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ABSTRACT

The unique geometric and thermal properties of carbon nanoparticles (NPs)—including nanotubes, graphene, and nanodiamonds—have led
to their use as additives in many composite material systems. In this review, we investigate the mechanisms behind the altered thermal
conductivity (j) of thermoelectric (TE) and other thermal materials that have been composited with carbon NPs. We provide a comprehensive
overview and analysis of the relevant theoretical and applied literature, including a detailed review of the available thermal conductivity data
across five common classes of TE materials (Bi2Te3 variants, skutterudites, metal–oxide, SnSe, Cu2Se) in combination with carbon additives,
including graphene, nanotubes, carbon black, carbon fiber, and C60. We argue that the effectiveness of carbon NPs in reducing j in TE
composites generally arises due to a combination of the presence of the carbon NP interfaces and significant changes in the microstructure of
the host material due to compositing, such as suppressed grain growth and the introduction of pores, dislocations, and strain. Carbon NPs
themselves are effective phonon scatterers in TE composites due to a significant mismatch between their high-frequency phonon distribution
and the lower-frequency phonon distribution of the host material. While carbon NP doping has proven itself as an effective way to increase the
performance of TE materials, there is still a significant amount of work to do to precisely understand the fundamental thermal transport
mechanisms at play. Rigorous material characterization of nanocomposites and spectroscopic studies of the precise lattice dynamics will greatly
aid the development of a fully quantitative, self-consistent model for the thermal conductivity of carbon nanocomposites.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0173675
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I. THERMAL TRANSPORT IN CARBON COMPOSITE
MATERIALS: BACKGROUND AND THEORY
A. Background

Managing thermal energy has always been a crucial task for
humanity, originating with the need to maintain our internal body
temperatures within a range of only a few degrees. In 2018, the amount
of electricity used to cool buildings with air conditioning and fans
around the world was approximated to be 20% of their total electricity
use.1 Additionally, the technologies that we rely on for climate control
depend on thermal management themselves, since joule heating can
result in deleterious performance. Indeed, as we make devices with
higher power throughput, such as CPUs built on sub-nanometer-scale
architectures, there is a requirement for better thermal energy manage-
ment. The generation of heat itself represents another issue: the ineffi-
ciency of the energy conversion processes in many of our technologies.
Over 70% (more than 70 quadrillion watt-hours, per annum) of global
energy input is lost as some form of heat after conversion.2 Increasing
energy efficiency by reducing waste heat—thermal energy that is a
“lost” by-product of various useful processes—therefore, has three
globally crucial outcomes: (1) The development of new technologies,
which leads to (2) a reduction in the consumption of precious non-
renewable resources, resulting in (3) the reduction of greenhouse gas-
ses and other environmentally harmful waste products. To achieve
these goals, materials with unique thermal properties, such as thermal
conductivity, j, are required. Here, we discuss three critical types of
thermal materials: high-j materials that are able to effectively conduct
heat (“heat spreaders”), low-j materials that restrict the flow of heat
(“heat blockers”), and those that are able to convert heat into electricity
(“heat converters”), i.e., thermoelectric materials. The latter utilize a
temperature gradient—maintained by a value of j—to generate a volt-
age via the Seebeck effect [Fig. 1(a)]. In fact, the extreme values of j
that are required by these three types of materials can be obtained by
deliberately manipulating a linked set of material parameters related to
the propagation of lattice vibrations, i.e., phonons.

In order to realize ultra-high or ultra-low values of j, composit-
ing materials with various forms of carbon allotropes has proven to be
a highly effective strategy [Fig. 1(b)].3,4 Carbon allotropes have incredi-
bly varied thermal properties depending on the nature of their atomic
bonding, size, dimensionality, and general form: they simultaneously
boast some of the highest (e.g., bulk diamond and in-plane graphene

or in-tube nanotubes) and lowest (e.g., amorphous carbon and cross-
plane graphene or cross-tube nanotubes) thermal conductivities of any
known materials.5,6 As a result, various carbon materials have been
widely employed as additives in order to form composites with proper-
ties consisting of either a combination of the intrinsic properties of the
host and carbon additive materials or entirely unique properties that
result from interface effects or changes to the host matrix due to the
presence of the carbon dopant [Fig. 1(c)].7 In inorganic thermoelectric
(TE) materials (e.g., Bi2Te3, SnSe, Cu2Se, PbTe), carbon nanomaterials
have been employed as an additive to not only greatly increase their
efficiency through j but also to improve mechanical stability, flexibil-
ity, electrical conductivity, and ductility.4,8,9 The large increase in effi-
ciency of TE materials when composited with carbon nanomaterials
primarily originates from the reduction of the lattice thermal conduc-
tivity, which is a consequence of additional phonon scattering induced
by the nanoparticles and is typically not a reflection of the thermal
properties of the carbon material of choice. Although many carbon–
TE nano-composite materials have been studied, the underlying heat
transport mechanisms responsible for the drastic reductions in j are
not well understood. In contrast, high thermal conductivity carbon
materials such as carbon nanotubes, carbon fibers, and graphene have
been widely incorporated into host materials such as polymers and
metals, with the goal of increasing their thermal conductivity and
mechanical properties for applications such as electronic packaging
and thermal interface materials.3,10–12 These observations indicate that
the host–particle interactions play a critical role in determining the
thermal conductivity of carbon composites. Therefore, there is still
scope for improving the thermal conductivity of carbon composite
materials by better understanding the underlying mechanisms respon-
sible for heat flow and developing synthetic methods accordingly.

In this review article, we survey the progress and understanding
of engineering thermal transport in solid-state materials utilizing vari-
ous forms of carbon nanoparticle dopants, with a particular focus on
thermoelectric (TE) materials. We focus on heat carried by lattice
vibrations (jL), which are important in all material systems and are of
primary importance in TE materials. An overview of the key factors
influencing jL in TE and other solid-state materials, as demonstrated
in the main body of this work, is depicted in Fig. 1(d). The review is
organized as follows: In Sec. I, we begin with a brief overview of ther-
moelectric materials and the effect of doping with carbon nanoparticles
on thermal conductivity. We then present an overview of the theoreti-
cal models used to understand thermal transport in composite systems,
focusing on effective medium approaches, thermal boundary resis-
tance, phonon scattering in the Boltzmann-transport regime, and
diffuson-mediated thermal transport. Section II details the current lit-
erature that brings special insight into the effects of nanocarbon
compositing on thermal conductivity, providing a case-by-case over-
view and analysis. While the primary focus of this article is on TE car-
bon nanocomposites, we also draw on the literature of metal- and (to a
smaller degree) polymer-based carbon nanocomposite materials.
Metal and TE matrix carbon nanocomposites, in particular, are valu-
able systems to overview in parallel since they utilize overlapping syn-
thesis methods and have similar particle–host interactions.

While separate reviews have independently investigated general
phonon engineering approaches to the reduction of thermal conduc-
tivity in TE materials,13–15 and the effect of carbon doping on overall
TE performance,4 there has not yet been a comprehensive review of
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the effect of varying carbon allotrope dopants on the lattice thermal
conductivity of carbon TE composites. Additionally, published works
on the thermal conductivity of polymeric3,12,16 or metallic10,11 compos-
ite systems with carbon typically have a sole focus on utilizing carbon
to increase the thermal conductivity of the matrix. As will be demon-
strated, a more nuanced approach to understanding jL is required for
thermoelectric materials, and this approach also provides insight into
the thermal transport of polymeric and metallic composites.

B. Carbon nanoparticle doping in thermoelectric
materials

Thermoelectric (TE) materials have been researched extensively,
particularly in the past decade, with the hope that they will allow for a
vast number of novel technologies to be developed and help with the
current energy and environmental challenges.17–21 When configured
accordingly, TE materials allow for the conversion of heat into electri-
cal energy, utilizing an established temperature gradient (DT).

