where L is the nanotube length, Lj the distance between CNT-CNT
junctions, D the tube diameter, rfilm the volumetric density of the
CNT mat, and rgraphene ¼ 7:6� 10�7 kg m�2 the surface mass
density of graphene. Based on such model, the conductivity in the
dense limit is just approximately 5 W m-1 K�1. This model is based
on the assumption that the mean free path of phonons along the
CNTs is long and that each CNT is at a uniform temperature, and
thus the thermal conductivity of the assembly with random cross
arrangement can be directly related to themass density and GCNT�
CNT.

Later, a series of mesoscopic simulations on interconnected
networks of CNT bundles were performed [175e177], where both
the analytical expressions and numerical models were developed
to predict the thermal performance of 2D and 3D CNT networks. For
example, by using a soft-core approach, an expression for CNT film
thermal conductivity was derived by assuming an infinite nanotube
thermal conductivity [175]:

k∞mat ¼
GCNT�CNT

D
n2V
18

; (3)

where nV is the volume number density of CNTs. It indicates that
the thermal conductivity of CNT films can vary by orders of
magnitude depending on the CNT length and the assembly way
(e.g., arrangement). This model was later extended to consider the
finite nanotube thermal conductivity, leading to the following
expression for the film conductivity [176]:



L. Qiu, X. Zhang, Z. Guo et al. Carbon 178 (2021) 391e412
kmat ¼ k∞mat
1þ BicCnjD

�
12

¼ k∞mat
1þ BiT=12

; (4)

where BiT ¼ BicCnjD ¼ GCNT�CNTCnjDL=kA is a Biot number comparing
the total contact conductance from a nanotube to all of its contacts
(GCNT�CNTCnjD) to the intrinsic nanotube thermal conductance (kA=
L), CnjD is the average number of junctions per nanotube, and A is the
CNT’s cross-sectional area. Based on this expression, two limits to

the film conductivity were predicted: kmatfr2filmL2 when BiT/ 0,
and kmatfrfilm when BiT/∞. In other words, the thermal transport
suggests a strong quadratic dependence on CNT length for these
assemblies, and 3D assembly demonstrates much better thermal
conductivity than the 2D one, due to the efficient heat transfer
along the bundles. Clearly, these model investigations can clearly
show a strong dependence on the assembly density and CNT length
for the contribution of the finite tube conductivity to the real as-
sembly materials.

MD simulations and atomistic Green’s function calculations
have also been used to investigate the thermal properties of nano-
carbon assemblies. For example, the effects of various factors on the
interfacial conductance between a CNT forest and Si substrate were
simulated [90], such as the CNT arrangement, filling fraction, CNT
diameter, and temperature. The results suggested that the filling
fraction and arrangement of CNTs have the greatest impact on
interfacial conductance; the aligned CNT forest is more conductive
for interfacial thermal transport. However, as it consumes a huge
amount of computational resources for large-size assemblies, the
atomistic simulation is more widely used in the interfacial prob-
lems between nano-carbons, as already discussed above.
4. Thermal conductivity measurements

