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Abstract

®

CrossMark

The diversity of thermal transport properties in carbon nanomaterials enables them to be used
in different thermal fields such as heat dissipation, thermal management, and thermoelectric
conversion. In the past two decades, much effort has been devoted to study the thermal
conductivities of different carbon nanomaterials. In this review, different theoretical methods

and experimental techniques for investigating thermal transport in nanosystems are first
summarized. Then, the thermal transport properties of various pure carbon nanomaterials
including 1D carbon nanotubes, 2D graphene, 3D carbon foam, are reviewed in details and
the associated underlying physical mechanisms are presented. Meanwhile, we discuss several
important influences on the thermal conductivities of carbon nanomaterials, including size,
structural defects, chemisorption and strain. Moreover, we introduce different nanostructuring
pathways to manipulate the thermal conductivities of carbon-based nanocomposites and
focus on the wave nature of phonons for controlling thermal transport. At last, we briefly
review the potential applications of carbon nanomaterials in the fields of thermal devices and

thermoelectric conversion.
Keywords: thermal transport, carbon nanomaterials, phonon
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1. Introduction

Carbon, one of the most abundant elements in the Earth's
crust, can exist in numerous allotropic forms, and these car-
bon allotropes are found to possess various functional prop-
erties, which make them very attractive subjects for both
basic science and engineering applications. For instance,
three-dimensional (3D) diamond is currently the hardest bulk
material known, 3D graphite can serve as high temperature
solid lubricants and 3D amorphous carbon materials are usu-
ally used as anode materials. In addition to these conventional
bulk counterparts, a few low-dimensional carbon nanostruc-
tures such as 0D fullerenes, 1D carbon nanotubes and 2D gra-
phene have been discovered and successfully synthesized in
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experiments [1-4]. Among them, graphene, a single layer of
carbon atoms arranged in a honeycomb lattice, exhibits many
interesting electronic properties due to its near-linear disper-
sive bands around the Dirac point, and holds great promise
for enabling novel technologies for next-generation nanoelec-
tronic devices [5-7]. In addition, graphene has an extremely
high room-temperature thermal conductivity dominated by
phonons [8—12], which is widely regarded as one of the most
promising candidate for managing heat dissipation in inte-
grated circuits by means of introducing graphene nanofiller
to the polymer matrix. Similarly, carbon nanotubes (CNTs),
described as rolled-up graphene sheets, are also promising for
applications leveraging their unique electrical, thermal, and
mechanical properties [13—17]. The encouraging performance
of graphene and CNTs has also triggered considerable inter-
est in exploring other low-dimensional carbon allotropes and
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related isomorphic materials. For instance, graphyne and its
family, another carbon network composed of hexagonal rings
and acetylenic linkages, have attracted much attention because
of their possible applications in spin filter devices [18-20],
thermoelectric conversion element [21, 22], Li ion batteries
[23], water desalination [24] and catalyst for dehydrogena-
tion [25]. Recently, some new carbon allotropes like diamond
nanothread [26], penta-graphene [27], pha-graphene [28] and
carbon honeycomb [29] have been proposed with remarkable
material properties that might outperform graphene. In short,
the physicochemical properties of different carbon allotropes
are closely related to the topological arrangement of carbon
atoms and protrude the significance of structure-property
relations.

Heat conduction in nanomaterials is one of the most fun-
damental issues in physics and technology. On the one hand,
with the continuing miniaturization of characteristic dimen-
sion of integrated circuits (ICs), the dramatically increased
power density inside ICs often leads to the formation of local-
ized hotspots in electronic elements, which severely affects
their reliability and performance. To effectively solve the ther-
mal management issues above, it requires to increase the ther-
mal conductivities of building materials used in the ICs, and
to enhance the interfacial thermal conductance between fillers
and matrix materials for electronic packaging. On the other
hand, thermoelectric devices for waste heat recovery require
materials with low thermal conductivity. Previous studies
demonstrated that nanostructuring materials could obtain sig-
nificantly higher thermoelectric efficiencies than those of bulk
materials. First, the electron quantum confinement would result
in the enhancement of Seebeck coefficient; and second, the
additional phonon-boundary scatterings could reduce thermal
conductivity of system [30-32]. In contrast to heat-conduct-
ing and thermoelectric conversion applications, the realiza-
tion of functional thermal information devices like thermal
diode [33], thermal transistor [34], thermal logical gate [35]
and thermal memory [36] to manipulate heat signals demands
that the thermal conductivities of materials could be reason-
ably regulated according to the specific needs. Considering
the thermal conductivities of carbon nanomaterials span an
extraordinary large range—over five orders of magnitude [37]
and can be further tuned by introducing external stress field
or inside structural defect, so the use of carbon nanomaterials
to develop various thermal control devices is very promising.
To achieve the goal, it first needs to build a series of method
and theory to quantitatively predict the thermal conductivity
of different nanosystems and to efficiently explain the fun-
damental mechanism behind nanoscale thermal transport. At
a macroscopic level, the law of heat conduction (also known
as Fourier's law) states that the heat flux passing through a
system is proportional to the thermal gradient across it, and
the proportion coefficient, namely thermal conductivity, is a
size-independent constant for a specific material. However, as
the size of material decreases to the nanoscale level, ballistic
phonon transport plays a main role and Fourier's law gradu-
ally breaks down. For example, the length dependence of ther-
mal conductivity in CNTs following x ~ L was predicted by
molecular dynamics simulations [38—40] and then observed

experimentally [41], which is ascribed to super-diffusive pho-
non transport. Xu et al [42] found that the thermal conductivity
in suspended single-layer graphene diverges logarithmically
with system size (x ~ logL) because of the 2D nature of pho-
nons in graphene. Furthermore, various anomalous heat trans-
port behaviors such as thermal rectification (TR) [43-45],
negative differential thermal resistance (NDTR) [46, 47] and
thermophoresis [48, 49] have also been discovered in various
carbon nanomaterials. These exotic behaviors, together with
the invalidation of Fourier’s law, have attracted worldwide
interest and have led to heated discussions.

It is well known that thermal transport in carbon nanomat-
erials is usually dominated by phonons [37, 50]. The phonon
transport in different low-dimensional carbon structures pre-
sents diverse novel phenomena rather than only one charac-
teristic due to the presence of phonon confinement effect in
objects with small dimensions. Up to now, there have been
a series of reviews on phonon transport in CNTs [51], gra-
phene [52-54] and graphene-based materials [55-57], which
provides an overview of the existing studies and guidance to
future works. In this review, we focus on phonons transport
in tailored carbon nanomaterials that are probably used to
produce various thermal management devices, and attempt to
build a physical picture of how phonons transfer their energy
in these nanostructures. In section 2, we briefly review dif-
ferent simulation methods on heat conduction, and describe
experimental techniques for measuring thermal conductiv-
ity of nanostructures. In section 3, we show the theoretical
and experimental results for the thermal transport properties
of some pure carbon nanomaterials and explain the underly-
ing mechanisms from both the viewpoints of the particle and
wave nature of phonons. Meanwhile, the influences of struc-
tural defects, chemisorption and strain on phonon transport
are also discussed. In section 4, we present the recent progress
made towards understanding thermal transport in carbon-
based nanocomposites such as graphene/boron nitride (BN)
heterostructures, CNTs/Si interface and carbon-based nano-
fillers. In section 5, we summarize a few important potential
applications of carbon nanomaterials in information carriers
and thermoelectric conversion. In the final section, section 6,
we give our conclusions and outlook.

2. Theoretical methods and experiments

2.1. Theoretical methods

In the last decade, multiple theoretical approaches have been
developed to predict the thermal conductivities of low-dimen-
sional nanosystems [58-61], mainly including molecular
dynamics (MD) simulations, non-equilibrium Green function
(NEGF) theory and the Boltzmann transport equation (BTE).

2.1.1. Non-equilibrium Green function. The NEGF method
originates from the quantum field theory and was initially
developed to handle electrical transport. So far, this mature
approach has been extensively used to simulate nanoscale
electronic devices [62-65]. By making a few careful substitu-
tions, the NEGF method can be applied to phonon transport.
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This change was first adopted to study dielectric nanowires
[66, 67], and then was used to explore phonon transport in
various nanostructures like graphene nanoribbons (GNRs)
[68-70], graphyne nanoribbons [71], defected CNTs [72] and
carbon chains [73]. In general, the system studied is conceived
as consisting of three parts, namely, the left semi-infinite lead,
the central scattering region and the right semi-infinite region.
The Hamiltonians of entire system can be written as

H= Z Hy + (u") VEU© + (u€) VR 4+ H,
a=LCR

ey

where u® is a column vector consisting of all the atomic dis-

placement in region o, Ho = 3 (ita) ita + 1 ()" Katte, rep-
resents coupled harmonic oscillators. H, is nonlinear part of
the interaction, V'C is the coupling matrix of the left lead to
the central region and K, is the force constant matrix calcu-
lated using empirical force field or the first principle method.
When outside temperature is low, the lattice vibration could be
approximated as harmonic issue. Under the harmonic approx-

imation, the retarded surface Green’s functions for the leads

g = [(w+in? — K . @

Then, the retarded Green’s function of central scattering
region can be expressed as

G = [(wtin)? —K — x5 — 5] 3)

«

here X /R is the retarded self-energies of the left/right lead.
In terms of the so-called Caroli formula, the phonon transmis-
sion function can be calculated as

T (w) = Tr (G'TLGTk) 4)

where ', = 1 (X7, — X2 is the coupling function of the lead.
In the ballistic thermal transport limit, the phonon thermal
conductance is given by the Landauer formula

of (w,T)
oT

Wmax

Kph = =— hwT (w) dw. 5)

27 0
Here f is the Bose—FEinstein distribution, wp,y is the maxi-
mum phonon frequency. If the nonlinear effect at the central
scattering region is further considered, the effective transmis-
sion function is computed by:

1 1
T(OJ) = ETr |:Gr (FL + EI‘,, — S) GaFR:|

1 1
+ 5T {G’FLG” <FR + 5T+ Sﬂ (6)

here the nonlinear effect is reflected in the extra terms. A
detailed description of the calculation procedure is referred to
the review articles by Wang et al [74].

At present, the NEGF as a quantum approach is more likely
employed for the ballistic phonon transport, especially in the
case of low-temperature or small system that wave effects on
the discrete atomic lattice should be considered. Theoretically,
combining NEGF and first principle calculations enables
the phonon—phonon and electron—phonon interactions to be
contained in theoretical results, without needing to fit any

parameters, which could be directly compared with experi-
ment results. However, the process will need huge compute
resources so that the complex computational task is hard to
finish.

2.1.2. Boltzmann transport equation. To describe the phonon
transport in dielectric crystals, phonons are normally observed
as particles regardless of their wave properties. The phonon
propagating from the left to the right lead is given by the lin-
earized Boltzmann transport equation (BTE) [75]

o _ (4m)
V)\VT 8T B dt scat (7)

where n) is phonon occupation number and vy is the group
velocity of phonon mode A. The major difficulty in solving
the transport equation comes from the collision term. The sim-
plest approach is the relaxation time approximation (RTA),
in which one can compute the relaxation time of a phonon,
assuming that the occupation number of other phonons is
in equilibrium (n}), namely, the Bose-Einstein distribution.
Under the approximation, the collision term can be written as

(%) :ngfm(t)

dt TA ®)

scat
where 7, is the total relaxation time that contains differ-
ent phonon scattering processes such as Umklapp scatter-
ing (7),u), point defect scattering (7 pq), impurity scattering
(7xj) and boundary scattering (7). Using Matthiessen’s rule
assuming that all kinds of scattering mechanisms are indepen-
dent of each other, 7 is given by

T3 = T+ Tapa F T T T ©
Based on the above derivation, the resulting expression for «
can be computed as the sum over the contribution of all inde-
pendent phonon modes
1
HZVZC,\UCE)\U@\T)\ (1())
A
where Cy = hwdn®/OT is the mode specific heat. vy, is the
phonon group velocity for the mode A in the o direction.