FIG. 1. Overview of the uses of engineered thermal materials and the contribution to the thermal properties of carbon composite materials. (a) Examples of applications of
materials with high and low thermal conductivity, including thermoelectric materials. (b) Examples of different types of carbon NP composites. (c) Example of a carbon–host
interface. The resulting thermal conductivity of the composite, kcomp, will have intrinsic contributions from the host and carbon particles, and induced contributions from the
resulting NP–host interfaces and microstructural changes due to the compositing process. (d) Overview of the influences on thermal conductivity of carbon–composite materials.
The border colors link to the related properties in (c).
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Alternatively, TE devices can be configured to provide cooling (via
DT) when powered electrically, which is the basis of widely used
Peltier technology. Some of the fundamental benefits of TE devices,
when compared to similar energy technologies, originate from their
solid-state nature, which results in high stability and reliability, and
minimal to no by-products or emissions.22 Owing to these properties,
TE devices have found many uses including in remote power sup-
plies,23,24 temperature and gas sensors and controls,25–28 implantable/
wearable devices,29–34 in automotives,35 and many more areas. The
quality of a thermoelectric material—directly related to its energy con-
version efficiency—is typically given by its thermoelectric figure of
merit, ZT, as36

ZT ¼ S2r
jtotal

T; (1)

where S is the Seebeck coefficient (or thermo-power), given by
S ¼ �DT=V , where V is the Seebeck voltage, r is the electrical con-
ductivity, and jtotal is the total thermal conductivity of the material,
which is typically given by the sum of charge carrier (e.g., electron)
and lattice (e.g., phonon) contributions, jtotal ¼ je þ jL.

37 The
Wiedemann–Franz law relates jc to r and to the number of charge
carriers, n: je ¼ rLT ¼ nelLT ,38 where L is the Lorentz number, n is
the charge carrier concentration, l is the carrier mobility, and e is the
charge of an electron. Since the number of charge carriers is directly
proportional to both r and je, and the Seebeck coefficient inversely, as
S / n�

2
3, it is necessary to optimize the number of charge carriers to

optimize ZT. S and r are interrelated and often difficult to optimize
individually without the expense of the other, so they are often coupled
together and described as the “power factor,” PF ¼ S2r, of a material.
Additionally, because an increase in charge transport results in an
increase in jtotal / je, je is often “subtracted” from the material opti-
mization process. Therefore, for a material to exhibit a large value of
ZT, it needs to possess a low lattice thermal conductivity, jL, and a
large power factor. Slack termed a material with this combination of
properties as a “phonon-glass electron-crystal” (PGEC) in 1995, which
has become a critical paradigm for achieving high-performing TE
materials.39 The reduction of the lattice thermal conductivity (while
preserving electrical properties) is essential to achieving high-
performing thermoelectric materials.15,40–44

With many recent advances in enhancing ZT due to nanoscale
phenomena,45,46 carbon nanoparticles (NPs) such as graphene, carbon
nanotubes, and nanodiamond have been utilized to increase the per-
formance of TE materials. This was first demonstrated by Zhang et al.
in their work on Bi2Te3.

8 Nano-compositing (creating a composite
material with nanoscale structural characteristics, such as grain bound-
aries, defects, or secondary phases) tends to result in an increase in PF
over the pure, bulk material, due to a combination of quantum con-
finement effects, energy filtering, carrier-pocket engineering, and other
effects.45 Although often positively affecting charge transport, nano-
scale structures also strongly interact with heat-carrying phonons, typi-
cally reducing jL over the pure, bulk material.

Figure 2 demonstrates this possible enhancement in transport
properties by comparing the total thermal conductivity and electrical
conductivity of the pure matrix (rm and jm, respectively) with that of
the same matrix composited with a carbon NP (rc and jc). In most of
these examples, a significant reduction in j coincides with an increase
in r, resulting in enhanced TE performance. However, it is not always

the case that a reduction of j with the addition of carbon NPs coin-
cides with an increase in r since the NPs can themselves negatively
affect charge transport by acting as charge scatterers. Such a case might
suggest that the reduction in jtotal is simply due to poor electrical per-
formance (recall that jtotal ¼ je þ jL). However, it is often the case
that the reduction in r is far less than the reduction in j, and
compositing can still result in a net positive TE performance enhance-
ment. To illustrate this point, Fig. 2 also includes the ratio of rm=rc to
jm=jc. This ratio indicates the relative changes in j to r from the
matrix material to the composite, such that a value >1 (dashed line)
indicates a larger decrease in j than r. In all of the examples shown in
Fig. 2, rm=rcð Þ= jm=jcð Þ> 1, indicating an enhanced TE perfor-
mance, originating in some significant part due to a reduction in jL.

To provide an overview of the effect of carbon NP doping on j in
TE materials, Fig. 3 shows jm and jc for various TE matrix systems
doped with a range of carbon NPs.

Evidently, a variety of carbon NPs have a significant impact on j
for many TE systems. In multiple cases, jc=jm < 0.5. However, it is
not obvious whether the type of carbon NP is of significant conse-
quence, as each NP has varied effects within and across TE classes. To
understand jc in carbon NP-doped composites more deeply, we need
to turn to current theoretical frameworks, starting with an overview of
the thermal properties of carbon NPs themselves.

C. Nanocomposite thermal conductivity theory

1. Thermal conductivity of (nano)carbon

Before considering composite systems, it is necessary to first
describe the properties of isolated carbon phases. This section reviews
the principles of thermal transport in carbon allotropes. The thermal
conductivity, j, of carbon materials has a spectacular range of values,

FIG. 2. Comparison of thermal conductivity (red) and electrical conductivity (blue) of
pure matrix materials (subscript “m,” filled circles) with those composited with car-
bon NPs (subscript “c,” half-circles). A ratio of r to j for the matrix and composite
is also shown to demonstrate the relative changes in heat and charge carriers (see
the text) (blue-red bars). The examples given are for matrix (NP): Bi2Te3 (single-
walled nanotubes),47 Cu2Se (graphene),48 SnSe (graphene),49 TiO2 (graphene),

50

and CoSb3 (C60).
51
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FIG. 3. Comparative overview of the total thermal conductivity of TE matrix materials (solid, dark bars, jm) with the same material composited with various carbon NPs (pat-
terned, light bars, jc). Each set of samples, corresponding to a pair of matrix and composite bars, is prepared with the same synthesis technique (spark plasma sintering, hot
pressing, etc.), is for data taken at 300–330 K, and is for the lowest j in series taken of doping levels (typically in the range of 0.1–5 wt. %). The host matrices are (a)
Cu2Se,

52–56 (b) SnSe,49,57–61 (c) Bi2Te3,
8,62–65 (d) BixSb2-xTe3,

66–71 (e) skutterudite,51,72–75 and (f) metal oxide.50,76,77 The carbon NPs used for compositing are graphene (Gr),
carbon (quantum) dots (CD), multi-walled (MW) and single-walled (SW) carbon nanotubes (CNT), carbon black (CB), carbon (micro) fiber (CF), micro graphite (G), nanodia-
mond (ND), and Buckminsterfullerene (C60).
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owing to the many structures that can be formed by different C–C
bonding schemes [sp, sp2, sp3, van der Waals (vdW)], different
atomic-scale “lattice” structures (cubic, hexagonal, amorphous), micro-
structural dimensions (nano, micro, macro), and different particle
geometries (tubular, planar, spherical, etc.). Figure 4 illustrates the
diverse range of jðTÞ values achieved for a variety of carbon materials
spanning over five orders of magnitude. Phonons are typically the
dominant heat carriers in carbon allotropes and are, therefore, critical
to understand their thermal transport. Below, a brief overview of the
main features of the phonon transport in carbon is provided.