4.1. Measurement methods

The applicable measurement methods for the thermophysical
properties of nano-carbon assemblies vary greatly according to the
material’s characteristic dimensions and the way to induce heat
transport. Fig. 9AeH provides several methods that have been
successfully used in recent years. Generally, 3D assemblies are
comparatively easy to measure, and most commercial thermo-
physical measurement methods are quite applicable for samples
with large dimensions. Among them, transient hot wire technique
[178,179], hot disk method [180e182], laser flash method [140,183],
and infrared thermal imaging technique [184,185] are the most
common methods. The hot wire method (Fig. 9A) is a classical
transient dynamical technique based on the measurement of the
temperature rise of a linear heater/thermosensor embedded in the
test materials, and from the temperature rise versus time curves, it
is possible to derive the thermal conductivity [178]. This method is
especially suitable for graphene nanopowders or nanofluids con-
taining nano-carbon particles, because they are easy to cover the
linear heater/thermosensor to complete the measurement. Like-
wise, the hot disk method (Fig. 9B) is another transient dynamical
technique by means of planar heater/thermosensor encapsulated
with insulating layers [180]. This change in sensor shape enable the
hot disk method to measure the thermal conductivity of 3D nano-
carbon bulks besides powders and fluids. In a marked contrast, the
laser flash method (Fig. 9C) can only directly obtain the thermal
diffusivity a instead of thermal conductivity, and the density r and
specific heat capacity Cp are required to extract the thermal con-
ductivity according to k ¼ arCp [140]. This method generally re-
quires the samples to be squeezed into non-transparent disk shape
with a certain thickness. Hence, it is only applicable to powder-
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squeezed disk structure for nano-carbons. For example, Craddock
et al. [186] showed that it can be used to measure the thermal
diffusivity of CNT bundles by filling them into a cylindrical heat-
shrinkable tube, to form disk shape sample as well.

Compared with the 3D nano-carbon assemblies, the thermal
conductivity characterizations of lower-dimensional nano-carbon
materials, e.g., 2D films and 1D fibers, are more challenging. For the
2D ones, such as graphene monolayers and its assembled flakes,
laser Raman spectroscopy method (Fig. 9D) is commonly used
[187]. This is based on the phenomenon that materials will expand
in volume when being heated, due to the change in bond length
and bond angle, as reflected in the height and width of the corre-
sponding characteristic Raman peaks [192,193]. Generally, when
temperature increases, the Stokes Raman peak is red-shifted and
widened, with the intensity decreased as well [194]. There have
been several advanced Raman-based methods to measure the
thermal properties of nano-carbons, such as the energy transport
state resolved Raman method [194,195], frequency resolved Raman
method [196], and time domain Raman method [197,198]. Balandin
et al. [3,199] proposed the pioneering studies by using Raman
spectroscopy to obtain k for graphene materials. In the method, the
k value is related to the dependence between the frequency of
Raman G peak and temperature, which is also a function of the
excitation laser power. This is regarded as a milestone for the
thermophysical property measurement because it achieved the k

measurement of sheet materials with an atomic thickness. The
validity of the Raman method was further evaluated for graphene
monolayers by considering the electronephonon and
phononephonon scattering rates [200]. In a marked contrast, for
much thicker nano-carbon films, photothermal reflectance tech-
nology is a good approach, where a laser beam is focused on the
sample surface and an infrared detector is used to receive the
photothermal signals. According to the signals at different fre-
quencies, the sample’s thermal diffusivity can be obtained. It has
been successfully used for multi-wall CNT forest films with a
thickness of 10e50 mm [201].

An upgrade form of such method is named time-domain ther-
moreflectance (TDTR) method (Fig. 9E), which is based on the
relationship between the light reflection coefficient and sample
temperature [202]. Since a laser heats the sample in a very short
time, the temperature change of the sample will appear abruptly
and vanish rapidly, making it tough for phenomenon observation
and data recording. The TDTR method solves this problem by
converting the time domain into the space domain, where a me-
chanical delay stage is used to vary the optical path of the pump
beam, producing a time delay between the pump excitation and
probe sensing [203]. Thus far, the femtosecond laser detection
technology has been integrated with the TDTR method; a sample is
heated by a femtosecond laser to induce the change in temperature,
and then the reflectance of the sample surface is measured in
picosecond time. Fig. 9E shows an example for CNT forests, where
the characteristic heating frequencies of TDTR (1e10MHz) are used
to probe heat transfer at length scales spanning �0.1e1 mm, for
measuring the contact resistance between the forest’s free tips and
an opposing substrate [188]. As more examples, the TDTR method
was used tomeasure the contact resistance between highly ordered
pyrolytic graphite and several metals, which are found to be similar
to those of metalediamond interfaces [204]; and the interfacial
resistance of the multi-layer Au/Ti/graphene/SiO2 interfaces was
measured [205], showing that the transmission of phonons at the
metalegraphene contact dominates while those at other contacts
are negligible. Today, TDTR can also be used to reveal the aniso-
tropic thermophysical properties by adjusting the laser spot size
and modulation frequency [206].