The equation (10) requires as inputs the phonon dispersion
relation, which describes the phonon frequency w) for differ-
ent wavevectors (. To obtain the phonon lifetimes 7, most
BTE calculations are limited to considering the low-order
anharmonic perturbation, namely, three-phonon scattering
processes, in which energy and momentum conservation
determine the following selection rules:

wr, Twy, =wyandqr £ =q3 + G (11)

here G is the reciprocal lattice vector. For normal (N) process,
G = 0. For Umklapp (U) process, G # 0. It is worth pointing
out that although the RTA considers both N and U scattering,
however, treats N scattering as purely resistive, so that it could
not describe the thermal transport of certain carbon-based
materials well [76-78]. For 2D carbon nanomaterials such as
graphene or graphyne, an additional selection rule [77, 78] is
applied to consider the reflection symmetry perpendicular to
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their planar lattice structure. The lifetime 7, can be computed
as [79, 80]

1 7 . |VA1A2A3(¢11,(12413)‘
Tx, (a1) ANy wx, (@) wa, (@2)wa, (a3)

[5 (14 nx, (q2) + 1, (03)) 6 (wn, (@) — wn, (q2) — wa, (43))
+ (nx, (@2) — 12 (93)) 6 (wir, (q1) — wa, (G2) + w, (43))]

6G,CI1 +q—q3

(12)
here Vi, x,x, (4, 2, q3) describes the anharmonic component
of the interatomic potential which requires knowledge of
the cubic force constants. The colocations of the cubic force
constants are carried out by taking finite differences of har-
monic force constants from first principles simulations, which
is an extremely challenging calculation. n is the equilibrium
phonon populations, and obeys the Bose—Einstein statistics.
Furthermore, exact expressions for other scattering processes
are available only for the simple point-defect, boundary, and
impurity. For example, Xie er al [81] calculated the contrib-
utions ratio from three acoustic branches (LA, TA and ZA) to
the thermal conductivity of graphene and considered the influ-
ence of point defect scattering on phonon transport by

» 225:0% A\ =LA, TA
= 5% (13)

-
M L125x0 A=2zA

where x is the density of vacancies and €2 is the primitive cell
area. Meanwhile, the effect of phonon-boundary scattering on
the three acoustic branches has also been studied [82]. It is
worth noting that under the long wavelength approximation,
Nika er al [83] obtained the empirical expression for Umklapp
scattering in terms of the Griineisen parameter.

2 2
_ YiksTw
Ty = e (14)

Muvywp,»

where M is the mass of unit cell, v, is the average phonon
velocity for a given branch, -y, is the Griineisen parameter and
wp,» 1s the Debye frequency. The significant simplification of
phonon scattering processes often results in some ambiguity
in the exact predictions of the thermal conductivities of low-
dimensional nanosystems. More importantly, the coupling
effect of different phonon scattering mechanisms is ignored in
the present BTE solution.

2.1.3. Molecular dynamics simulations. The molecular
dynamics (MD) simulation as a powerful tool can handle
complex atomic level structures based on Newton’s equa-
tion of motion. The advantage of the MD approach is to only
demand the structural parameters and suitable empirical force
field as the input, with almost no assumptions that might be
made in other theoretical models. Generally, there are two
typical ways to calculate the thermal conductivities of carbon
nanomaterials in MD simulations. One is the non-equilibrium
MD (NEMD) method, known as the direct method. In this
method, a temperature gradient is imposed across the simu-
lation cell by applying two thermostats at different temper-
atures to the two sides of the sample, and then it will induce
a heat flux in the simulation cell, which is more similar to
real experiment measurement. After sufficient run-time, the
simulated system reaches the nonequilibrium stationary state

where the heat flux and temperature gradient are constant, So
the thermal conductivity can be obtained from Fourier’s law
of heat conduction

_J
VT

where J is the heat flux and VT is the temperature gradi-
ent along the heat transport direction. The calculation of J is
made according to the energy injected into/extracted from the
heat source/sink, and VT is extracted from the linear fitting of
the temperature profile.

Alternatively, the equilibrium MD (EMD) method based
on the fluctuation-dissipation theory can be used to study the
directional-dependent thermal conductivity of carbon nano-
materials via the Green—Kubo formalism as given by

R =

15)

1 T
b = g | Ve OO0 ae)

where €2 is the volume of the simulation domain, kg is the
Boltzmann constant, J,, (¢) is the heat flux in the direction
w, (Ju () J,, (0)) denotes the ensemble average of the heat
current autocorrelation function (HCACF), 7 is the trunca-
tion time and the integration scheme has been proposed by
Schelling ef al [84]. Note that the choice of 7 should be large
enough to make the HCACF achieve convergence. To reduce
the fluctuation of the calculated thermal conductivity, one
should repeat the EMD simulation with different initial condi-
tion of the velocity distribution. Moreover, to overcome the
finite-size effect on the calculated ~, periodic boundary condi-
tions (PBCs) are often adopted in EMD simulations [85-87].

The MD simulations, intrinsically containing different
phonon scattering processes, are widely applied to study the
thermal transport properties of carbon nanomaterials with dif-
ferent atomic configurations, such as size-dependent thermal
conductivity in CNTs [38—40, 88], the defect [89, 90], strain
[91], chemisorption [92], interface [93, 94] and substrate
[95, 96] dependence of the thermal conductivity in graphene.
However, when ambient temperature is lower than the Debye
temperature of system, there is a large discrepancy between
MD simulation and fully quantum approach in the prediction
of thermal conductivity. Subsequently, different quantum cor-
rection models like quantum temperature [97] and quantum
Langevin heat bath [98, 99] have been prospered to mitigate
this limitation of classical mechanics.

Itis worth pointing out that x obtained from MD simulations
represents an average over all phonon modes, obscuring the
characteristics of single-phonon mode. For this, McGaughey
et al [100, 101] and Ruan et al [102, 103] respectively put
forward the spectral energy density (SED) technology based
on EMD simulations and lattice dynamics calculations, to
compute the mode-wise thermal conductivity under the
framework of linearized BTE. According to the equation (10),
there are three physical quantities strongly affecting phonon
mode contributions to thermal conductivity, namely phonon

heat capacity, group velocity and relaxation time. For the
classical system, Cy = kVB and the group velocity of phonon
mode A can be calculated using the central difference method
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Vax = (Warar —wr—ar)/2Aq, or Hellmann—Feynman

theorem
1 0D,
= 76)\
2wy " 0qa

Vax ex (17)
here D) is dynamic matrix, g, is the wave-vector compoent
in « direction and e, is eigenvector. As described above, the
third physical quantity that needs to be determined is the
phonon relaxation time. In the case of perturbation, it can be
extracted by evaluating the normal mode coordinates and the
SED function &, (w)

3 n N,
d0r (0= 355/l 1) (e2) exp fig )
a b ¢ (18)
+oo 2
Py (w) = ' / N g (1) €2™dt (19)

oLb
where i},

(¢) is the ov component of velocity of atom b in the
*
[th unit cell with equilibrium position rf) and (eZ:g) denotes

the complex conjugate of the component for atom b of the
eigenvector. According to the anharmonic theory, the SED
function in the framework of frequency domain can be written

as a Lorentzian function centered at w“? N

Cy

Py (w) =

2 (20)
(w — wﬁ)\) + 1"3’/\
1
Tgx = ﬁ (2D

where Cg ) is a fitting constant for a particular mode. The
equation (20) is effective when the linewidth T'y ) < w";/\.
w,?)\ is the anharmonic phonon frequency, incorporating the
frequency shift due to anharmonicity. In the curve fitting
processing, a peak-detection algorithm is usually adopted to
detect the location of peak in a spectrum. To quickly obtain
fitting results, an initial guess of each parameter could refer to

the phonon frequencies wg’ » obtained from harmonic-lattice
dynamics.

2.2. Experiments

The experimental measurement of thermal conductivity of
low-dimensional nanomaterials helps clarify the nature of heat
carriers and understand the interfacial heat transfer behavior
in electronic component like field effect transistor. With the
development of nanofabrication technologies, it is possible to
fabricate various nanostructures and measure the temperature
gradient across the sample under different external conditions,
although still a challenging task. For now, there are several
methods of measuring the thermal conductivity of low-dimen-
sional nanomaterials, e.g. the Raman optothermal method [8],
the thermal bridge method [104, 105], the 3w method [106—
108] and the scanning thermal microscope [109]. Among
them, the confocal micro-Raman and thermal bridge methods

are relatively mature for measuring thermal conductivity in
carbon nanomaterials and the latter two approaches are mainly
applicable to detect the thermal interfacial resistance, or ther-
mal conductivity of bulk materials.

For instance, using the combination of laser heating of
a nanotube and Raman observation of temperature profile
method, Hsu ef al [110] measured the relative contribution
ratio of the intrinsic thermal resistance in CNTs and the
boundary resistance between sample and substrate. Despite
all this, the thermal conductivity of CNTs in this study has
not been given because the value of optical power absorbed
in the heating layer was not clear. Subsequently, Li et al [111]
replaced laser heating with electrical self-heating of CNTs
and combined the Raman shift method to extract the radial
temperature profile independent of boundary resistance, and
demonstrated the thermal conductivity of CNTs as high as
2400 W m~! K~!. Moreover, using non-contact Raman opto-
thermal method, the pioneering experimental measurements
by Balandin ef al [8] showed that single-layer graphene may
have a thermal conductivity ranging from 2000 to 5000 W
m~! K~! at room temperature, even higher than that of dia-
mond. Based on the same method, Chen et al [112] studied
the isotope effect on thermal conductivity of graphene. The
measured results show that the increase of '*C isotope concen-
tration results in the large reduction of the thermal conductiv-
ity from ~2800 W m~! K~! for 0.01% '*C to ~1600 W m~!
K~! for 50% '3C. Using the electro-thermal bridge method,
Xu et al [42] measured the thermal conductivity of suspended
CVD single-layer graphene, and observed the logarithmic
dependence of thermal conductivity on the sample length L
(k ~logL) for L ranging from 700nm to 9 pm, according
with earlier theoretical predictions [113, 114]. Lately, Bae
et al [115] reported that thermal conductivity of GNRs with
L = 260 nm is reduced from 230 to 80 W m~! K~! as the
width of the sample decreases from 130nm to 45 nm via elec-
tro-thermal bridge method, which is attributed to the enhance-
ment of edge roughness scattering.

Although new technologies and equipment for measur-
ing thermal transport in low-dimensional nanosystems have
obtained substantial progress over the last few years, many
problems about controlling heat flow and detecting temper-
ature at nanoscale remain unsolved. For the commonly used
confocal micro-Raman, there are two primary aspects strongly
affecting the measurement uncertainty of thermal conductiv-
ity. One is the Raman peak shifts weakly with temperature
changes [116]; the other is the accurate determination of ther-
mal contact resistance, which contributes unavoidably to the
total measured thermal resistance. The latter problem is also
the main challenge for the thermal bridge method. Besides
the above challenges, the existence of polymer residue and
inconsistency of sample qualities also leads to different ther-
mal conductivity measurements by different research groups
[117]. In response to these questions, some review articles
were conducted to better understand the experimental results
for measuring thermal conductivity in low-dimensional
nanosystems. Wang et al [118] summarized the progress of
measurement methods, and Xu et al [53] outlined differ-
ent experimental techniques and theoretical approaches for
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phonon thermal transport and analyzed the respective chal-
lenging issues. Cahill er al [119] explored issues associated
with thermal measurement science and thermal processing at
the nanoscale.