Phonons are described by a frequency wavevector and energy
relationship (band structure), which defines a group velocity, provid-
ing a picture that is closely analogous to the transport of ideal gas mol-
ecules, photons, and electrons. To link these properties to the thermal
conductivity, a common starting approximation is that of an “ideal”
gas of non-interacting phonons, where j is determined by the speed
and scattering rates of the phonons at a given temperature (described
mathematically later in Sec. I C). In carbon systems, both the speed
and scattering of phonons are closely related to the chemical bonding
in the lattice. As a general rule, the phonons in carbon materials extend
to very high energies (>100meV or �25THz) because of the combi-
nation of a light atomic mass, and strong atomic forcefields. However,
most of the heat is typically carried by the acoustic phonons, which lie
below 50meV, as these have the highest group velocities. For systems
that contain both covalent and van der Waals (vdW) bonding
schemes, j is typically linearly proportional to the percentage of

covalent spx bonds (as well as elastic modulus and density), because
such bonds are typically strong and harmonic (i.e., the atomic force-
fields linking two atoms are like that of an ideal spring), giving rise to
acoustic phonons with higher group velocity and lower scattering rates.
For example, the high thermal conductivity in the basal plane direc-
tions (in-plane) of graphite (sp2) is also due to the harmonically
bonded carbon on a well-ordered periodic lattice. In contrast, the ther-
mal conductivity in graphite across the vdW bonded layers (along the
hexagonal c-direction, out-of-plane) is significantly lower because
vdW gaps are characterized by weak, anharmonic interactions that
lead to short phonon lifetimes. Aside from intrinsic features of the lat-
tice and atomic forcefields, j can also be significantly reduced through
phonon scattering by extrinsic defects of various dimensionalities such
as grain boundaries, vacancies, and interstitials (described later in Sec.
I C). Some common factors that increase or decrease thermal conduc-
tivity in carbon are illustrated schematically in Fig. 4. Stronger scatter-
ing leads to a transition from ballistic to diffusive transport. At the
extreme lower limit in strongly disordered “glassy” systems with aperi-
odic atomic structures, the phonon picture breaks down and diffusive
heat transport via the so-called “diffusons” begins to occur.78 Thus, at
the low extreme, the minimum thermal conductivity of any bulk car-
bon is in the glassy, amorphous carbon black structures, offering values
below 0.1Wm�1K�1.

When carbon phases are formed into nanosized components,
they display exceedingly complex thermal behavior. Carbon nanoma-
terials can be viewed as descendants of their bulk equivalents and,

FIG. 4. The intrinsic thermal conductivity of carbon allotropes varies widely over five orders of magnitude, ranging from �0.1 for amorphous carbon black through to
5000W m�1 K�1 for pristine, suspended monolayer graphene. As illustrated schematically, a multitude of physical mechanisms contribute to the diverse behavior including
crystallinity, harmonic sp2/sp3 and anharmonic vdW bonds, grain boundary scattering, and anisotropy. Figure design inspired by Balandin.5
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therefore, inherit many of the phononic properties of their bulk parent
structure. Examples include graphene, which can be viewed as a single
atomic layer of graphite, nanotubes (rolled/tubular graphene), and
nanodiamonds (nanometer-scale diamond particles). While nanocar-
bons share some features with their parent compounds, they also dis-
play several unique properties linked to their unique geometry, size,
and topology and display a high level of sensitivity to microstructure
and defects. The thermal conductivities of nanocarbons are broadly in
the same range as bulk carbons, but can sometimes exceed their limits
(from 0.1 to 5000Wm�1K�1), as shown in Fig. 4. It is fair to say that
many of the factors influencing j in nanocarbons are far less under-
stood than for their relatively well-studied bulk equivalents. It is worth
noting that even when the chemical bonding and atomic-structural
motifs are similar, the phonon dispersions of nanomaterials differ
from the bulk dispersions. Taking graphene as a representative exam-
ple, monolayer forms of the carbon allotropes have distinctive acoustic
flexural (zA) modes in the low energy region <8meV (2THz),79

whereas graphite has flat, low-energy optical modes in the same fre-
quency range. This is because out-of-plane optical modes are forbid-
den for a monolayer thick material since optical modes require two
layers of atoms to move in an opposite sense. In monolayer graphene,
these motions give way instead to the zA modes, which correspond to
“wrinkling” in the out-of-plane direction. Despite these differences at
low energies, the group velocities of the majority of phonon modes in
graphite and graphene are very similar at higher energies, as estab-
lished in past studies,79,80 to the extent that graphite data are often
used to compare with graphene simulations.

The primary difference between bulk and nanocarbons determin-
ing their distinct thermal conductivities tends to be from the altered
scattering rates in the compounds. Again, taking graphene as an exam-
ple, zA modes are found to carry the majority of heat81 and have
reduced scattering compared to the acoustic modes in graphite, such
that the mean-free path of phonons in graphene is often very large
(500–1000nm). The first indication of this appeared when the initial
measurements of the thermal conductivity of exfoliated, suspended
graphene flakes were published in 2008,82,83 showing that pristine gra-
phene has an enormously high thermal conductivity of 2000–
5000Wm�1K�1. While these numbers are undeniably impressive,
even exceeding that of bulk diamond, it is difficult to routinely observe
such values in practice in graphene nanostructures, as this requires
suppressing all defects and substrate interactions. In the literature,
there is an enormous range of reported j values for graphene owing to
slight changes in the graphene form and environment, which both
influence phonon lifetimes. For example, the presence of multiple-
stacked graphene layers drops the j value to 1000Wm�1K�1,84 the
presence of a SiO2 substrate interaction typically lowers this to 600–
800Wm�1K�1,85 and the effects of strain and wrinkles can reduce
this further to the range of 300–800Wm�1K�1.86,87 Importantly, par-
tial oxidation of graphene, forming reduced graphene oxide (rGO),
can result in structures with a thermal conductivity as low as
8.8Wm�1K�1, which is 300 times lower than that of pristine gra-
phene.88 In the context of this work, it is worth noting that even when
graphene is highly defective, its thermal conductivity is still much
higher than many other materials, e.g., polymers or standard thermo-
electrics, which have conductivities in the range 0.05–5Wm�1K�1.
Evidently, chemical and microstructural defects and interfacial interac-
tions can have a drastic effect on the phonon transport in graphene,

and similar features are expected to apply universally in nanocarbons.
These factors are expected to have significant implications for carbon
NPs in composites, which undergo various treatment procedures and
take on various local chemical environments.

The particle nature of nanocarbons, i.e., their finite size, geome-
try, and large fraction of surface atoms, further influences their lattice
dynamics via unique whole-particle resonances, surface modes, and
surface scattering. For crystalline nanoparticles, ballistic phonon trans-
port is expected to dominate within the internal nanoparticle for struc-
tures in the range of 10–100nm, as these have a size that is smaller
than the intrinsic phonon mean-free path. It is also well-known that
finite-sized macroscopic objects exhibit size and shape dependent
mechanical resonances, such as breathing modes in isotropic elastic
spheres (spheroidal Lamb modes).89 Such resonant modes have been
observed in various NPs, including nanodiamond,90 and are expected
to contribute to their thermal properties.91–93 Atoms within a few
monolayers of NP surfaces also participate in distinctive vibrational
modes, which give rise to an excess of low-energy vibrations over the
bulk phonon modes, and also high-energy surface modes above the
normal bulk cutoff.94–96 The high surface area offers a host of guest
molecules (e.g., H) to form the so-called riding modes, which involve
coupling between the particle’s normal phonon modes and those of
the guest molecule.97,98 Internal stresses from NP surfaces also cause
shifts in energy of phonon modes, and disorder and discontinuity at
NP surfaces cause mode broadening often associated with reduced
phonon lifetimes.96 It is worth noting that the features listed above
have mainly been observed in non-carbon NPs or only via simulation.
Direct experimental evidence in nanocarbons is still lacking in some
cases, and more experimental work using advanced spectroscopies
(e.g., neutron spectroscopy) is required. Furthermore, understanding
the role of these features in the thermal conductivities of NPs and their
composites is an emerging area.