Fig. 9. Thermophysical characterization methods for nano-carbon assembly materials. A) Transient hot wire technique [178]. B) Hot disk method [180]. C) Laser flash method [140].
D) Laser Raman spectroscopy method [187]. E) Time-domain thermoreflectance [188]. F) T-type probe method [189]. G) Thermal-bridge method [190]. H,I) Two 3u methods which
have been used for CNT fiber [191] and CNT forest [86]. (A colour version of this figure can be viewed online.)
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For the 1D nano-carbon materials, a micro-fabricated sus-
pended device is developed to effectively obtain the k value for a
single CNT or nanofiber. In an early study, kz1290 W m�1 K�1 was
measured at room temperature for a single-wall CNT by using this
method [207]. Since then, various similar methods were developed,
such as the suspended sample-attached T-type method [208], non-
contact Raman spectra shift method [209e211], and laser flash
method [186]. Among them, the T-type probe method (Fig. 9F) is a
steady-state technology to obtain the thermal conductivity, where
two different temperature distributions are stably formed along the
hot wire when the tested fiber is connected or disconnected
[189,212]. It is a very useful tool to simultaneously obtain the
thermal conductivity, thermal diffusivity and heat capacity of an
individual fiber.

A thermal-bridge method was also designed targeting at the
characterization of NWs, nanotubes, and nanoribbons [213]. Fig. 9G
[190] shows a schematic for this method, where two micro-
electromechanical systems (MEMS) are employed as the heater and
sensor, and linked with the thermal bridge (the tested sample, e.g.,
graphene). In such configuration, heat transfers from the heater A
405
to the sample C and from C to the sensor E, and the phonon
transport is impeded at the contacts B and D due to the sudden
material and structural changes. Besides using Joule heating at the
heater to establish a temperature gradient for thermal conductance
measurement, a focused electron beam is used to induce localized
heating, leading to additional heat flows in both directions to the
heater and sensor. Therefore, the thermal conductivity of the
sample can be evaluated after modeling and solving the different
heat transfer processes. Such method was first developed to mea-
sure the conductivity of few-layer graphenes [190]. The results
suggested that the flexural phonon modes contribute significantly
to the thermal transport, and that owning to the phonon scattering
at the contact interfaces, the apparent conductivity is generally
lower than the theoretical one. However, although this method has
been commonly used in measuring thermal conductivity of single
or multi-layer 2D materials, there are still many problems and
challenges [214]. The future improvements of the thermal bridge
method may include: amelioration of the heater and sensor sym-
metry with the developed electron beam lithography and etching
technique, a deeper analysis on the background thermal radiation
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for the low conductivitymeasurement, and amore precisemodel to
delineate the temperature distribution inside the MEMS, to extract
the temperature at the contact point between sensor and sample.

The above-mentioned techniques are applicable for specific
categories of nano-carbon assemblies, and some other methods are
also occasionally used. For example, the non-contact Raman
spectra shift method uses amodulated laser for sample heating and
Raman excitation, and thus enables the average temperature rise to
be measured synchronously [215]. The thermal diffusivity of indi-
vidual CNT or CNT bundles [216] and the contact resistance at the
CNTeCNT junctions [217] can be extracted by comparing the tem-
perature increases induced by continuous laser and square-pulse
laser heating without knowing the laser absorption coefficient.