3. Thermal transport in pure carbon nanostructures

3.1. 1D carbon nanomaterials

3.1.1. Nanowires. Recently, Fitzgibbons et al [26] reported
the synthesis of a new 1D carbon nanomaterial—diamond
nanothread (DNT). This DNT structure can be regarded as
the hydrogenated (3, 0) CNT connected with the so-called
Stone—Walls (SW) transformation defects. Based on the first-
principles method, it is reported [120, 121] that there are 15
different stable DNT structures by considering all possible
bonding geometries within a one-dimensional stack of six fold
rings, and all of that can be divided into three types: achiral,
stiff chiral, and soft chiral. The presence of the SW transfor-
mations in DNT will enrich its mechanical and thermal prop-
erties. Using the MD simulations, the mechanical properties
of the above-mentioned 15 DNT structures have been inves-
tigated and the obtained results showed that their mechanical
properties are strongly dependent on structure topology, ambi-
ent temperature [122]. Additionally, Wu et al [123] showed
that the axial stiffness of DNTs (665-850 GPa) is of the same
order as CNTs, and their strength could reach 4.1 x 10" N
- mkg~!, exceeding nanotubes and graphene. Recent works
indicated that DNTs possess excellent interfacial load transfer
capability for nanofiber applications owing to covalent bond-
ing [124], and might be applied in effective reinforcements for
nanocomposites [125].

Using the NEMD simulations, Zhan et al [126] found that
comparing with (3, 0) CNT, the thermal conductivity of DNT
is very low and behaves sensitive to the sample length. More
intriguing is that the DNT with a given sample length exhib-
its a superlattice thermal transport characteristic: the thermal
conductivity decreases firstly and then increases with increas-
ing the number of poly-benzene rings, and the minimum
thermal conductivity corresponds to the crossover point from
coherent to incoherent phonon transport. Ertekin et al [127]
reported that in glassy DNTs, some low-frequency modes
exists well-defined longitudinal or twist-like polarization,
partly offsetting the negative effect on phonon transport from
structural disorder. In addition, the thermal conductivities of
glassy DNTs could be reduced by a factor of about 5 through
defect engineering. Wei et al [128] found that the thermal con-
ductivity of DNT forests under strain loading presents aniso-
tropic feature.

3.1.2. Nanotubes. In the past few decades, the thermal
transport properties of CNTs have been studied in numerous
papers and reviews, thus we will briefly review on this topic.
At extremely low temperature (T ~ 0 K), only four acous-
tic modes including two transverse acoustic (TA) modes,
one twisting (TW) mode and one longitudinal acoustic (LA)
mode, contribute to the thermal conductance (G) of CNTs,
which yields G = 4Gy (T), namely the quantization of thermal

q
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Figure 1. The thermal conductance of an individual MWCNT as a
fucnction of temperature. The upper left inset represents a scanning
electron microscopy (SEM) image of the suspended islands with
the individual MWNT. The lower right inset denotes the thermal
conductivity of an individual MWCNT with a diameter of 14nm
(solid line), 80 nm (dotted lines) and a large CNT bundles (dotted
lines). Reprinted with permission from [131]. Copyright (2001) by
American Physical Society.

conductance [129]. When T increases above a few degrees Kel-
vin, some low order optical modes are excited and participate
in heat conduction that depends on the chirality and nanotube
diameter. In this case, the phonon—phonon scattering could be
negligible and the phonon-boundary scattering plays the dom-
inant role in phonon transport. The obvious one is that thermal
conductivity proportionally increases with 7' as the phonon
modes increases and the phonon-boundary scattering rate
remains constant [130], corresponding to the ballistic phonon
transport. With further increase of temperature, the specific
heat and thermal conductivity nonlinearly increase with T,
and the function relation between them presents a faster than
linear variation, which is called the intermediate transport
regime. For instance, the measured thermal conductivity fol-
lowed the 729! trend as T increases from 50 K to 150 K in
a multi-wall CNT (MWCNT) with 14nm diameter based on
heater sensor technique, while showed a 7% dependence from
5 K to 50 K [131]. When temperature exceeds a certain criti-
cal value, the balance of increasing phonon population and
strengthening phonon scattering is achieved, which corre-
sponds to the maximum thermal conductivity. Regarding this
respect, Fujii et al [132] found that the measured thermal con-
ductivity of a MWCNT with a 16.1 nm outer diameter and a
4.9nm inner diameter as a function of T reaches a peak (about
1700 W m~! K1) at 320K, which is broadly in line with
theoretical prediction [133]. Kim et al [131] experimentally
reported the thermal conductivity of MWCNT could approach
3000 W m~! K~ at 320K and then decreased with temper-
ature, as shown in figure 1. At higher temperatures, the sys-
tem’s thermal conductivity decreases with 7" due to Umklapp
scattering processes, according with the characteristics of dif-
fusive transport. For example, Maruyama et al [38] found that
first-order Umklapp scattering gives rise to a T~! dependence
of thermal conductivity at high temperature. Pop et al [134]
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observed that the thermal conductivity decreases more rapidly
with 7" using self-heating technique, and attributed the subtle
phenomenon to second-order three-phonon scattering with a
scattering time proportional to 772,

Aside from temperature, length (L) is another key param-
eter to evaluate the ballistic transport or diffusive transport
of phonons in nanotube. Tang et al [108] found an increase
in thermal conductivity with L at 300K via 3w measuring
technique, and estimated the mean free path of phonons to be
around 180nm. Using NEMD simulations, Maruyama et al
[39, 40] found that the thermal conductivity of CNTs does not
converge to a finite value even when the tube length reaches
about 400 nm, but a power law relation (x ~ L%) was observed,
where o varies from 0.1 to 0.4, dependent on the chirality and
temperature. The simulated results have also been confirmed
experimentally [41]. Using BTE method, Mingo et al [130]
showed that the thermal conductivity diverges as the nano-
tube length will increase if only three-phonon processes are
considered during calculation, but inclusion of higher-order
scattering processes will lead to the convergence of thermal
conductivity. Using NEGF method, Yamamoto et al [135]
found that the contribution of acoustic modes results in a power-
law divergence # ~ L% in CNTs. In general, for small L,
the phonon transport is in ballistic regime and ~ increase lin-
early with L; while L achieves several millimeters which is
greater than the phonon mean free path, the phonon transport
is dominated by diffusive conduction, so the thermal conduc-
tivity is insensitive to the change of tube length; For L falling
within the intermediate range, the phonon transport transitions
from the ballistic to diffusive regime with increasing L, and
a power law k ~ L% might be fitted to the obtained results.
Meanwhile, the tube-diameter dependence of the thermal
conductivity of CNTs has also been explored, although some
discrepancies exist between the results of different research
groups. For instance, Yan et al [136] reported that the thermal
conductivity of CNTs decreases with increasing the diameter
(d) because the smaller the diameter of CNTs, the larger the
phonon energy gap, and the lower the probability of phonon—
phonon scattering. This is contrary to the argument of obser-
vation of Qiu et al [137] that the thermal conductivities of
CNTs with different chirality increases with d. Lindsay et al
[138] noted that there is a minimum in the thermal conductiv-
ity of CNTs as a function of d, which may be ascribed to the
competition between the breaking of the graphene selection
rule induced by nanotube curvature and the removal of pho-
non—phonon scattering conduction channels. Yue et al [139]
found that an increase in d initially causes thermal conductiv-
ity to increase until it reaches a maximum value, and then it
gradually decreases to the graphene limit. Besides the above
three factors, there are some other factors such as vdW inter-
action [140, 141] and chemisorption [142] that can influence
the thermal conductivities of CNTs.

As the analogues of CNTs, graphyne nanotubes (GNTs)
also receive more attention due to their excellent electronic
properties. To date, the thermal conductivity of GNTs has been
studied in a few studies [143—145]. In particular, based on the
NEMD simulations and SED analysis, Hu et al [143] inves-
tigated the thermal transport properties of GNTs, and found
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Figure 2. Schematic overview of various methods to control the
thermal conductivity of graphene.

that the thermal conductivities of GNTs rapidly decrease with
the increase of the number of acetylenic linkages (n). When
n = 10, an unprecedentedly low thermal conductivity (below
10 W m~! K1) was found in GNTs, which is attributable to
the large vibrational mismatch between the weak acetylenic
linkage and the strong hexagonal ring, causing inefficient heat
transfer along the tube axis. Ramazani et al [144] believed that
the significant decrease of the thermal conductivity in GNTs
compared to that in CNTs has three causes: (1) lower acoustic
group velocity, (2) shorter phonon relaxation times, and (3)
smaller volumetric heat capacity. On the other hand, the natu-
rally low thermal conductivity of GNTs is markedly advanta-
geous for thermoelectric devices [146].

3.2. 2D carbon nanomaterials

3.2.1. Graphene and its derivatives. The ultra-high thermal
conductivity of graphene has stimulated researchers' interest
in exploring internal phonon transport mechanisms and poten-
tial applications for heat dissipation. Furthermore, the manip-
ulation of the thermal conductivity of graphene may enable
new applications of thermoelectric conversion and phonon
devices. Actually, there have been some recent reviews on the
thermal transport in graphene [52-54, 147-150]. For instance,
Al Taleb et al [52] outlined recent progress made in the exper-
imental determinations of phonon dispersion curves for gra-
phene/metallic system, which could provide a detailed insight
into the graphene-substrate interaction. Nika et al [54] pro-
vided a critical review of for phonon transport in graphene. In
this review, they focused on the internal correlation between
phonon spectrum and thermal conductivity in graphene-based
nanomaterials, and discussed in detail the relative contrib-
utions of different phonon branches to the total thermal con-
ductivity. Specially, a recently published book edited by Gang
Zhang (2017) entitled ‘Thermal transport in carbon-based
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Figure 3. (a) The phonon transmission coefficient for out-of-plane phonons in ZGNR with SW defect (solid curve) and without defect
(dashed curve). (b) Typical wave packet propagation process for two different phonon modes. (c) The phonon number and the bond thermal
current around the SW defect for two phonon modes with w = 659 cm~! and 661 cm™! respectively. (d) The local vorticity with respect
to the bond thermal current flowing on the upper dashed curve and lower solid curve heptagonal rings of the SW defect. Reprinted with
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nanomaterials’ described the growth of graphene, its thermal
property and applications in detail [151]. It is worth pointing
out that these previous reviews mostly emphasize on the acc-
uracy of the thermal conductivity value based on experimental
measurement and theoretical simulation or the understanding
of phonon characteristics in such 2D structure. Here, we high-
light the manipulation of phonon transport in graphene.
Controlling nanoscale heat conduction is a complex task
because of the quasi-particle nature (collective lattice vibra-
tions) of phonons, wide range of phonon frequencies, and
complicated atomic structures. For now, the most common
route to control thermal conductivity is to enhance diffuse
(particle-like) phonon scattering by introducing structural
defects [152—-154], vdW interaction [155-158], chemisorp-
tion [159, 160], and stress field [161-163]. In general, only a
limited range of high-frequency phonons gets scattered effi-
ciently, while low-frequency phonons with long wavelengths
is hardly affected owing to their long mean free path. Recently,
the phonon hydrodynamic transport have been predicted in
graphene at higher temperatures and over a wide temperature
range, which can be ascribed to strong N scattering processes
and large density-of-states of long-wavelength ZA phonons
induced by the 2D nature of graphene [164]. Moreover, in
other 2D materials like boron nitride and graphane, it was
found that the dominant scattering mechanism still works at
all temperatures and heat transport in these 2D materials strat-
ifies the conditions of Poiseuille and Ziman hydrodynamics,
never reaching the ordinary conditions of diffusive transport
even at very high temperatures [165]. Actually, similar results

have been theoretically reported in 1D CNT [166] and 3D
Graphite [167], which has been confirmed by recent experi-
ment based on fast, transient thermal grating measurements
[168]. In other word, between ballistic and diffusive transport,
there is also a hydrodynamic transport that might provide a
new picture to better understand heat conduction in graphene.
Besides, a brand-new thought for manipulating thermal trans-
port based on the wave nature of phonons such as phonon
interference and phonon local resonance, is growing more and
more appealing. A brief summary of various ways to control
the thermal conductivity of graphene is shown in figure 2.