For the purpose of this review, we focus on experimental trends
for the most common nanocarbons used in thermoelectric and metal-
lic composites. Most of these composites are primarily composed of
carbon nanotubes, nano-graphene, nanodiamond, various forms of
amorphous carbon, or carbon (micro) fiber. We point interested read-
ers to works by Balandin,5 Xu et al.,99 and Han and Fina,3 for further
reading on the intrinsic thermal properties of isolated (non-composite)
carbon nanomaterials. Importantly, understanding the properties of
the composite requires an understanding of both constituent phases
and the synergistic new effects that occur because of the introduction
of interfaces (e.g., via thermal boundary resistance) or other phonon
effects in the composite.

2. Composite models for thermal conductivity

When secondary phases are introduced into a host matrix, a
common approach to modeling the thermal conductivity of the result-
ing composite is to consider the composite as having some sort of
mixed contribution of thermal conductivity from the matrix, jm, and
dopant/filler, jf , in their bulk forms, giving an effective thermal con-
ductivity (ETC) of the composite, jc. This is called the effective
medium approach (EMA). While EMA models have been successfully
applied to describe the behavior of composites where both phases are
present as macro or microphases, their suitability for nanoparticle
composites is still open to debate. Nevertheless, since many works still
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invoke such models, and the general framework is still valuable, we
introduce some relevant EMAmodels here.

The contribution of jm and jf on the ETC will depend on their
respective volume fractions, Vf ¼ 1� Vm. The two most basic com-
posite/mixture models are the parallel and series models, which gener-
ally represent the upper and lower bounds, respectively, of the thermal
conductivity of a mixture. In the parallel model, perfect contact
between the matrix and dopant and percolation is assumed, and each
material is expected to contribute independently to the ETC:
jc ¼ jmVm þ jf Vf . In other words, the parallel model assumes paral-
lel layers of host and dopant, with respect to the direction of heat flow.
The parallel model is equivalent to the so-called “law of mixtures.” The
series model, however, assumes no contact between the dopant par-
ticles, i.e., layers of material perpendicular (in series) to the direction of
heat flow, giving: jc ¼ 1

jm=Vmþjf =Vfð Þ.
3 In addition to the parallel and

series models, one other model forms the basis for which most com-
posite EMA models are derived from:100 Maxwell Garnett (M-G)
model.101 The M-G model has been expanded upon and altered to suit
many varying two-phase composite systems. One or more consider-
ations, such as particle size, shape/geometry, and, importantly, thermal
boundary resistance, are introduced in models by Fricke,102

Hasselman–Johnson,103 Bruggeman–Hanai,104 Bruggeman–
Landauer,105 Every,106 and Nan.107 A comprehensive review of analyti-
cal and numerical EMAmodels can be found in Refs. 11 and 108.

EMA models are commonly applied to polymer–matrix and
metal–matrix carbon composite (PMC and MMC, respectively) sys-
tems, where the goal of compositing is to benefit from the intrinsic
thermal properties of the carbon additive. Indeed, these two systems
are primarily responsible for the continued use and development of
these models. Typically, EMA models overestimate the ETC of well-
characterized composite systems. This overestimation is usually attrib-
uted to the existence of thermal boundary resistance (also commonly
known as thermal interface resistance or Kapitza resistance, RK ), due
to the imperfect transfer of heat through the host–dopant interface.
The physical origins of thermal boundary resistance are detailed in
Sec. IC 3. As we have seen in Secs. I B and IC, however, the ETC of
thermoelectric composites (TECs) with carbon dopants do not seem
to reflect the intrinsic properties of the carbon dopants, which typically
have thermal conductivities orders of magnitude larger than the host
TE material. TEC studies generally tend to focus on how compositing
specifically affects phonon transport in the Boltzmann transport
framework (see Secs. I C 3–I C 5), treating the carbon particles merely
as scattering sites and not (primarily) considering their intrinsic ther-
mal properties. However, EMAs are still used to understand changes
in ETC upon doping, typically using a thermal boundary resistance
term as a fitting parameter to characterize, at least phenomenologi-
cally, the magnitude of phonon scattering originating from the dopant.
Herein, we aim to bridge the apparent gap in understanding that exists
between these paradigms.

One of the most commonly invoked EMA models for under-
standing the thermal properties of carbon nanoparticle (NP) compo-
sites in PMCs, MMCs, and also TECs, is the model developed by Nan
et al.107 This model is derived from the M-G model but also includes
the effect of the thermal boundary resistance. The most general form
of this model considers particles with arbitrarily spheroidal geometry,
uniformly embedded in composites with arbitrary orientation. When
special limiting cases are applied, other EMA models are recovered.

For example, when considering long, continuous, aligned fiber-shaped
particles, Hassleman and Johnson’s result is recovered (perpendicular
to the fibers),103 as is the rule of mixtures for a simple parallel model
(parallel to the fibers). Laminated flat plates, spheres, and misoriented
ellipsoidal particles are other available limiting cases that also return
results from other EMA models.107 Additional work has been done to
specifically apply Nan et al.’s model to carbon nanotube (CNT)109,110

and graphene (Gr) particle composites,111 with increased accuracy and
simplicity. Applying the limiting case for high aspect ratio prolate
spheroids with highly anisotropic thermal conductivity, the ratio of the
ETC to the undoped matrix thermal conductivity of a CNT composite
is given by109

jc
jm

¼ 1þ Vf a

3

jf =jm
aþ 2RKjf =d

� � ; (2)

where a is the CNT aspect ratio and d is the CNT diameter. This
model assumes well-dispersed, perfectly straight CNTs in a uniform
matrix, which is usually best approximated in the dilute limit
(Vf < 2%Þ. Similarly, applying the limiting case for an oblate spheroid
with highly anisotropic thermal conductivity, we obtain the following
form of Nan et al.’s model, which describes the ratio of the effective
thermal conductivity, jc, to the undoped matrix thermal conductivity,
jm, applicable for few-layer thick Gr:

112

jc
jm

¼ 3jm þ 2Vf jf � jmð Þ
3� Vfð Þjf þ Vf jm þ Vf RKjmjf

t

� � ; (3)

where Vf is the volume fraction, jf is the intrinsic in-plane thermal
conductivity of Gr, and t is the Gr thickness, assuming well-dispersed,
randomly oriented, perfectly straight nanoplates in a uniform matrix.
These variants of Nan et al.’s model provide an attractively simple and
powerful framework for understanding the thermal conductivity of
CNT and Gr composites. Further iterations/advances of these and
other models include other terms such as more complex geometric fac-
tors (e.g., straightness), particle-end (e.g., tube-end) thermal interfacial
resistance, and agglomeration effects.108,113,114

Another approach that is of interest to TECs, MMCs, and PMCs,
is Every’s application of Bruggeman EMA (B-EMA) theory, where a
large fraction of highly thermally conducting (with respect to the
matrix) spherical dopants are incorporated into a matrix.106 This is an
attractive model for approximately spherical carbon inclusions such as
micro- or nanodiamond. It takes the simple form:

jc
jm

¼ 1

1� Vfð Þ3 1�að Þ= 1þ2að Þ ; (4)

where a ¼ RKjm=d, and d is the diameter of the spherical particle
(RKjm is often referred to as the Kapitza radius).