Nevertheless, it is of great importance to develop methods that
are applicable to materials with different dimensions, or applicable
to measure the thermophysical properties of the same sample
along different directions. For example, the steady-state infrared
thermal metrology can be used to obtain k for 1D CNT fibers and 2D
films by monitoring their 1D/2D temperature profiles [166].
Another more efficient method, namely 3umethod, can realize the
measurement of nearly all the 1D, 2D, and 3D nano-carbon as-
semblies by adopting various heat transfer models. For a single CNT,
by inputting frequency-modulated alternating current into the
nanotube, the third harmonic voltage (U3u) is proved to be a very
efficient and accurate function to extract the thermal conductivity
and thermal diffusivity [218,219]. As shown in Fig. 9H, such 3u
method has been successfully applied for CNT fibers whose
dimension (diameter) is in a range of several to tens of mm [191]. For
3D CNT film, multiple micro-sensors composed of four-pad metal
strips are deposited on the film, and driven by alternating currents
(Fig. 9I) [86]. Therefore, the in-plane and out-of-plane k can be
obtained by analyzing the third harmonic temperature profiles. The
similar treatment is also used for 2D nano-carbon assemblies,
where specially designed freestanding sensors are contacted on the
top surface of a CNT forest. The thermal conductivities and inter-
facial resistances are thus obtained [87,172]. Thus far, the 3u
methods have become the most welcome strategy for nano-carbon
materials due to the easy implementation, and there have been
various upgrades and remedies specially for nano-carbon assem-
blies, as discussed below.
Fig. 10. Representative thermal conductivity data obtained from various characterization m
also plotted, as summarized in Ref. [220]. (A colour version of this figure can be viewed on
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4.2. Scope of application

The various measurement methods have their own scopes of
application. Fig. 10 summarizes the representative thermal con-
ductivity data obtained from the above-mentioned methods, as a
function of the characteristic dimension size of the nano-carbon
materials. Clearly, the laser Raman spectroscopy method is very
suitable for single-atom-thick graphene which possess extremely
high thermal conductivity. The TDTR method is suitable for nano-
carbon films with a thickness in the nanometer scale. For much
thicker films, the photothermal reflectance method is an effective
tool. When the sample dimension reaches the micrometer scale,
the transient electro-thermal method, laser flash method, hot disk
method, and 3umethod become applicable. Note that the values of
thermal conductivity and sample length in MD simulations [220],
specially for (10,10) single-wall CNTs, are also provided in Fig. 10.

From a different point of view, the T-type probe method is only
applicable to individual nanotubes or 1D nano-carbon fibers; the
transient hot wire technique is suitable for liquid materials and
nano-carbon powders; and the TDTRmethod is more applicable for
2D nano-carbons. Fortunately, as mentioned above, the 3umethod
shows the widest applicability as it can cover the nanotubes
[221,222], fibers [169,223], films [224,225], bulks [226,227], foams
[228], liquid [229,230], powders [231,232], and so forth. Impor-
tantly, it can even simultaneously extract the anisotropic thermal
conductivities along different directions. Hence, the 3u method
might become the mainstream approach of thermophysical prop-
erty measurement for nano-carbon materials.
4.3. 3-Omega method and its upgrade

The advanced compatibility of the 3u method is owing to the
adjustable penetration depth of the thermal wave. By changing the
angular frequency u of the alternating current, the penetration
depth q can be continuously modulated according to q�1 ¼ ffiffiffiffiffiffiffiffiffi

a=u
p

.
Generally, when the alternating current is conducted into a
conductive strip, the strip’s temperature is modulated at the double
frequency 2u by the Joule effect, and thus induces a 2u-modulated
electrical resistance R ¼ R0ð1þ aCRTÞ, where R0 is the room tem-
perature resistance and aCR is the temperature coefficient of
resistance. Therefore, as a product of the current and resistance, the
ethods shown in Fig. 9 for nano-carbon materials. The MD results for (10,10) CNTs are
line.)
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strip’s voltage contains harmonics of double and triple the base
frequency, U ¼ U0 þ Uu þ U2u þ U3u. Among them, U3u contains
rich information of frequency-dependent thermophysical behav-
iors, even much better than the 2u term.