To be specific, Xie et al [169] studied the effect of single
vacancy and Stone—Wales (SW) defects on the phonon trans-
port of GNRs using the NEGF method. They found the single
vacancy have a stronger effect on the thermal conductance of
GNRs than SW defect, owing to the symmetrical breaking in
GNRs with single vacancy. Analogously, Morooka et al [170]
showed that there are two unique phonon transport phenom-
ena in GNRs with SW defect: one is that the heat flux con-
tributed by the lowest optical phonons mainly flows through
the ribbon edges; the other is that the high-frequency phonons
at w ~ 660 cm~! is almost no contribution to the heat flux
because of the formation of a circulating heat flux along the
pairs of pentagon—heptagon rings in the SW defect, as shown
in figure 3. The later was also confirmed by the phonon-
wave-packet analysis technique. Moreover, Duan et al [171]
presented the dependence of the thermal conductance on the
extended line defects in GNRs that have observed in experi-
ment [172], and found that the thermal conductance could be
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tuned over wide ranges by changing the relative orientation
between defect and transport direction. Using the Raman opto-
thermal method, Chen ef al [112] reported on an experimental
study of isotope effect on the thermal properties of graphene,
and observed the thermal conductivity from 2800 W m~! K~!
for 0.01% isotope concentration to 1600 W m~! K~! for 50%
isotope concentration at 380 K. Based on the same measuring
method, Li et al [173] investigated thermal transport in twisted
bilayer graphene and showed that the thermal conductivity of
bilayer graphene is only half of that of single one. This can be
understood that the emergence of numerous additional hybrid
folded phonons in twisted bilayer graphene substantially
enhances the phonon scattering. Morevoer, Malekpour et al
[174] experimentally reported that as the defect density intro-
duced by low-energy electron beam irradiation changes from
2% 10" cm=2 to 1.8 x 10" cm™2, the thermal conductivity
of graphene decreases from 1800 W m~! K~! to 400 W m~!
K~! near room temperature, which stems from the acoustic
phonon-point defect scattering.

Strain engineering enables continuous tuning of the physi-
cal properties of materials, and is easily realized in experi-
ment. For conventional bulk materials, compressive strain
may cause the stiffening of phonon modes and enhance its
thermal conductivity, whereas tensile strain usually softens
phonon modes, resulting in reduced thermal conductivity. Wei
et al [175] investigated different strain effects on the thermal
transport in GNRs at room temperature. The simulated results
demonstrated that the thermal conductivity of GNRs drops
by 60% compared to the strain-free state as the tensile strain
increases to 0.2, but is insensitive to the compressive strain.
The analysis of phonon spectra indicated that under tensile
loading, the strain-induced stress softens phonon modes and
strengthens lattice anharmonicity; while under compressive
loading, the open quasi-1D geometry of GNRs could form
corrugations by which the stress from transverse deflection
is released, and therefore the phonon modes is almost
unchanged. Similar phenomena have been reported in previ-
ous studies [176—179]. Note that Yeo et al [178] found that the
thermal conductance of GNRs with armchair edge (AGNRs)
abnormally increase with the tensile strain at low temperature,
while that of zigzag edge (ZGNRs) is hardly influenced by
tensile loading. The reason of such variation was believed to
be that the tensile strain slightly increases the out-of-plane
acoustic modes in low-frequency range, which plays a deci-
sive role in low-temperature phonon transport. Recently, Zhu
et al [180] demonstrated a nonmonotonic dependence of the
thermal conductivity of graphene on the tensile strain and this
dependency was highly sensitive to the sample length. That
is, for graphene with infinite length, its thermal conductivity
increased to a peak value, after which it then decreases with
further strain loading. The anomalous thermal conductivity
variation was ascribed the competition between out-of-plane
phonon stiffening favored in longer sample and in-plane pho-
non softening favored in shorter sample. Wang et al [181]
studied the effect of the shear strain on the phonon transport in
graphene, and found that the thermal conductivity of wrinkled
graphene induced by shear strain can be reduced to 80% of

the initial value, owing to the broadening phonon modes and
increased low-frequency phonons.

Another effective approach to control the thermal con-
ductivity of graphene or GNRs is chemisorption such as
hydrogenated, oxidation and functionalization. Using NEMD
simulations, Pei et al [182] investigated the thermal transport
properties of hydrogenated graphene. The obtained results
showed that for random hydrogenation, the thermal conduc-
tivity of such materials is reduced by more than 70% of the
pristine value with increasing hydrogen coverage from 0% to
30%, and then becomes insensitive to further increasing cov-
erage. The reason for reduced thermal conductivity could be
probably due to the softening of the G-band phonon caused
by the transition from sp? to sp®> bonding upon hydrogena-
tion. When the hydrogen distribution is patterned and parallel
to the transport direction, the system’s thermal conductivity
monotonously decreases with increasing coverage from 0%
to 100%. Barbarino et al [183] believed that the lower ther-
mal conductivity in hydrogenated graphene with respect to the
pristine one stems from the reduction of the acoustic phonon
group velocity and the remarkable red-shift of high-frequency
phonons. Luo et al [184] found that the thermal conductivity
of graphene oxide with oxygen coverage of 5% is reduced
by 90% compared to that of pristine one, and a coverage of
20% lowers it to 8.8 W m~! K~! even lower than the predicted
amorphous limit for graphene. The analysis of phonon spectra
revealed that two reasons were responsible for the dramatic
decline in thermal conductivity: first, the presence of the oxy-
gen atoms would introduce phonon-impurity scattering; sec-
ond, the reflection symmetry of pristine graphene plane was
broken in the region of oxygen coverage, to enhance phonon—
phonon scattering involving flexural modes, as that in CNTs
owing to the inherent curvature [76]. Chien et al [185] investi-
gated the influences of methyl group and phenyl groups on the
thermal conductivity of GNRs. It was found that a function-
alization degree of 1.25% could reduce the system’s thermal
conductivity by nearly half, owing to the vibrational mismatch
between sp? and sp? carbon atoms.

Given phonons are waves of the atomic lattice, so the wave
interference of phonons might be used to manipulate heat flow
as the remarkable success achieved when using photonic wave
interference for manipulating light wave. Lately, a few papers
were published on the manipulation of phonon transport in 1D
nanowire and 3D phonon crystals based on the wave nature of
phonons [186—188]. According to these studies, the necessary
condition for interference effect is that the incident wave could
retain their phases on reflection and transmission at interfaces.
For this, high-quality superlattices as promising candidates
could satisfied the above condition because of their atomically
flat interfaces, in which some low-frequency phonons with
long wavelengths are likely to occur specular reflection and
forms wave interference; whereas high-frequency phonons
are scattered diffusely. Then, the critical issue that should be
addressed is to understand how the interference effect affects
phonon transport process. On the one side, the presence of
phonon wave interference will alter the phonon dispersion
relations such as flattening branches of phonon dispersion
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in a wider frequency range. For another, the interference
effect may cause forbidden energy gaps in phonon spectrum.
Luckyanova et al [189] experimentally observed that the
measured thermal conductivity is linearly proportional to the
total superlattice thickness at the low temperature range from
30K to 150K, and confirmed that the wave nature of phonons
plays an important role in heat conduction. Ravichandran et al
[190] measured the thermal conductivities of oxide superlat-
tices with a fixed length as a function of the period length,
and found that there is a local minimum value for the thermal
conductivity. This is because for a large period length, most
phonons are scattered diffusely at the interfaces and behave
particle-like, while for smaller period length, a considerable
portion of heat is carried by wave-like phonons experienc-
ing interference effects. To control the phonon transport of
graphene by wave interference effects, Luo et al [191] con-
structed '2C/!3C graphene superlattices and calculated their
thermal conductivities by NEMD simulations. The results
demonstrated that the thermal conductivity in the superlat-
tice with a period length of 0.8 nm increases linearly with the
sample length over large distances, showing completely the
wave interference of phonons as well as the occurrence of
brillouin zone folding. A similar phenomenon was found in
isotope CNT superlattices [192]. Ouyang et al [193] studied
the thermal transport properties of isotopic-superlattice GNRs
using NEGF method, and found the thermal conductance of
such superlattice strongly depends on the period length and
the isotopic mass, which offers an available way for modu-
lating the thermal conductance of GNRs. Meanwhile, Yang
et al [194] designed a structure of graphene phononic crys-
tal (GPC) and investigated the thermal transport property of
GPC. The obtained results showed that the system’s thermal
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conductivity is significantly reduced as compared with pris-
tine graphene, and can be further tuned by increasing porosity
and decreasing period length. Moreover, they also noted that
the existence of porosity may lead to phonon localizations.
Lately, Hussein et al [195] found that the introduction
of nanopillars in silicon thin films causes an increase in the
number of heat carriers, but greatly reduces the thermal
conductivity of such films. This is because that the pillars
exhibit numerous local resonances that could hybridize with
the propagating modes of thin films across the entire spec-
trum (namely the concept of phonon local resonance), which
reduces the group velocities. Volz et al [196] reported that in
branched alloy nanowires (an array of nanopillars is built on
top of a free-standing nanowires), the low-frequency phon-
ons could be easily manipulated by branch configurations like
branch size and shape, and the high-frequency phonons have
been effectively scattered by the atomic mismatch in alloy
structures. Combining the effects of phonon local resonant
and phonon scattering, an extremely low thermal conductiv-
ity of 0.9 W m~! K~! in branched alloy nanowires has been
obtained. Besides, the resonant mechanism still plays a major
role in phonon transport even if there is structural defect in
branched nanowires, so it has obvious advantage over pho-
non wave interference. More importantly, the addition of
branches is not expected to not scatter electrons, benefitting
for thermoelectric applications, which is not equipped by the
phonon scattering mechanism. Subsequent study also gave
similar results for branched CNTs [197]. More recently, Ma
et al [198] found that the thermal conductivity of branched
GNRs is less than half of pristine ones, and further doping
in branches could even enhance the thermal conductivity of
such branched structures, as shown in figures 4(a)—(c). This
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trend seems to be against common sense that isotopic engi-
neering generally reduces the system’s thermal conductivity.
Phonon mode analysis and NEGF calculation revealed that
replacing C'? to heavier (lighter) isotopic in branches would
lead to the mismatch between the resonant modes contributed
by branches and propagating modes across the ribbons, which
weakens the hybridization level of the two kinds of modes
and facilitates phonon transport. In the view of this, Chen
et al [199] designed an efficient thermal diode based on pris-
tine/branched GNR junctions, and found that the TR ratio in
such junctions exceeds 400% under small temperature bias
(AT = 30 K), showing distinct superiority over other ther-
mal diodes. The mechanism behind this phenomenon could
be attributed to the local resonance of longitudinal phonons
in branched GNR region under negative temperature bias, as
shown figures 4(d)—(g).