While there has been success in applying these models to PMC
and MMC systems that result in an increase (or a minor decrease) in
jc with the addition of highly conducting carbon nanoparticles, there
have been few convincing successes by directly applying these models
to TECs where the addition of a small amount of carbon NP filler
results in a major decrease in jc (see Sec. I B). To illustrate the limits of
these models from this point of view, we have applied them to TE–
carbon composite systems, taking realistic values of relevant material
properties from the literature. Figure 5(a) shows the B-EMA model
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[Eq. (4)] applied to a composite system containing spherical inclusions
approximating nanodiamond. Note that, due to the assumptions in
the model, only the radius of the dopant, the host thermal conductiv-
ity, and the host–dopant thermal boundary resistance are required as

inputs. The upper and lower bounds of jc=jm at the limits of a (where
a ! 0 as RK � d, and a ! 1 as RK � d) are shown up to a 10%
volume fraction. Even in the case of approaching infinite a values
(completely thermally insulating nanovoids), a 10% Vf of dopant only
decreases jc=jm by �15%. For a 5-nm particle such as a nanodia-
mond, a RK value of 1� 10�6 is needed to approach this limit. Despite
this value of RK for a diamond–semimetal interface being larger than
would be expected,115 it still drastically underestimates the reduction
in thermal conductivity that can be achieved by doping Bi0.5Sb1.5Te3,
for example, with nanodiamond (jc=jm¼ 0.69 at Vf¼ 0.4%).68

Figure 5(b) shows Nan et al.’s model (MG-EMA) in the limiting
case of a thin oblate spheroid, which approximates the shape of a Gr
nanoparticle [Eq. (3)]. Two composite systems are presented: a matrix
with jm ¼ 2Wm�1K�1 doped with few-layer graphene (FLG) and
the same matrix doped with graphene nanoparticles (GNP). Volume
fractions typical of nanocarbon TECs, which demonstrate significant
reductions in jm, are presented (up to 1%), as well as RK values that
span from larger-than-expected for (semi)metallic-graphite/graphene
interfaces, to realistically small (see Fig. 7; RK [1� 10�6! 5� 10�8

m2K W�1]¼K?[1! 20MWm�2K�1]). Combining the wide range
of reported values for RK (spanning �2 orders of magnitude for TE–C
interfaces for similar materials) with the large range of reported values
for jGr (spanning �3–4 orders of magnitude for the many types of Gr
particles with different thickness values), and possible particle thick-
nesses, t (typically spanning �2–3 orders of magnitude), there exists
an enormous range of possible values for jc=jm. Considering
RK ¼ 1� 10�6 as an upper limit (for further reference, RK was estimated
to be in the range of �7� 10�7m2 K W�1! 1� 10�6m2 K W�1 for
Gr–skutterudite interfaces by fitting jc to a parallel conductance
model which includes a boundary resistance term originating from
grain boundaries—further discussed in II C),75 we investigated
conditions that resulted in a decrease in jm (i.e., jc=jm< 1), according
to Eq. (3). For Gr sheets with jGr> 1000Wm�1K�1, a particle thick-
ness of t� 2 nm is necessary to reduce jc with respect to jm. While
these are accepted properties for a Gr particle, we are not aware of any
papers that report a composite containing Gr NPs with an average
t< 2 nm and estimated jGr> 1000Wm�1K�1. For Gr with
1000> jGr > 100Wm�1K�1, a particle thickness of t � 10 nm is
necessary to reduce jm, which corresponds to accepted values for few-
or multi-layered graphene (FLG/MLG).112 Finally, for 100> jGr
> 10Wm�1K�1, a particle thickness of t� 50 nm is necessary to
reduce jm, which corresponds to the size of GNPs with comparatively
low estimations for jGr . Evidently, characterizing the properties of the
Gr used is essential if Eq. (3) is to be used. Accordingly, the values of j
and t used for the Gr particles in Fig. 5(b) were chosen to represent
potentially realistic cases that could result in a significant decrease in
jc=jm. However, despite using generous assumptions, the EMAmodel
still predicts a decrease in jc=jm that is much smaller than what is
observed in most experimental TE systems.

When we recall that carbon nanoparticles of other geometries
induce similar reductions in thermal conductivity, despite closely
related EMA models not being able to predict this behavior, it is hard
to have confidence that the EMA picture is representing the primary
thermal transport physics at play in these composite systems. For
example, Eq. (2), which describes the limit of prolate spheroids (repre-
senting CNTs) in the same EMA scheme as Eq. (3), cannot yield values
of jc=jm below 1. This stands in direct opposition to the established

FIG. 5. Demonstration of the limits of commonly used EMA models for carbon NP
composites. (a) The limits of Every’s application of the Bruggeman (B-) EMA model
[Eq. (4)] over the range of 10% Vf by varying a from 0!1 (solid lines), and
applied to a system resembling a nanodiamond (5 nm diameter) composite with
varying interfacial resistance values (RK , in units of m2 K W�1) (dashed lines). (b)
Nan’s application of the Maxwell Garnet (M-G) EMA model for randomly oriented
oblate spheroids [Eq. (3)] applied to a composite system consisting of a host with
jm ¼ 2W m�1 K�1 doped with Gr nanoparticles (GNPs) (dashed lines) and few-
layer Gr (FLG) (solid lines) with varying interfacial resistance values (RK , in units of
m2 K W�1) (see the text for rationalization of the values used).
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experimental fact that TE–CNT composites exhibit similar reductions
to other carbon nanoparticles (recall Sec. I B). Clearly, a more nuanced
picture is required to understand the thermal properties of these com-
posite systems. One assumption that is often made when applying
these EMA models is that jm remains unaffected by the doping pro-
cess. In Sec. II, we illustrate the extent to which this assumption does
not hold, and we suggest that this is one of the primary misuses of
EMA models that has led to their apparent failure to describe TEC
nanocomposites. As a second point, EMA models, by their nature, are
macroscopic models assuming two well-defined phases as found in
composites with microscale or millimeter-scale heterogeneity such that
the length of the phonon wavelength is negligibly small by comparison.
The application of EMA models to nanoscale composites is question-
able because the important phonon wavelengths (1–1000nm) in these
systems are comparable to the composite microstructure dimensions,
making it difficult to rationalize a clean separation between heat flow
in the host and dopant. As a first attempt to address this, Minnich and
Chen presented a modification to Nan et al.’s generalized EMA for
composites where the characteristic length of the inclusion is on the
order of or smaller than the phonon mean free path by taking into
account the increased interface scattering in the different phases of
nanocomposites and the thermal boundary resistance between the
phases.116 However, we find for TE materials with intrinsically low
thermal conductivity that the modification factor is negligible, offering
similar results to those presented in Fig. 5. In Sec. I C 3, we will provide
a more complete picture of the nature of thermal boundary resistance,
which becomes increasingly important at smaller dimensions with
increasing numbers of interfaces. Following this, more detailed
approaches for understanding thermal transport in nanoscale compo-
sites are presented.

3. Thermal interfaces

Various models have been developed to describe the physical pro-
cesses occurring at interfaces (grain boundaries, matrix–nanoparticle
interfaces, etc.) to understand how heat flows across them. The resis-
tance of heat flow across an interface is often called thermal boundary
resistance (TBR), or Kapitza resistance, RK , after Kapitza who pio-
neered thermal interface studies with his work in 1941 on interfaces of
liquid helium and solids.117 Understanding RK has been a historically
challenging task since the ability to measure the heat flow across a sin-
gle interface requires specialized equipment and techniques such as
ultrafast time-domain thermoreflectance (TDTR).118 Additionally, the
research community has only recently started to effectively implement
computational tools such as molecular dynamics (MD) simulations to
understand the most fundamental phonon and electron interactions
involved in TBR and thus surpass simple models of TBR.119 A recent
review by Zhang et al.115 on interfacial thermal transport at the nano-
scale provides an insightful overview, parallel to our discussion here.