By introducing a phase angle 4 which is a function of the sam-
ple’s thermal diffusivity a and the length L at which U3u is
measured, namely tan4z2uL2=p2a, the 3u voltage can be writteas

U3uz
4I3rmsLR

2
0aCR

p4Sk
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan24

q ; (5)

where Irms is the root-mean-square value of I and S is the cross-
sectional area. Thus, by recording U3u at different frequencies, the
conductivity k and the characteristic thermal time constant g ¼ L2=
p2a can be extracted. Note that the above analysis is based on 1D
samples, such as metal wires, individual CNTs, and CNT fibers. For
the application in richer forms of nano-carbon assemblies, it is
necessary to introduce a certain modification or upgrades to the 3u
methods.

When the 3u technique is introduced to nano-carbon assem-
blies, the corrugated assembly surfacemakes it difficult to apply the
conventional sensor-deposited-on-material scheme. In order to
precisely predict the intrinsic thermal conductivity of nano-carbon
assemblies, it is important to design an appropriate contact be-
tween the heat source/sink or sensors and the nano-carbon ma-
terials. In a revised 3u technique, originally by Hu et al. [222], a
reasonable consideration of thermal resistances between various
Fig. 11. Equivalent thermal circuits and thermal radiation model in the 3u methods applied
for the measurement for CNT forest [222]. r, c, k, and l are the density, specific heat, therma
effective physical quantities, P

00
is the applied power density, Rc is the contact thermal resist

the surface structure for heat radiation [169]. The surface of a D-diameter CNT fiber is covere
surfaces radiate heat, the total surface (circumference) should be Npd ¼ p2D. If the second la
on. (A colour version of this figure can be viewed online.)
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contacts/interfaces is developed to solve such problem for CNT
forest. As shown in Fig. 11A, the equivalent thermal circuit involves
various thermal resistances and capacitances for CNT forest, silicon
substrate (on which CNT forest is grown), and SiO2 substrate (on
which microsensors are deposited with a subsequent covering of a
passivation layer). According to this model, the total equivalent
thermal impedance ZtðuÞ can be calculated as

1
ZtðuÞ¼

1

Rc þ 1=½ðRCNT þ ZSiðuÞÞ�1 þ juCCNT
iþ 1

ZSiO2
ðuÞ; (6)

where Rc is the thermal contact resistance between CNT forest and
SiO2 passivation layer. Therefore, by fitting the experimental data at
variable frequencies, both the effective thermal properties of the
CNT sample and the thermal contact resistance can be subtracted.
Such method was used to measure the conductivity of CNT forests,
which is in a range of 74e83 Wm�1 K�1 [222]. Based on this study,
the contact between CNT forest and 3u sensors was revised by
using polymethylmethacrylate (PMMA) as the substrate and silicon
nitrides as the passivation layer [87]. The softness of PMMA
ensured a tight and full contact and a better operation process.
Furthermore, the size of the sensor can be further reduced for a
wider range of applications. By using such revised method, it was
revealed that the thermal conductivity was improved up to 170 W
m�1 K�1 for a forest whose CNTs contained dispersed Fe nano-
particles and were cleaner on forest top by avoiding the formation
of carbonaceous byproducts.
for nano-carbon assemblies. (A) Experimental set-up and the equivalent thermal circuit
l conductivity, and thickness of the corresponding material, the subscript “e”, denotes
ance, and u is the frequency. (B) Schematics of the 3u measurement for CNT fiber and
d by d-diameter CNT bundles. The bundle number on the surface is N ¼ pD= d. If all the
yer also radiates heat, the total circumference should be doubled, namely 2p2D, and so
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Another way is to remedy the theoretical analysis to meet the
special requirement from the nano-carbon assemblies. For
example, as compared to solid 1D fiber, the assembly feature of CNT
fiber provides more efficient heat radiation from the fiber surface.
For the former, e.g., carbon fiber, due to the solid structure and
smooth fiber surface, the apparent axial thermal conductivity is
nearly a constant with increasing the fiber length, indicating that
the radiation heat loss is small and even negligible. In a marked
contrast, the apparent axial thermal conductivity of CNT fiber
renders an obvious quadratic dependence on the fiber length,
ascribing to the radiation heat loss from the outermost few layers of
CNT bundles in the fiber surface. Therefore the relationship be-
tween the apparent and intrinsic (true) conductivities (kap and k)
was reconsidered [169], which is presently established based on a
cylindrical rod with a diameter D,