3.2.2. Graphyne family. Graphyne (GY) can be built by
replacing a certain proportion of carbon—carbon double bonds
in graphene with the acetylenic linkages. Considering the
different distribution and proportions of the acetylenic link-
ages, there are multiple types of GY, namely «, £, v, 9, (6,
6, 12), (14, 14, 14)-GY and so on. Among them, a thin film
of GDY has been successfully fabricated so far [200]. In the
last decade, studies on the electronic, mechanical and ther-
mal properties of graphyne family took off rapidly. Using the
NEGF method, Ouyang et al [201] investigated the thermal
transport properties of 7-GY nanoribbons, and the obtained
results showed that the thermal conductance of such nanorib-
bons is only 40% that of GNRs and is insensitive to the
acetylenic linkages. Chen et al [202] calculated the thermal
conductivity of 7~-GY as a function of the number of acety-
lenic linkages based on EMD simulations, and found that the
lowest thermal conductivity in GY is 93% lower than that of
graphene with a similar size at room temperature. However,
when T < 30 K, the thermal conductance of GY exceeds that
of graphene, which is almost independent of the nanoribbon
width. The reason for this anomalous thermal behavior was
believed to be that some coherent low-frequency phonons are
excited under low temperature and has a significant contrib-
ution to thermal conductance. Besides the temperature factor,
Zhang et al [203] studied the thermal conductivities of GY
with different configurations including «, 3, 7, and (6, 6, 12)
ones via NEMD simulations. The analysis indicated that the
presence of the acetylenic linkages results in low atom den-
sity, weak single bonds and lower thermal conductivity in GY.
Moreover, they also found that the thermal conductivity of (6,
6, 12)-GY exhibited obvious directional anisotropy, distin-
guishing from other three types. Based on the previous find-
ings, Wang et al [204] designed GY heterojunctions (GYHIs)
made of two different GY, and showed that the GYHJs exhibit
tunable thermal transport properties by changing the compo-
sition and type of GY. They also demonstrated that with the
decreasing proportion of v-GY, the thermal conductivities of
GYHIs decrease linearly in the armchair direction; whereas
for the zigzag direction, it first decreases, then tends to keep
a constant value, and later increases, indicating significant
anisotropy. Hu et al [205] calculated the thermal conductivity
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of seven type GYs with different configurations, and found
that the thermal conductivity of (14, 14, 14)-GY behaves
unexpectedly significant anisotropy. That is, the thermal con-
ductivity along zigzag direction is two or three times larger
than that along armchair direction. Lattice dynamics calcul-
ations revealed that this anisotropy stems from the lower
contribution of high-frequency and short-wavelength phonons
to total thermal conductivity in armchair (14,14,14)-GY. To
meet different application requirements, the regulation of the
thermal conductivity of GY is necessary. Zhou et al [206]
demonstrated that the thermal conductance of defective 5-GY
is about five times smaller than that of perfect one because of
the intensive localization of phonons induced by the phonon-
defect scattering, benefitting the thermoelectric applications.
Zhang et al [207] studied the influence of the oxygen adsorp-
tion on the thermal transport in v-GY based on reactive force
field, and showed that the system’s thermal conductivity can
be effectively modulated by altering the oxygen coverage. On
the other side, when the applied tensile strain is smaller than
0.04, the tensile stress induced by strain loading exerts posi-
tive effect on thermal transport, thereafter, the thermal con-
ductivity of GY decreases with further increasing the tensile
strain.

3.2.3. Other 2D architectures. Except the above 2D pla-
nar carbon architectures, there is various buckled carbon
allotropes. Among them, penta-graphene is the most typical
representative, and the new format of carbon structure has
been predicted to be not only dynamically and mechanically
stable, but also to sustain high temperature up to 1000K [27].
In experiment, the growth of oriented large-area pentagonal
single-crystal graphene domains on Cu foils by CVD method
means a significant step forward the fabrication of penta-
graphene [208]. Based on the MD simulations, Cranford et al
[209] observed a structural transition from penta-graphene
to graphene under the conditions of temperature change and
external strain. In addition, a few works have been conducted
to investigate the thermal transport in penta-graphene. For
instance, Using BTE method combined with first-principles
calculations, Wang et al [210] predicted the intrinsic thermal
conductivity of penta-graphene being about 645 W m~! K~ at
room temperature based on the assumed thickness of 0.12 nm.
With respect to graphene, the lower thermal conductivity of
penta-graphene was attributed to the strong anharmonic effect
induced by the vibrational mismatch of hybridized sp? and
sp® bonding. Moreover, they also found a layer-independent
thermal conductivity for the stacked penta-graphene, because
this buckled structure breaks the selection rule of three-pho-
non scattering for 2D planar material [211]. It is well known
that the estimated thermal conductivity from MD simulations
strongly depends on the interatomic potentials being adopted,
and different empirical potentials have their own accuracy in
describing the specific properties of nanomaterials. For car-
bon nanosystems, there are multiple types of empirical poten-
tials available, such as AIREBO potential, Tersoff potential,
ReaxFF and EDIP potentials [212]. Winczewski et al [213]
systematically tested 14 different empirical potentials avail-
able for elemental carbon with the scope to choose the potential
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suitable for the modeling of penta-graphene. By comparing
the obtained results with the principles calculations, they con-
cluded that only the Tersoff potential proposed by Erhart and
Albe in 2005 [214] is able to correctly describe all the impor-
tant features of penta-graphene. Using EMD method with the
original Tersoff potential, Li ef al [215] calculated the thermal
conductivity of penta-graphene at room temperature, and the
obtained value was about 167 W m~! K~!, much lower than
that of graphene. By performing SED analysis, they thought
that there are two main causes for the lower thermal conduc-
tivity in penta-graphene: the lower phonon group velocities
and fewer collective phonon excitations. As shown in fig-
ure 5, Wu et al [216] observed that the hydrogenation exerts
positive effect on the thermal transport in penta-graphene (up
to 76% increase), in contrast to hydrogenation of graphene
which results in a dramatic decrease in thermal conductiv-
ity. The underlying mechanism for the abnormal increase of
thermal conductivity was believed to be the weaker phonon—
phonon scattering caused by the reduced bond anharmonic-
ity in the hydrogenated penta-graphene. Zhang et al [217]
revealed that the thermal conductivity of penta-graphene can
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be modulated by chemical functionalization. When the cov-
erage was less than 25%, the system’s thermal conductivity
decreased rapidly with increasing coverage. Thereafter, the
further increase of coverage would cause the enhancement in
thermal conductivity.

3.8. 3D carbon nanomaterials

It is well known that graphene possesses many fascinat-
ing properties. However, it is difficult to retain such proper-
ties when integrating the 2D material into 3D nanodevices.
Although multilayer graphene may be fabricated more eas-
ily, the presence of Vdw interactions between overlapping
layers would degrade their performance on carrier mobility,
tensile strength and heat dissipation. To overcome the draw-
backs, it is desirable to build 3D graphene networks by the
covalently bonded GNR segments. Some porous carbon nano-
structures like Mackay—Terrones crystals [218] quadrilateral
graphene network [219], carbon foam [220], pillared-gra-
phene architectures [221, 222] and 3D CNT networks [157,
223] have been proposed theoretically and been demonstrated
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to be dynamically stable, though their experimental synthesis
might need further investigation. Lately, a new exceptionally
stable 3D graphene, carbon honeycomb, has been successfully
synthesized by deposition of vacuum-sublimated graphite and
demonstrated high absorption level [29]. Furthermore, first-
principles calculations and MD simulations showed that the
carbon honeycombs have appealing specific strength [224],
efficient anodes of Li batteries [225], tunable band gap [226]
and Weyl semimetals [219] owing to the covalent nature of
carbon—carbon bonds. In other words, the 3D networks inherit
some excellent properties of graphene, and also offer other
novel properties distinct from graphene. For thermal property,
several research groups made efforts to evaluate the thermal
conductivity of carbon honeycomb. For example, using EMD
simulations, Wei et al [227] demonstrated that the thermal con-
ductivity of carbon honeycomb along the honeycomb axis is
comparable to the supported graphene (much better than most
metal), and is about five times higher than that normal to the
axis. The anisotropic thermal conductivity was explained by
the direction-dependent elastic constants. Moreover, the effect
of hexagon size and pressure on the thermal conductivity has
also been explored in their work. Analogously, Chen et al [228]
observed the anisotropic thermal conductivity in carbon hon-
eycomb, and attributed it to the orientation-dependent phonon
group velocities. Meanwhile, they also found the thermal con-
ductivity has an inverse relationship with temperature, which
results from the decreasing of the relaxation times (rather than
specific heat or group velocity) of low-frequency phonons with
increasing temperature via lattice dynamics analysis. In addi-
tion, Gu et al [229] showed that the effect of the chirality of the
composed GNRs on the thermal conductivity of carbon honey-
comb is nearly negligible, because the edges in different GNRs
for honeycomb structure are similar. Using first-principle MD
method, Han et al [230] thought that reconstruction of equi-
distant carbon atoms along the connection junctions makes
the previously proposed model in experiment more thermody-
namically stable. Based on the optimized model, they found
an anomalous non-monotonic response of strain-engineered
thermal conductivity for the 3D carbon network, in which the
value of thermal conductivity reaches the maximum under a
hydrostatic strain of 3%. The detailed analysis of phonon spec-
tra revealed that the anomalous increase in thermal conduc-
tivity was attributed to the apparent improvement of phonon
lifetime, which overwhelms reduced phonon group velocities
caused by tensile strain. Zhang et al [231] constructed random
carbon honeycomb structures with different degrees of cell
irregularity by the Voronoi tessellation technique, and calcu-
lated their thermal conductivities via NEMD simulations. The
calculated results showed that the system’s thermal conductiv-
ity sharply reduces as the degree of cell irregularity increases.

4. Thermal transport in carbon-based

nanocomposites

4.1. CNTs/bulk materials interface

For many applications including electronics packaging, ver-
tically aligned CNT arrays with highly resilient mechanical
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properties are promising as thermal interface materials (TIM)
to enhance the heat dissipation for nanoscale devices. To accel-
erate the practical application of CNTs as TIMs, most efforts
have been devoted to improve the thermal interface conduc-
tance between CNTs arrays and the growth substrate or any
films deposited on the top surface of the array. Normally, the
contact resistance between CNT arrays and growth substrates
is quite low because of the covalently bonded interface. Yang
et al [232] and Wang et al [233] showed the thermal resistance
of the vertical CNT/Si interface is to be in the range of 0.022—
0.03 Km? W~!. For the weak adhesion on the growth-opposite
side of CNTs, the interfacial thermal resistance tends to be
significantly larger because of unbonded interfaces. Son et al
[234] observed that a thermal resistance of about 50 Kmm?
W~ for multiwalled CNTs/SiO, interface, which is almost as
the thermal resistance at some solid—solid interfaces, dimin-
ishing the advantage of CNT array as a TIM. Hence, several
methods such as thermocompression [235] technique have
been used to bond CNT arrays to substrates, enabling reduc-
ing the thermal interface conductance. Moreover, the effect of
contacting surfaces and the roughness of the array on the ther-
mal transport across the interfaces of CNTs and substrate have
also been studied. Panzer et al [236] found that the variations
in CNT heights give rise to the apparent thermal resistance
because only small amounts of CNTs can completely contact
both the top metal and the bottom substrate. Using NEMD
simulations, Feng et al [237] studied the dependence of the
interfacial thermal transport on the arrangement of CNTs,
filling fraction, CNT diameter, environment temperature, and
Vdw strength, and demonstrated that appropriate filling frac-
tion (the arrangement of CNT) could enhance the interface
thermal conductance by 91% (84%). Furthermore, the pres-
sure loading in the vertical face of the CNT array can reduce
the thermal resistance because of increasing the fraction of
CNTs contributing to heat conduction. Except for CNTs verti-
cally adsorbed on a substrate, there is a horizontal configura-
tion of such nanotubes attached to the substrate, which is more
relevant to heat dissipation using CNTs interconnects [238].
Furthermore, Ong et al [239] presented a simple expression
for the thermal conductance (g) of CNTSs/SiO, interface,
which can be written as g = O.OSDx(T/200)1/3. Here D is
nanotube diameter, x denotes the coupling strength between
CNTs and SiO; and T is the ambient temperature. Kaur et al
[240] experimentally showed that the higher the level of
COOH-functionalization is, the more efficient the thermal
exchange at the CNT-matrix interface is.