The physical mechanisms of TBR can generally be described by
elastic processes; acoustic impedance mismatch, interfacial strain
fields, mass density variance, and force constant variance, or inelastic
processes; phonon coupling to interfacial vibrational modes.120

The transmission of phonons across a boundary by elastic processes is
often modeled by one of two main approaches; a semi-classical
Landauer-type model, or a quantum interfacial perturbation model.
The Landauer approach considers all interactions at the interface to be
described by a phonon-dependent transmission probability, tðxÞ,

which governs the thermal boundary conductance, hBðt;xÞ, such
that the total thermal resistivity is given by j xð Þ�1 ¼ j xð Þ�1

bulk

þðLZhBðt; xÞÞ�1, where LZ is the spacing between boundaries.121

Meanwhile, perturbation models essentially apply Boltzmann’s trans-
port theory to the composite in an analogous way to single-phase
materials, merely treating the interface as an additional scattering site
with a specified relaxation time (this approach is discussed in detail in
Secs. I C 4–I C 5).120

The transmission probability used in the widely deployed
Landauer approach can be determined by various models. Most widely
used, and generally considered as the upper and lower limits of trans-
mission, respectively, are the acoustic mismatch (AMM)122 and diffuse
mismatch (DMM)123 models (Fig. 6).124 The AMM model considers
thermal interfaces as perfectly planar, allowing for either completely
specular reflection or transmission, analogous to Snell’s law for optical
interfaces [Fig. 6(a)]. The probability of phonon transmission is deter-
mined by the ratio of acoustic impedances, Zi ¼ qivi, at the interface,
where q is the mass density, v is the (acoustic) phonon velocity, and
the subscript i denotes the material phase (i.e., material 1 or 2):

tAMM; 1!2 ¼ 4Z1Z2

Z1 þ Z2ð Þ2 : (5)

The DMM model, on the other hand, considers a completely disor-
dered/rough interface whereby phonons scatter diffusely, losing all

FIG. 6. Illustrations of phonon scattering for commonly used thermal boundary scat-
tering models: (a) acoustic mismatch model (AMM) and (b) diffuse mismatch model
(DMM). Incoming phonons (black) are either reflected or transmitted (white or pale
white) at the interface of materials 1 and 2, depending on a transmission probability,
t. For the AMM, t depends on the difference in acoustic impedance, Z, between
materials 1 and 2 and is independent of the phonon frequency (left). The phonon is
scattered into the 1D phonon density of states (DOS) due to the planar nature of
the scattering (right). For the DMM, t depends on the difference in phonon DOS,
gðxÞ, between materials 1 and 2, which is dependent on the phonon frequency
(left). The scattered phonon is scattered into the 3D DOS due to the point-like
nature of the scattering (right).
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“memory” of their incoming polarization as if scattered from a point
source, as shown in Fig. 6(b). The phonon transmission probability is,
therefore, determined by the mismatch of phonon density of states,
giðx;TÞ, summed over all phonon modes (longitudinal and trans-
verse), since only the available phase space on either side of the inter-
face is considered:124

tDMM;1!2 xð Þ ¼ g2 x;Tð Þ
g1 x;Tð Þ þ g2 x;Tð Þ : (6)

Unlike the AMM and DMMmodels, which tend to neglect the detailed
structure and properties of the interface in question, the interfacial per-
turbation approach captures the dimensionality, spatial extent, and
physical origin of the interface, following the phonon scattering analy-
sis outlined above. Nonetheless, the differences between the Landauer
and perturbation models can demonstrate negligible differences in
transmissivity.120,125 Elastic processes due to the static structure are not
the whole picture, however, and cannot account for important local
vibrations at the interface, which have been shown to significantly
impact TBR.126 MD simulations have proven to be invaluable in our
understanding of the inelastic, dynamical processes at interfaces.119 For
example, it has been shown that vibrational modes in the bulk can cou-
ple to modes local to the interface, resulting in a change in TBR.127

The TBR term is very sensitive to chemical composition and layer
interactions and can vary over orders of magnitude. This is exemplified
by comparing interface conductance (1/RK ) data for graphene and
CNTs. The thermal boundary conductance of single-layer graphene
(SLG), few-layer graphene (FLG), graphite, treated SLG (with hydro-
gen or oxygen), and carbon nanotubes (CNTs) interfaced with various
materials were compiled by Xu et al. and are shown in Fig. 7.99 In gen-
eral, according to both the AMM and DMMmodels, RK is expected to

be the smallest for PMCs, larger for MMCs, and largest for TECs inter-
faced with carbon materials. This progression follows the average
increase in atomic weight and reduction of bond strength and har-
monicity going from polymer to metal to thermoelectric materials.
This leads to a greater mismatch of acoustic impedances and phonon
density of states between the light, strongly and harmonically bonded
carbon atoms in the NPs and the host. Experimental cases are pre-
sented and discussed in Sec. IIB. Next, we establish the necessary fun-
damentals to understand thermal transport in a lattice dynamics
paradigm and demonstrate the effect of various scattering terms,
highlighting those induced by carbon NPs.

4. Lattice thermal conductivity in the phonon gas
approximation

In most semiconductors and insulators, phonons—quantized lat-
tice vibrations—prevail as the dominant contributor to the thermal
conductivity (jL). While thermal conductivity from charge carriers
(je) is sometimes non-negligible for more conductive materials, such
as some highly conducting semiconductors—including high-
performing thermoelectric materials—and metals, understanding the
role of phonons in thermal transport is critical to all material systems.

A simple and common approach to understanding the lattice
thermal conductivity of an isotropic crystalline material is given under
kinetic theory, which describes a “gas” of phonons with total heat
capacity, C, velocity, �, and relaxation time, s:128

jL ¼ Q
DT

¼ 1
3
C�2s; (7)

where Q is the heat flux and DT is the temperature gradient. More
generally, each phonon mode with wave vector, q, and polarization, s,
needs to be considered. The equilibrium phonon distribution function,
i.e., the average number of phonons with wave vector q, at equilibrium
can be written as

N0
q ¼ 1

exp �hxq=kBT
� � � 1

: (8)

The total heat flux, with contributions from all q modes, can be
substituted into the Boltzmann transport equation under the relaxa-
tion time approximation to yield128

jL ¼ 1
3

XN
q¼1

�hxq�
2
qsq

@N0
q

@T
; cq ¼ �hxq

@N0
q

@T
; (9)

where cq is the heat capacity of a phonon of mode q. In reality, it is dif-
ficult to implement Eq. (9) due to the complexity of phonon dispersion
curves and frequency spectra of real solids. The Einstein and, subse-
quently, Debye models for the temperature-dependent heat capacity
provide a simple approximation of real systems, where the optical pho-
non populations are negligible and acoustic phonons dominate as the
heat carriers.129 The Debye model assumes a linear phonon dispersion,
x ¼ �q, essentially averaging phonon modes as acoustic branches
with group velocity the speed of sound, � ¼ �s.

130 Within the Debye
approximation, the lattice thermal conductivity is given as128

jL ¼ 1
3

ðhD
T

0
C xð Þ�2sq xð Þdx; (10)

FIG. 7. Experimental thermal interface conductance K? (1/RK ) vs temperature for
various types of carbon with different interfaces. Reprinted from Xu et al., Small
10(11), 2182–2199 (2014). Copyright 2014, with permission from John Wiley and
Sons.99
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C xð Þ ¼ 9Nk
T
hD

� �3 ðhD
T

0

x4ex

ex � 1ð Þ2 dx; (11)

where x ¼ �hx=kBT and hD ¼ �hxD=kB is the Debye temperature, cho-
sen so that the total number of phonon modes per unit volume in the
integral is 3N, where N is the number of atoms per unit volume.
Equation (10) is analogous to that of the result of a “gas” of phonons
[Eq. (7)]. In the high-temperature limit, Eq. (11) tends toward the
value of 3R (where R is the gas constant), i.e., the Dulong–Petit law,131

and the thermal conductivity is determined by sq xð Þ. While the Debye
model is a good approximation to the heat capacity in many solids, it
fails for solids with low energy optical modes and van Hove singulari-
ties. For this reason, the Debye model provides a questionable approxi-
mation for determining the thermal conductivity and/or mean
scattering time for some thermoelectric and polymer compounds that
have many low-lying, nondispersive modes. This is particularly true at
high temperatures where these nondispersive modes become signifi-
cantly occupied.