kap¼ kþ 16εsT30L
2

p2D
; (7)

where ε is the emissivity, z1 for porous carbon materials, s ¼
5:67� 10�8 W m�2 K�4 is the StefaneBoltzmann constant, and T0
is the measurement temperature. However, the surface of a CNT
fiber is covered by small-size CNT bundles, and the radiation heat
loss should be a sum of the contributions from these surface CNT
bundles. By assuming an average bundle size (diameter) of d (≪ D),
and taking the surface twist angle as zero (the effect on heat ra-
diation is negligible), the cross section of the fiber is shown in
Fig. 11B. Thus different from the cylindrical rod whose circumfer-
ence is pD, the circumference for heat radiation in CNT fiber is
about CðDÞ ¼ np2D, by considering that the n-th layer of CNT
bundles in the fiber surface still radiates heat. Therefore, Eq. (7) can
be revised as

kap¼ kþ 16εsCðDÞT30L2
p3D2 : (8)

Clearly, as the diameter D is known, we can use Eq. (8) to esti-
mate the real circumference around CNT fiber, which is very
important when the fiber surface is quite porous.

By using the revised equation (Eq. (8)) to investigate various
CNT fibers, it was found that the number of radiation layers (n)
could be up to 4e10 for not-highly densified aerogel-spun CNT fi-
bers, and was just about 0.26 for a smooth and highly densified
forest-spun CNT fiber [169]. When BMI is impregnated into the
aerogel-spun fibers, and then cured by an electro-heating strategy,
n decreased to z3. Therefore, one can find a way to quantitatively
connect the heat radiation to the structure and morphology of a
fiber. Furthermore, based on this understanding, one can also more
precisely distinguish the intrinsic conductivity from the apparent
one. For CNT fibers, at a short fiber length of 2 mm, the two con-
ductivities are nearly the same, kzkapjL¼2mm, and for the aerogel-
spun CNT fibers k could be improved from 30.0 to 177.3 W
m�1 K�1 by the electro curing of impregnated BMI.

From the above investigations on nano-carbon assemblies, it
becomes clear that there might be problems by the direct appli-
cation of the 3u strategy. Due to the increased number of interfaces,
more complicated surface morphology, and thus the different heat
radiation and/or heat capacitance, it is of great importance to
revise/upgrade both the theoretical model and experimental
technique to better evaluate the thermal properties of nano-carbon
assemblies.
5. Conclusion

In the paper recent advances on the thermal transport in nano-
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carbon assemblies are reviewed, especially by focusing on the
interfacial heat transport. For these materials, the interface-
induced barrier for thermal transport is the most important prob-
lem that requires to be solved from both theoretical and experi-
mental aspects. Based on the understanding of the effect of LFPs
and interfacial phonon coupling of nano-carbons, a series of ap-
proaches to improve thermal conductivity have been proposed for
nano-carbon assemblies. Among them the alignment optimization,
physical densification, co-assembling of 1D and 2D nano-carbons,
chemical modification on interfaces, and so forth, have shown
great remarkable advantages. Furthermore, still considering the
assembly feature, the rich areas of interface and complicated sur-
face morphology have also introduced problems in the measure-
ment methods both in the technical and theoretical point of views.
By reviewing the various techniques successfully applied for nano-
carbon assemblies, the recent developments in the 3u method are
also presented. Thus far, a great number of achievements have been
realized for the mechanical and electrical properties for nano-
carbon assemblies, whereas more efforts are still necessary for
the high utilization of the intrinsically high thermal conductivity
from the individual nano-carbon to the macroscopic assembly.
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