4.2. Graphene/other 2D materials interface

4.2.1. In-plane hybrids. 1t is well known that graphene pos-
sesses many outstanding physical properties. However, pris-
tine graphene is a zero-band gap semiconductor, which makes
it not suitable for electronics and optoelectronics applica-
tions. On the other side, beyond graphene, some other 2D
materials such as hexagonal boron nitride (h-BN), silicene,
molybdenum disulfide and phosphorene have been proposed
and synthesized in recent years. Note that most of them have
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intriguing electronic characteristic like adequate energy band
gap suitable for photosensing applications, meanwhile possess
low thermal conductivity, which might give rise to problems
in heat dissipation and operating power. To fully combine the
advantages of graphene and other 2D materials, various gra-
phene-based heterostructures are becoming a new focus
because of their new physics and better device performance.
Compared to the formation of vertically-stacked heterostruc-
tures by mechanical stacking, 2D in-plane heterostructures,
with two materials linked by covalent bonds, may be more
easily prepared benefiting from the advances in micro-tech-
nology. For instance, the development of the CVD method has
shown the possibility to synthesize large-area 2D in-plane het-
erostructures with atomically sharp interfaces. It was reported
that the graphene/h-BN in-plane heterostructures have been
successfully fabricated using the CVD method [241]. More-
over, phosphorene/graphene in-plane heterostructure has also
been synthesized by mechanochemical reaction [242]. In
order to exploit graphene-based in-plane heterostructures for
practical applications, it is necessary to investigate the thermal
conductance across the heterostructure interfaces, and deter-
mine the role that graphene with ultra-high thermal conduc-
tive plays in solving the ‘hot spots’ issue.

Based on EMD simulations, researchers [243] calculated
the thermal conductivity of hybrid graphene/h-BN hetero-
structures and found that the thermal transport perpendicular
to the interface is insensitive to the BN concentration because
of the dominant interface scattering and the less conductive
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component (BN) in the path of the heat flux. For the parallel
transport, the thermal conductivity of the hybrid nanostruc-
ture attained a value close to the average of the two comp-
onents, and monotonically decreases as the BN composition
increases. From the view of phonon spectra, reduced thermal
conductivity in the hybrid nanostructure was also thought to
be that the participation ratios of phonons in the intermediate-
frequency region decrease with increasing the BN concentra-
tion [179]. In other word, these phonons tend to be localized
and the flow of heat flux have been partially blocked. Using
the extended NEGF method, Ong ef al [244] systematically
studied the effect of strain and structure engineering on the
thermal conductance at graphene/h-BN interface. They found
that the applied tensile strain dramatically results in the
enhancement of thermal conductance owing to the improved
alignment of the flexural acoustic (ZA) phonon bands. More
importantly, they also observed a unique phenomenon that
the orientation of the transmitted optical phonons is strongly
dependent on the interfacial configuration. To resolve phonon
mode coupling across interfaces. Feng et al [245] developed
a spectral phonon temperature technology that can extract the
temperature of different phonon modes in both real and phase
spaces within the framework of NEMD simulations. As shown
in figure 6, for the benchmark material of graphene/h-BN in-
plane heterostructure, strong coupling occurred between the
acoustic phonon modes on both sides, and the contribution
of out-of-plane optical (ZO) modes to the interface temper-
ature drop is very large owing to the negligible phonon band
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overlap between graphene and h-BN. That is, the phonon local
thermal nonequilibrium provides a new perspective to under-
stand the mechanism of thermal interfacial resistance.

During the growth process of graphene-based heterostruc-
tures, several defects such as single-vacancy (SV), and SW are
unavoidably introduced into the interface [246]. Using NEMD
method, Liu et al [247] showed that the presence of SW defects
can enhance the interfacial thermal conductance because of
lowered mismatch strain caused by misfit dislocations and the
out-of-plane deformations screen. Li et al [248] systematically
studied the effects of system dimension, environment temper-
ature, SV and SW defects on the interfacial thermal conduct-
ance between graphene and h-BN, and showed that it decreases
linearly with increasing SV concentration but slowly varies
with small SW concentration, and then reaches a platform at
a large concentration. In addition, the thermal transport in gra-
phene/phosphorene and graphene/MoS; in-plane heterostruc-
tures has been studied by Zhang et al [249, 250]. The obtained
results indicated that when the tensile strain is applied to the
sample, the interfacial thermal conductance of armchair het-
erojunctions abnormally increases by reason of the enhance-
ment interfacial coupling, while that of zigzag heterojunctions
simply follows the normal decreasing trend. Furthermore, Liu
et al [251] found that the interfacial thermal conductance of
graphene/silicene decreases with increasing sample length,
temperature and tensile strain, but is almost independent of the
imposed heat flux, which could be understood based on the
analysis of phonon spectra. It is worth noting that the imposed
heat flux exceeds 42 GW m~2, a low-frequency kinetic wave
has been excited, providing an additional channel for the non-
Fourier heat conduction at the interface.

As a kind of special graphene/h-BN hybrid structures,
graphene/h-BN superlattices, have been predicted to possess
many unusual physical properties such as high Seebeck coeffi-
cient and tunable bandgap [252, 253]. Meanwhile, the thermal
conductivity in graphene/h-BN superlattices first decreases
until it reaches a minimum value, and later it increases with the
continuous increase of the period length. Here the minimum
thermal conductivity corresponds to the crossover between
coherent and incoherent phonon transport, as described in the
previous chapters. For the typical ‘superlattice characteristic’,
Zhu et al [254] explained that the initial reduction of ther-
mal conductivity partially arises from the change of the pho-
nonic band structure induced by interfacial modulation, and
the subsequent increase of thermal conductivity is ascribed to
reduced inelastic interface scattering. Furthermore, they found
that the coherent phonon transport in such superlattice is very
sensitive to interfacial defects and superlattice periodicity dis-
order. Using SED approach, Silva et al [255] revealed that the
phonons with frequencies up to 23 THz contributes 90% of
the thermal conductivity in the graphene/h-BN superlattices,
and the reduction of group velocities is the main reason of the
monotonic decrease in the thermal conductivity as the period
length increases. Additionally, Chen et al [256] showed that
the period length corresponding to the minimum thermal con-
ductivity will shift to lower values at higher temperatures and
the coherent phonon transport is strengthened with decreasing
temperature. As shown in figures 7(a)—(c), it can be seen that
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at 200K, the thermal conductivities of graphene/h-BN super-
lattices with certain specific period lengths are very close to
that at 300K, against our common sense that the thermal con-
ductivity of a superlattice generally decreases with increasing
temperature. This anomalous thermal transport behavior was
believed to be the result of strong phonon wave interference
based on the analysis of phonon spectra. Analogously, Wang
et al [257] calculated the thermal conductivity of graphene/
nitrogenated holey graphene superlattice as a function of
period length under different external conditions. The calcu-
lated results showed that the coherence length of such super
lattice is 4.43nm at room temperature and is independent
of the sample length. Especially, at 100K, the phonon wave
interference becomes more remarkable, which enhances the
coherence length and results in the occurrence of wave-like
temperature profile.

4.2.2. van der Waals (Vdw) heterostructures. Vdw hetero-
structures have become a new research field because the verti-
cally stacked structures possess a relatively cleaner interface
for fundamental research and better device performance [258].
Besides, the presence of weak Vdw force may construct an iso-
lated environment for parent 2D materials, regardless of the
atomic commensurability. For graphene/h-BN Vdw hetero-
structures, experimental observations demonstrated that there
are three different ways of stacking the unit cell of the two 2D
materials, namely AA, AB and AB ™ configurations [259]. Since
the lattice mismatch between graphene and h-BN is only 1.7%,
the two pile together, forming a periodic moire pattern. Differ-
ent moire pattern, depending on lattice mismatch and stacking
misorientation, can affect the thermal transport properties of
Vdw heterostructures. Jung et al [260] observed that the pho-
non dispersion relation of graphene/h-BN Vdw heterostructures
for the AB stacking configuration is closer to that of gaphene,
suggesting that the AB stacking configuration is more stable
than the AA stacking configuration. Zhang et al [261] found
that supported gaphene on a multilayer h-BN substrate exhib-
its high-performance heat dissipation. In detail, the thermal
conductivity of h-BN-supported graphene was only decreased
by 23% compared to that of the suspended case, much higher
than the calculated value of the SiO; substrate. The underlying
mechanisms were revealed that the smooth and atomically flat
surface of h-BN substrate leads to weak stress distribution in
gaphene, and has little influence on phonon relaxation time and
mean free path in supported graphene. Moreover, it was found
that the stacking faults or structure rotation could dramatically
change the thermal conductivity of h-BN-supported graphene.
Similarly, Pak et al [262] showed that the interfacial thermal
conductance of graphene supported on h-BN is obviously
superior to that of graphene on amorphous silica. This was
possibly because the charge polarization throughout graphene
that induces strong interlayer adhesion between graphene and
h-BN. Zhou et al [263] noted that the h-BN substrate has little
effect on the phonon group velocities of supported graphene
by reason of weak interlayer interactions, but causes a con-
siderable reduction of the lifetimes of ZA phonons owing to
the invalidity of the selection rule. Based on NEGF method,
Kumar et al [264] demonstrated in-plane acoustic modes have
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the dominant contributions to thermal boundary conductance
for Vdw graphene/h-BN heterojunctions with lower interfacial
spacing. That is, as interfacial spacing increases, the relative
contribution of the in-plane modes to the thermal conductance
declines and the contribution of out-of-plane acoustic modes
improve. Another important result in this paper is that the ther-
mal conductance can be enhanced by more than 50% via regu-
lating the lattice stacking arrangements. As shown in figure 8,
Chen et al [265] designed a feasible experiment in which the
thermal conductance at graphene/h-BN interfaces is measured
using electrically heating means in combination with Raman
spectroscopy technique. The measured results indicated that
the thermal interface conductance of this junction is 7.4 MW
K~ m~2, which is lower than those reported for graphene/SiO,
and graphene/Au interfaces, but is higher than that reported
for graphene/SiC interface. Besides graphene/h-BN Vdw het-
erostructures, Hong et al [266-268] successively studied the
interfacial thermal transport across graphene/phosphorene,
graphene/MoSe; and graphene/stanene Vdw heterostructures,
and found their interfacial thermal conductance is ranging
from 4 to 50 GW K~ ! m~2. Furthermore, Liu et al [269, 270]
predicted that the interfacial thermal conductance of graphene/
MoS, and graphene/silicene are about 5 GW K~! m~2 and
10 GW K~! m~2 at 300K, respectively, which can be further
modulated by the ambient temperature and interface coupling
strength.

4.3. Carbon-based nanofilers

In electronic packaging, the introduction of TIM between the
integrated circuits and the heat sink could eliminate the air gaps
separating them, and enhanced the heat dissipation. For now,
polymers as an important raw material have been widely used
for TIM in modern electronic packages. In general, the thermal
conductivity of bulk polymers is low, ranging from 0.1 to 0.5 W
m~! K~! [271], because the morphology of the polymer chains
has only the degree of short range order but no long-range order.
Hence, it is natural to expect that the thermal conductivity of
polymers can be enhanced by some controlling methods. Based
on a two-stage heating method, Shen et al [272] observed that
when the drawing ratio reaches 400, the thermal conductivity
of polyethylene nanofiber is as high as 104 W - m~! K~ due to
improved chain orientation under mechanical stretching. Using
MD simulations, Yang et al [273] found that the thermal con-
ductivity of polyethylene increases with the increasing strain,
and the trend of thermal conductivity could be exponentially
fitted with the orientation order parameter.