5. Phonon scattering

The inverse relaxation time (i.e., scattering rate) due to various
scattering mechanisms can be represented as follows, according to
Matthiessen’s rule:132

1
sq xð Þ ¼

X
i

1
si xð Þ ; (12)

where si xð Þ is the relaxation due to the i th scattering process. A signif-
icant effort has been made to identify various phonon scattering mech-
anisms and their frequency or temperature dependence to help guide
the engineering of thermal conductivity in materials. Phonon scatterers
are typically categorized in terms of their dimensionality. In general,
the frequency dependence of the scattering rate, s�1, due to different
scattering channels will have a x2 contribution from the mass differ-
ence scattering potential, and a dimensionally dependent component,
xn�1, where n ¼ 3� d is the codimension of the defect and d is the
dimensionality of the scattering site, due to phase space
considerations.120

Even in a pure, defect-free, crystal, where one would assume that
there is no phonon scattering, thermal resistance is present due to the
anharmonic bonding in the crystal lattice. Typically, thermal resistance
due to anharmonicity is described in the paradigm of three-phonon
normal (N) scattering processes, which are momentum conserving,
and Umklapp (U) scattering processes, which are not momentum con-
serving, although these ideas can only truly be held within the Debye
model of phonon dispersion.133 While U-processes directly contribute
to thermal resistivity, N-processes indirectly contribute through the
redistribution of energy between phonon modes and hence do not
restore the phonon equilibrium distribution. Although models have
been developed to incorporate N-processes—most famously by
Callaway,134 and recently by Allen135—N-processes are usually negligi-
ble in terms of proportional contribution to sq xð Þ.136,137 The
U-scattering contribution to the total phonon scattering term is
sU�1 / x2.138

Point defects (0D) are the most elementary defects, consisting of
atomic dopants: substitutions, interstitials, and vacancies. Phonons
elastically scattered by a 0D defect will not conserve phonon

momentum in any direction in phase-space [Fig. 6(b)], leading to a x2

phase space contribution to s�1; the total relaxation time is then pro-
portional to the phonon energy as s�1

PD / x2 � x2 ¼ x4,139 strongly
scattering higher frequency phonons.

Linear defects (1D) consist of three primary forms: edge, screw,
and mixed dislocations, with edge dislocations being the most com-
monly considered. The cores of dislocations are linear and scattered
phonons conserve momentum in the dislocation direction, which con-
tributes x1 to the scattering rate, giving a total rate of s�1

DC / x3. The
strain field induced by the dislocation itself has a different scattering
potential to the mass-contrast and causes scattering as s�1

DS / x1.139

Hence, 1D dislocations are considered to strongly scatter mid-
frequency phonons.

Planar defects (2D) are typically characterized as interfaces at
grain boundaries, phase boundaries, and stacking faults. Phonons scat-
tered elastically by a plane conserve momentum within the plane and
are thus independent of x [Fig. 6(a)]. In a single-phase compound,
planar boundaries (e.g., grain boundaries) also have negligible mass
contrast and, therefore, scatter independently of frequency,
s�1
B / x0.139 Planar defects are considered to most strongly scatter
low-frequency phonons relative to other mechanisms.

Body defects (3D) are defects that are considerably sized in three
dimensions and typically have a considerable mass difference from the
host such as (nano)precipitates, secondary phases, and large pores.
Because of their relevant scales, the phonon interactions with these 3D
defects are often considered at the 2D interface [Fig. 6(a)]. As a result,
the scattering rate frequency dependence is like that of a grain bound-
ary but with the scattering potential contribution from the mass con-
trast, giving s�1

BD / x2.120

As we will see, compositing with carbon nanoparticles can alter a
material’s microstructure in multiple ways (we refer to these as
induced host properties), such that each of these scattering mecha-
nisms is important to consider. Additionally, we have already demon-
strated in Sec. I C that it is insufficient to only consider heat scattering
at the host–particle interface in order to explain the drop in thermal
conductivity observed in some carbon NP composite systems. To illus-
trate the effect of these various scattering mechanisms, we have mod-
eled the phonon-energy-dependent scattering rates and (spectral)
lattice thermal conductivity (js) for TE Bi2Te2.7Se0.3 with various pho-
non scattering contributions, using relevant parameters from the
literature.140

Figure 8(a) shows the scattering rates from eight different contri-
butions: Umklapp scattering, point defects, dislocation strain, grain
boundaries, and four different NP systems—nanodiamonds with two
different diameters (5 and 20nm) and doping concentrations (0.1 and
0.2wt. %). While different material systems will have different contri-
butions from various phonon scattering mechanisms, this selection is
representative of the materials discussed in Sec. II. We present these
scattering rates with phonon energies up to 50meV, corresponding to
a thermal energy of 580K. It should be noted, however, that the pho-
non scattering rates described by these models are only valid for line-
arly dispersive (Debye) acoustic modes. Typically, TE-type materials
only have acoustic modes reaching to 20–30meV. Higher energies are
displayed here in order to relate to a wider range of materials at rele-
vant temperatures. For the NP scattering rate, sNP�1, we implement a
model that considers mass and bond stiffness differences between a
host and spherical NPs for the scattering cross section in the Rayleigh
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limit (small size parameter, short wavelength), rs�1, and the van de
Hulst approximation for anomalous diffraction as a function of acous-
tic impedance mismatch for the scattering cross section in the long
wavelength (large size parameter) limit, rl�1:141,142

sNP
�1 ¼ � rs

�1 þ rl
�1

� ��1
q; (13)

where

rs ¼ 2pR2; (14)

rl ¼ pR2 4
9

DD
D

� �2
xR
�

� �4

; (15)

and � is the average speed of sound of the host, q is the number den-
sity of NPs in the host, R is the radius of the NPs, D is the density of
the host, DD is the difference between the host and the NP densities,
and x is the phonon frequency. It is clear from Fig. 8(a) that even a
small number of carbon nanoparticles can very effectively scatter pho-
nons over a wide range of energies and that the size and number of the
particles greatly affect the phonon scattering rates. Compared to other
scattering mechanisms, according to Eq. (13), NPs are very effective at
scattering low-frequency phonons.

To illustrate the effect of these scattering mechanisms on the ther-
mal conductivity, Fig. 8(b) shows the corresponding “spectral” thermal
conductivity, which takes the form134

js ¼ kB
2p2�

kBT
�h

� �3
x4ex

ex � 1ð Þ2 sq: (16)

Evidently, C NPs can greatly suppress the contribution of low-energy
phonons to j. While the differences between NP1 (5nm diameter)
and NP2 (20nm) seem relatively minor overall, the significantly
reduced js for NP2 at energies of <5meV could be significant since
this energy range typically covers most acoustic phonons in TE and
similar materials. Compared to grain boundaries and dislocation
strain, C NPs, in these instances, do a relatively good job of phonon
scattering across this energy range, which covers the most accessible
phonon modes in most TE materials. Point defect scattering, however,
dominates at energies above �20meV, highlighting the benefit of
engineering materials with multiple scattering types to cover a range of
heat-carrying phonons.