In addition to mechanical stretching, another common
method to enhance the thermal conductivity of polymers is to
incorporate highly thermal conductive fillers such as graphene
and CNTs to create additional heat pathways, which has been
demonstrated by numerous experimental studies [274-284].
In theory, Li er al [285] studied the effects of interfacial
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SWCNT-matrix thermal resistance and volume fraction of
SWCNT on the thermal conductivity of SWCNT-based poly-
mer nanocomposites. The calculated results demonstrated
that when the thermal resistance is smaller than the critical
value of 2 x 1077 Km? W™, the effective thermal conductiv-
ity of such nanocomposite increases with the volume fraction,
while the thermal resistance exceeds the value, the thermal
conductivity of system is lower than that of the pure polymer
matrix. However, the existing acoustic or diffuse mismatch
model, and MD simulations could not predicted accurately the
interfacial thermal resistance between the filler and the poly-
mer matrix under the actual circumstance, which are closely
related with voids and molecule arrangement at the interfaces.
As showed in figure 9, Haddon et al [282] experimentally
found that the adoption of graphene-CNTs hybrid as nano-
fillers can achieve a synergistic effect in the thermal conduc-
tivity improvement of epoxy composites, which is ascribed
to the formation of a more efficient percolating nanoparticle
network. Meanwhile, it is reported that the additional CNTs
play the role of nucleation agents, which improves the crystal-
lization rate of polymer matrix, and increases the thermal con-
ductivity of nanocomposites [286]. Moreover, the choice of
larger fillers benefits the heat conduction in nanocomposites,
but probably weakens other physical properties of system. In
short, the thermal conductivity of carbon-based nanocompos-
ites mainly depends on the following factors: the filler volume
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fraction, size-dependent thermal conductivity of the fillers,
and interface coupling between fillers and polymer.

To further increase the thermal conductivity of carbon-
based nanocomposites, surface functionalization as an effec-
tive way has been adopted to strength the coupling between
the fillers and the polymers matrix, reducing the interfacial
thermal resistance. Huang et al [287] found that the function-
alization increases the thermal conductance at CNT-polymer
interface by an order of magnitude compared to the non-func-
tionalized case, because of the enhanced coupling between
CNT and the matrix. It is worth noting that functionaliza-
tion also decreases the intrinsic conductivity of CNTs due to
increasing phonon scattering. More importantly, they noted
that the introduction of graphene nanosheets without func-
tionalization could remarkably increase the interfacial contact
area with matrix polymers, and lowers the interfacial ther-
mal resistance, which is very promising for taking the place
of CNTs. Using MD simulations, Ni e al [288] found that
although grafting of aromatic polymer onto the CNTs lowers
the interfacial thermal resistance between the CNT and the
surrounding polymer matrix, gives rise to a smaller effective
thermal conductivity in the polymer composite. Wang et al
[289] investigated systematically the influences of different
non-covalent functional molecules including 1-pyrenebutyl,
1-pyrenebutyric acid and 1-pyrenebutylamine on the interfa-
cial thermal resistance between graphene and polymer. It is
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found that the three functional molecules all produce similar
reductions in the thermal resistance and the reduction mag-
nitude depends on the volume fraction functional molecules.
This is because the absorption of noncovalent functional
molecules increases the overlap of the vibrational density
of states between graphene and polymer. At the same time,
the mechanical properties of such nanocomposites were not
supposed to degenerate after adding these functional mole-
cules. Similarly, by non-covalently functionalizing graphene
surfaces, Lin et al [290] designed phonon-spectra linkers to
bridge the vibrational mismatch at the graphene/organic inter-
faces, and showed the interfacial thermal conductance to be
increased up to 120% using the Cg-pyrene linkers. Kim et al
[291] found that the functionalization of graphene enhances
the thermal conductivities of graphene/polymer composites
for fillers with smaller size, while the graphene size exceeds
a critical value, the situation reversed. The reason for this
phenomenon was that functionalization promotes the ther-
mal transport at graphene-polymer interface, but reduces the
intrinsic thermal conductivity of grapheme similar to that in
graphene-based nanofluids [292]. Gao ef al [293] showed that
there is maximum thermal conductivity of graphene/polymer
composites at an intermediate grafting density because as the
grafting density increases, the thermal conductivity perpend-
icular to the graphene plane rises linearly, but the in-plane
thermal conductivity of graphene drops sharply. Besides the
optimal grafting density, there also existed an optimal balance
between grafting density and grafting length to obtain the
maximum enhancement for the parallel thermal conductivity.
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In particular, Li er al [294] systematically investigated the
effect of different types of defects on the interfacial thermal
transport between the gaphene and polymer using NEMD
simulations and the effective medium theory. It is found that
the presence of Stone-Wales and Multi-vacancy defects can
increase the interfacial thermal conductance. For instance, as
the fraction of SW defect ranged from 0% to 13%, the inter-
facial thermal conductance increased from about 135.5 to
about 162.6 MW K~! m~2. It was explained that the phonon
spectra of defective graphene sheet has better matching degree
with that of the epoxy matrix especially at the low-frequency
modes, facilitating the interfacial thermal transport.

5. Applications range

5.1 Thermal management

From the prospective of informatics, phonons might be used
similarly to electrons in electronics and photons in photonics
as carriers of information for data processing in the emerging
field of phononics. As stated in the introduction section, a series
of thermal devices [33-36] analogous to the electronic counter-
parts have already been conceptualized. Then, these concepts
have been gradually implemented in realistic nanomaterials
by adopting various design configurations. Up to now, some
models of thermal devices have been prepared in experiment.
For example, the successful preparation of thermal memory
device would promote the development of smart thermal man-
agement [295]. Note that TR and NDTR are the fundamental
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components for realizing functional thermal devices. Here, TR
is an asymmetric heat transfer phenomenon in which heat can
be conducted easily in one direction but much harder in the
opposite direction, and NDTR is that the heat flux decreases as
the applied temperature difference increases.

The controllable thermal conductivity of carbon-based
low-dimensional nanostructures provides outstanding testing
platform not only for heat dissipation application but also for
manipulating heat signals. Up to now, numerous theoretical
and experimental works have studied current rectification and
NDR in carbon nanomaterials and have obtained lots of mean-
ingful results [63—65]. However, phonons as a quasi-particle
distinguishing from electrons are hard to manipulate directly
by the electromagnetic field. To obtain the optimal TR ratio,
several structural models have been proposed to construct
nanoscale thermal rectifiers, including asymmetric nanorib-
bons, nanojunctions, graded nanowires, and phase change
materials. Among them, graphene/CNTs-based thermal
diodes are expected to possess high TR ratio and fast response
speed because of the large phonon group velocity, and might
be applied in logic calculations performed with phonons. Wu
et al [45] found that the thermal transport in carbon nano-
horn exhibits obvious asymmetry (namely TR effect) before
and after reversing the temperature bias, and the value of TR
ratio strongly depends on the system size, temperature bias
and tensile loading. Ni ef al [296] designed the thermal recti-
fiers based on partially unzipped CNTs, and showed that the
TR ratio in such junctions could reach 140% under a large
temperature bias of 300K, which may be well-suited for pho-
nonics application. Under the same conditions, Yang et al
[297] reported a large TR ratio of 350% in trapezia-shaped
GNRs with 4.2nm length, outperforming that of graded InAs
nanowires [298]. Moreover, using NEGF method, Xie et al
[299] investigated the nonlinear phonon transport properties
in asymmetric graphene-based three terminal junctions. The
simulated results showed that the TR effect is apparent in
the junctions and is able to be further enhanced by increas-
ing the asymmetric degree or the width of central terminal.
Ruan et al [300] pointed out that TR effect is often notable
in nanosized asymmetric GNRs, but diminishes at larger
width. The origin of TR was considered to be that induced
the edge effects of phonons (also known as phonon lateral
confinement) causes several possible mechanisms for TR,
which includes the mismatch of phonon spectra, inseparable
dependence of x on temperature and space, and phonon edge
localization. Furthermore, constructing asymmetric structural
defects in GNRs also obtain remarkable TR effect. For exam-
ple, Wang et al [301] studied the TR effect in asymmetrically
defected GNR and showed that SV and Si defects are more
favorable to enhance the TR efficiency than that DV and SW
defects. Also, they concluded that the optimum conditions for
TR include low temperature, high temperature bias, moderate
concentration of defects, and short system length. Recently, a
similar conclusion has been obtained by experimental studies
in asymmetrically defected GNR [302], as shown in figure 10.

Besides, asymmetrically functionalized molecular is
another effective method to enhance the TR ratio in carbon-
based nanomaterials. Allaei et al [303] found that the thermal
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resistance at pristine/hydrogenated CNT interfaces strongly
depends on the direction of heat flux, namely, existing TR
effect. Under a tiny temperature bias of 20K, the TR ratio
could achieve 35%, and further regulation for TR effect could
be made by altering tube diameter and hydrogen coverage.
Tang et al [304] investigated the TR effect in pristine/silicon-
functionalized GNRs and observed that a moderate Si/C ratio
and patterned arrangement are helpful to obtain a higher TR
ratio. In addition, they also observed that the TR ratio is posi-
tive correlation to temperature bias, but negative correlation
to the environmental temperature and sample length. Pal et al
[305] presented a scheme to enable higher TR ratio using
polymer-functionalized CNTs and showed that the TR ratio of
such composite structure is up to 204% under a temperature
bias of 40K. This work also determined two necessary con-
ductions for realizing TR in nanostructures: one is structural
asymmetry and the other is changing the temperature-depend-
ent feature of phonon spectra. Melis et al [306] designed three
types of thermal rectifiers based on graphene/graphene inter-
faces with vertical, triangular, and T-shaped morphologies,
and identified the best TR performance (about 54%) in the
triangular one. Also, they explored the dependence of the TR
ratio on the system size, vertex angle, and temperature gradi-
ent. On the other hand, constructing carbon-based nanojunc-
tions is another popular approach to realize high-effectively
TR. The difference of material at the two sides of heterojunc-
tions normally leads to the asymmetry of phonon scattering,
which is also the principle of TR. Chen et al [307] designed
a thermal rectifiers based on carbon/boron nitride heterona-
notubes (ACBNNTSs) and obtain as high as 334% TR ratio
in such heterojunctions under a temperature bias of 300K,
indicating promising application in high-efficiency thermal
rectifier. Furthermore, they found the optimum conductions
for high TR efficiency, including large temperature bias, low
temperature, small system size, low defect density, weak
substrate interaction and small strain tensile. With the help
of wave packet dynamics simulation and power spectrum
calculation, the underlying mechanism of TR was considered
that the strong coupling between low-frequency transverse
phonons across the interface in the direction of reverse large
bias. Similar phenomena have been observed in graphene/h-
BN nanoribbons (CBNNRs) [308, 309]. Sandonas et al [310]
studied the influence of substrate deposition on the thermal
transport properties of CBNNRs and found a reduction of
the interface thermal resistance in the heterojunctions upon
substrate deposition because of an increment of the overlap
between the phonon spectra of graphene and h-BN domains.
More importantly, it was demonstrated that the TR ratio
increases with the level of structural asymmetry for BNCNRs,
being up to ~24%, and can be further improved by varying the
substrate temperature. Recently, Cao et al [311, 312] designed
the thermal rectifiers based on graphene-CNTs junction, and
showed the maximum TR ratio could be up to 1200%, which
is closer to the practical application requests. By the analy-
ses of power spectrum, the mechanism for the ultrahigh TR
ratio was that the formation of the standing wave (a kinetic
wave) only appears in the heat flux direction from the tube
to the GNR end. Commonly, once a kinetic wave is excited,
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Group.

there accordingly exists a sharp peak in the power spectra and
the wave-dominated energy mechanism (namely non-Fourier
heat conduction) rather than the traditional Fourier conduc-
tion will play a significant role in thermal transport process.
Similar conclusions have been achieved in previous studies
[251, 298, 307, 308]. Sometimes, the wave-dominated energy
mechanism could provide an additional channel for interfacial
thermal transport in certain nanostructures. It is worth noting
that the excitation of kinetic wave often needs large temper-
ature or high heat flux, and is closely related with the length
of sample. Tuo ef al [313] designed a bimaterial fiber thermal
rectifier by connecting a crystalline polymer nanofiber (PE)
to a cross-linked polymer nanofiber (PEX) and the work-
ing principle is as follows: when the temperature gradient is
established, the linear PE portion undergoes phase transition
while the PEX portion does not, thus resulting in a remark-
able variation of thermal conductivity and a TR ratio of about

20

100% under smaller temperature. Cottrill ez al [314] presented
the concept of dual phase change thermal diode (DPCTD)
based on a junction between two phase change materials with
opposing thermal conductivity trends as a function of temper-
ature, and predicted that the TR ratio of this thermal diode
has obviously positive correlation with the square root of the
ratio between the thermal conductivity of two constituent mat-
erials. Guided by the theoretical result, a DPCTD based on
octadecane-impregnated polystyrene foam was fabricated,
and the measured TR ratio was up to 160%, in line with the
proposed theoretical equation.

Apart from TR effect, NDTR as another vital physical
phenomenon plays an important role in the operation of ther-
mal devices such as thermal transistor, thermal switch and
thermal amplifier. As shown in figure 11, Chen et al [315]
observed that in graphene/h-BN heterojunctions, when the
applied temperature bias surpasses a threshold, the system
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enters nonlinear response regime, where NDTR may appear.
This is because under large temperature bias, the excitation of
out-of-plane acoustic wave only appears in graphene domain,
and it leads to an obvious mismatch between the lattice vibra-
tions of graphene and h-BN domains, impeding thermal
transfer across interface. Ai et al [316] found that there exists
remarkable NDTR behavior in pure CNTs, and the regime of
NDTR becomes smaller and eventually vanishes with increas-
ing the tube length. Additionally, double NDTRs even appear
for some diameters of CNTs. Puri et al [317] designed a ther-
mal AND composed of using two identical thermal rectifiers
based on asymmetric GNRs. By performing logic calculations
with phonons, the performance of this AND gate has been
tested. That is, when either input was at a logic O state, the
device output parameter € ranged from 0 to 0.275, approaching
that for a typical silicon based electrical diode (0 < € < 0.12).
In addition, the switching speed of the AND gate was 100ps
as well as that in fast electrical diodes, which stems from the
fast phonon propagation speed in graphene. Zhong et al [318]
reported that the three-terminal GNRs can realize some func-
tions of thermal devices such as thermal valve, thermal switch
and thermal amplifier, indicating GNRs have great potential in
controlling the flow of heat at nanoscale.
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5.2. Thermoelectric conversion

Thermoelectric materials can generate electricity directly
from waste heat, which are crucial in renewable energy con-
version to solve the global energy crisis. The energy conver-
sion efficiency of thermoelectric materials is determined by
the dimensionless figure of merit ZT, which is defined as

S2T
7T =2

= 22
Ke + Kp @2)

where o is the electrical conductivity, S is the Seebeck coef-
ficient, T is temperature, k. and &, is respectively the elec-
tronic and phonon thermal conductivity. In general, when the
value of ZT is greater than 3, thermoelectric power genera-
tor would become competitive with traditional power gen-
erators. So far, commercial thermoelectric materials ranging
from low temperature to high temperature mainly include
Bi,Tes, CoSbs, PbTe, and SiGe and the maximum ZT value
of these commercially available thermoelectric materials
is around 1.0 [148]. Hence, for the practical viability of
thermoelectric applications, it is necessary to enhance the
converting efficiency of thermoelectric materials. However,
in bulk materials, increasing the ZT value is not a simple
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process, because the factors affecting thermoelectric perfor-
mance are intrinsically coupled so that it is hard to control
them independently.

In 1993, Hicks et al [319] firstly proposed that nanostruc-
turing materials might provide much better thermoelectric
efficiencies than that in bulk materials. There are two rea-
sons for the enhancement of ZT value in low-dimensional
nanomaterials: (1) the increase of Seebeck coefficient owing
to size-quantization; (2) the reduction of lattice thermal con-
ductivity caused by phonon boundary scatterings. It is well
known that carbon nanomaterials possess many fascinating
properties such as unique electrical structure and thermal per-
formance because of the diversity of their structures, demon-
strating promising potential for thermoelectric applications.
Using the NEGF method combing with the tight-binding
model, Xie et al [320] found that the ZT value of ZGNRs
with stub structures could achieve 0.26 at room temperature
and can be improved via tuning the geometric parameters of
the stub. The large ZT value was partly ascribed to the lower
phonon thermal conductance in GNRs junctions. The more
important was that the fluctuation of electronic transmissions
within the first conductance band substantially improves the
Seebeck coefficient. As shown in figure 12, Mazzamuto et al
[321] prospered a mixed GNR (MGNR) model constructed
by alternating armchair and zigzag sections of different width
and studied the thermoelectric performance of this mixed
GNR. The obtained results demonstrated that the ZT value
of some optimized GNR structures is as high as 1 at small
chemical potential. One of important reasons for the large ZT
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value was that the strong resonant tunneling effect of electrons
between armchair and zigzag sections retains high electron
conductance, and enhances Seebeck coefficient.

Moreover, Liang et al [322] investigated the thermoelec-
tric properties of several kink GNRs that have been success-
fully synthesized using a surface-assisted bottom-up chemical
approach, and revealed that the significant improvement ZT
value in these GNRs is due to that the phonon thermal con-
ductance is dramatically degraded while the electronic con-
duction is preserved due to the resonant tunneling effect.
Yokomizo et al [252] found that the Seebeck coefficients of
the graphene/h-BN superlattices are 20 times larger than that
of graphene and are very sensitive to the proportion of h-BN.
Similarly, Tran er al [323] studied the thermoelectric proper-
ties of GNRs with branched BNNRs on the side surfaces. The
advantage of such branched GNRs is that phonon conductance
could be greatly reduced because of the vibrational mismatch
between GNRs and BNNRs sections, while the electron trans-
mission is weakly affected. The calculated results showed that
the ZT value in pure branched GNRs reach 0.8 and could be
further raised to 1.48 by introducing appropriately vacancies
in the channel.

Another efficient way to enhance the thermoelectric perfor-
mance of carbon nanomateirals is to sharply reduce their ther-
mal conductivities. In particular, Zhou et al [206] observed
that the ZT value of defective 3-graphyne nanoribbons is as
high as 1.64, far more than that of pure ones, which can be
ascribed to the strong phonon-defect scattering and the inten-
sive localization of phonons. In addition, introducing anti-dots
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in the interior in the interior of ZGNRs has little influence
on the currents distributed nanoribbon edges, but drastically
reduces the system’s phonon thermal conduction [324]. As a
result, the ZT value of 1 pm-length GNRs still achieved 5
at room temperature by controlling the arrangement and the
diameter of nanopores. Tan et al [325] constructed a ZGNRs/
gold chains/ZGNRs model (called An), and found the pho-
non conductance of An is only 5% of that pure ZGNRs at
room temperature, and the electronic transmission near the
Fermi level retains owing to the fact that there are edges for
the electrons transport. Consequently, the room-temperature
ZT value of An could be over 1. Nguyen et al [326] investi-
gated the thermoelectric properties of Vdw graphene junction,
and showed that the phonon conductance of this junction is
reduced by 92% compared to that of single graphene layer
because of the presence of weak Vdw interactions. Meanwhile,
the electronic performance was less affected. Based on this
strategy, the obtained ZT value could easily exceed 1, and be
further promoted to 3.4 at 600K by inserting adding periodic
nanoholes in the bottom graphene sheet. Ouyang et al [327]
investigated the influence of edge disorder on the thermoelec-
tric performance of y-graphyne nanoribbons. The calculated
results showed that the thermal conductance is strongly sup-
pressed by the dissociation of edge acetylenic linkages, but
the Seebeck coefficient is almost unaffected by this factor.
Hence, the ZT value of this ~y-graphyne nanoribbon with
55.68 nm length and 1.41 nm width was able to approach 2.5
at room temperature. With the progressing of molecular synth-
etic technique, various organic single-molecules and some
novel nanostructures have been designed and showed excel-
lent electronic [328-332] and thermal properties [333-336].
Meanwhile, molecular junctions were expected to serve as the
powerful thermoelectric materials. Biirkle er al [337] system-
atically studied the thermoelectric properties of paracyclo-
phane-based single-molecule junctions with gold electrodes
and observed that the thermopower of such single-molecule
junctions can be flexibly tuned by adsorbing different func-
tional groups. Cao et al [338, 339] confirmed that the phonon
thermal conductance of molecular devices is largely reduced
compared with that of zigzag GNRs. The calculated ZT value
was optimized to be 1.4 at 300K by adjusting the coupling
between molecule and electrodes. Some recent studies on the
thermal and thermoelectric transport in molecular junctions
have also been reported [340-342]. It should be pointing out
that, the effect of electron—phonon interaction is normally
neglected in most previous theoretical studies on thermo-
electric materials though it may has significant effect on the
electron transport of nanostructures. Recently, it was found
that the performances of spin filter and magnetoresistances in
GNRs obviously degrade when considering the electron—pho-
non coupling [343, 344]. Specially, Li et al [345] found that
in GNRs, the inelastic currents primarily contributed by sev-
eral low-energy in-plane phonons are about two times than the
elastic ones under higher temperature, and could improve the
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spin-dependent Seebeck effect. Note that the present theory of
electron—phonon interaction is not in exact consistency with
experiment results, and needs to be further improved.

6. Conclusions and outlook

In this review, we first introduced several kinds of experimental
techniques and theoretical approaches which investigates the
thermal transport properties of different carbon nanostruc-
tures, and discussed possible physical mechanisms for the
observed transport phenomenon related to the low-dimen-
sional nature of phonons such as size dependence, quantum
effect, and anisotropic feature. Moreover, some basic thoughts
to manipulate the thermal transport in carbon nanostructures
have clearly been presented here. For example, the introduc-
tion of structural defects, Vdw interacation, functionalization
and stress field usually enhances diffuse (particle-like) pho-
non scattering for a limited range of high-frequency phonons;
while phonon interference or phonon local resonance induced
by constructing supperlattice or branched structures can effec-
tively control the low-frequency phonons; the mechanism of
phonon bridge is widely used to enhance thermal transport
across the interface between fillers and polymers. Note that
most of results and predictions discussed in this paper are
not verified by experiments, but it does demonstrate clearly
that carbon nanomaterials may be very promising for future
development of thermal devices and thermoelectric energy
conversion.

Although systematical investigations from both exper-
imental and theoretical efforts have been made to understand
the physical mechanisms governing heat conduction in car-
bon nanomaterials, several questions and challenges remain.
It is well known that phonons in a wide range of frequencies
contribute to heat conduction. The multi-scale character of
phonon transport usually leads to the difficulty in precisely
determining that which phonons are scattered in the manipula-
tion of thermal conductivity. Many other important questions
are still not clear.

(1) The accurate description of different scattering mechanisms
such as phonon-interface scattering, phonon-impurity
scattering, electron—phonon scattering is still lacking.
In particular, our understanding of electron—phonon
scattering is still in the primary stage of development,
with most treatments being based on the assumption that
low-energy phonons are scattered by electrons, also not
being verified in experiment. In addition, it is not clear
to the intrinsic relevance among different phonon scat-
tering mechanisms, and between them and phonon wave
effect. Consequently, when manipulating the thermal
conductivity of carbon nanomaterials by external factors,
it is difficult to quantitatively distinguish the contribution
from various kinds of transport mechanisms to the varia-
tion of thermal conductivity.
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(2) As mentioned above, when the anomalous thermal trans-
port appears in low-dimension carbon nanostructures,
it normally accompanies the excitation of the kinetic
wave—a transport of heat in the form of a wave, which
differs from conventional acoustic wave that is a periodic
fluctuation of mass density and pressure. Moreover, the
smaller the system we studied, the more pronounced
the kinetic wave becomes. It would be interesting to
determine the contribution ratio from the non-Fourier
transport to thermal conductivity based on experimental
measurement.

(3) The primary challenge from the perspective of experiment
lies in the difficulty of measuring the thermal contact
resistance and detecting the temperature distribution
at the micro-/nanoscale with high sensitivity. Also, the
fabrication of desired low-dimensional carbon nanostruc-
tures is quite challenging.
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