6. Diffuson-mediated thermal conductivity

Before moving on to discussing experimental works, it is impor-
tant to highlight that the applicability of the phonon gas model has
been under scrutiny for some time in amorphous and disordered
materials that do not have long-range (with respect to phonon wave-
length or lifetime) periodicity, and new frameworks are being devel-
oped to account for other transport mechanisms such as diffusive
thermal transport. In such disordered materials, anomalous behavior
of j Tð Þ is observed, with the usual j / T�1 relationship expected
from Umklapp scattering being replaced with near temperature inde-
pendence of j and a minimum j value much lower than predicted by
the standard Cahill limit, which uses the Boltzmann transport equa-
tion.78 The origin of this change in j Tð Þ behavior and lower jminimum

originates from the breakdown of the phonon-gas model in the energy
regime where heat begins to propagate via diffusive mechanisms,
instead of phonons. This energy region is often considered to be above
the Ioffe–Regel limit, i.e., where the wavelength and mean free path are
comparable.143 This particular criterion is easily accessible in glassy
materials or materials with complex unit cells where there is a lack of
long-range structural order or a small number of available propagating
(acoustic) phonon modes.144,145 Allen and Feldman (AF) developed a
theoretical framework rooted in Green–Kubo theory involving three
types of heat carriers: localized modes (i.e., “locons”), propagating
plane wave-like modes (i.e., “propagons” or phonons), and non-plane
wave-like, non-localized, diffusive carriers of heat coined “diffu-
sons.”146 The total lattice thermal conductivity in the AF-framework is
considered to be jL ¼ jpropagon þ jdiffuson þ jlocon, where jdiffuson is
given by

jdiffuson ¼ 1
3

XN
q¼1

cqDq; (17)

and

Dq ¼ pV2

3�h2xq
2

X
q6¼n

Sn;qj j2d xq � xnð Þ (18)

FIG. 8. (a) Phonon scattering in Bi2Te2.7Se0.3 due to point defects (PD), Umklapp
scattering (U), dislocation strain (DS), and grain boundaries (GB), calculated using
data and equations from Ref. 140 as well as from carbon nanoparticles with diame-
ters of 5 (dash-dot line) and 20 nm (dashed line) of two different concentrations,
using Eq. (13). (b) Spectral thermal conductivity, js, of the same material calculated
using Eq. (16) with various combinations of contributions to s.
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is the diffusivity of the q th diffuson of total N modes.147 S is the heat–
current operator that determines the thermal coupling between modes
n and q, and the other symbols have the same meaning as previously
defined. The relative contributions of jdiffuson and jpropagon to jL have
been investigated in various systems, including simple monoelemental
crystalline and amorphous Si and Ge,148 and materials with complex
(large) unit cells like Tl3VSe4,

149 Yb14 (Mn,Mg)Sb11,
150 and Nowotny

chimney ladder silicides of the form MnnSi2n-m,
151 which are candi-

dates for TE applications. It is clear that for materials with large unit
cells or disorder, jdiffuson becomes dominant with increasing tempera-
ture, especially at temperatures common for TE applications (jlocon is
usually negligible). Additionally, it only takes a small amount of disor-
der for thermal conduction in a crystal to transition from propagon-
mediated to diffuson-mediated.148 Since, as we will show, C NPs
introduce a large amount of disorder—beyond simply the presence of
the NPs—we believe that analyzing jL in terms of the diffuson frame-
work will lead to an improved understanding of thermal transport in
C NP doped TECs.

With the goal of engineering TE materials away from propagat-
ing/ballistic transport and toward diffusive thermal transport, it is
valuable to consider the theoretical framework for materials that are
engineered in the opposite direction: thermally conductive polymers.
Polymers, which typically have a spaghetti-like structure, primarily
conduct heat diffusively through weak inter-chain interactions.152

There are two primary approaches to improving j in polymers: (1)
engineering the polymer structure by choosing polymer chains with
intrinsically large j and improving crystallinity through various proc-
essing techniques and (2) compositing with thermally conductive
materials.153 In both cases, propagon-mediated transport is promoted
through the introduction of long-range order, either intra-chain, inter-
chain, or through percolating networks of crystalline secondary phases.
These approaches are analogous to those used in TE engineering, but
with opposite goals. Approach (1) is analogous to the chemical engi-
neering of TEs, which reduce j by using weakly bonding elements, cre-
ating large unit cells, or by reducing crystallinity through various
defects. Likewise, approach (2) is analogous to compositing with car-
bon or other NPs to reduce j. Both approaches in TEs promote
diffuson-mediated transport by reducing long-range order. In the case
of conducting polymer composites, ideal compositing to increase
propagon transport involves (a) a minimum number of interfaces (i.e.,
percolation), (b) interfaces with minimum TBR, (c) minimum influ-
ence on any existing crystallinity or long-range order of the polymer,
and (d) a dopant with maximum intrinsic j.154 On the other hand, TE
composites desire the opposite, i.e., (a) a maximum number of interfa-
ces, (b) interfaces with maximum TBR, (c), maximum defects in the
crystallinity of the TE, and (d) a dopant with minimum intrinsic j. Of
course, each of these ideally needs to not deleteriously impact other
desired properties, such as electrical conductivity. As we will see from
the experimental works, small amounts of C NPs are extremely effec-
tive at achieving factors (a)–(c), resulting in significant reductions in j
for many TECs.

II. CASE STUDIES OF FACTORS INFLUENCING
THERMAL CONDUCTIVITY IN CARBON
NANOCOMPOSITE MATERIALS

This section reviews (primarily) experimental works that study
the effects on the thermal conductivity of materials compositing with
carbon nanoparticles, in light of the theoretical considerations

presented in Sec. I. It is divided into sub-sections, each of which high-
lights the role of a different physical parameter.

A. Particle inclusion (geometry)

1. Dispersion

The nature in which a carbon dopant is dispersed into the host
material has crucial implications for the thermal properties of the com-
posite and the applicability of various thermal conductivity models—
most of which assume a homogenous dispersion.108 An increased
homogeneity of dispersion of carbon dopant typically results in an
increased number of host–dopant interfaces, and decreased agglomer-
ation. Whether a dopant will increase or decrease the thermal conduc-
tivity of its host can depend on the thermal properties of the particle
agglomerates, percolation, and thermal interface (Kapitza) resistance.
Typically, the relatively strong van der Waals attraction between car-
bon nanoparticles makes including more than a few volume percent
difficult without significant agglomeration for most synthesis methods
and most host systems. In the case of carbon TECs, the lattice thermal
conductivity will typically decrease with a small amount of added car-
bon and then begin to rise again as the number of thermal interfaces is
reduced and the intrinsic thermal conductivity of the carbon—which
is usually much larger than the host—begins to contribute more signif-
icantly as more contacts between particles are made. However, the
relationship between the amount of dopant and the thermal conduc-
tivity is also affected by the relationship between dopant concentration
and pore formation, grain boundary formation, and the thermal prop-
erties of agglomerated particles/bundles, making the effects of disper-
sion difficult to study in isolation.3

Liu et al. separated carbon–thermoelectric compositing methods
into two categories: in situ and ex situ.4 Solid-state ex situmethods use
ball-milling or mechanical blending or grinding to mix the host and
dopant and then a sintering process, such as spark plasma sintering
(SPS), to consolidate the mixture. Solution ex-situ methods utilize sol-
vent mixing media with stirring and ultrasonication, followed by dry-
ing and then consolidation. Often, solution-based ex situ synthesis also
utilizes solid-state methods (e.g., ball milling). In situ compositing can
provide high homogeneity via the adherence or growth of part or all of
the host directly on the dopant. Assuming that there is no significant
diffusion of particles, this ensures that each dopant particle is sur-
rounded by the host during consolidation, minimizing dopant contact.
Solid state or other solution-based ex situmethods are typically utilized
after in situ synthesis to perform consolidation of powders or gels into
dense solids required for property characterization.

Many attempts have been made to improve the solubility of car-
bon nanomaterials to aid solution-based ex situ mixing. More details
and effects on the ETC of the composite are discussed in Sec. II B 2.
Briefly, carbon nanoparticle surface functionalization can be separated
into covalent and non-covalent routes.155,156 Covalent functionaliza-
tion involves the formation of functional groups on the surface of the
particles, leading to higher solubility in polar solvents. Non-covalent
functionalization aims to achieve this same goal by adsorbing mole-
cules onto the surface of the particles (e.g., via hydrogen bonding, p–p
stacking, electrostatic interactions). After improved mixing, samples
are dried, and powders consolidated with improved dispersion.

The first in situ method for compositing carbon nanomaterials—
molecular level mixing—was demonstrated by Hwang et al. to
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effectively disperse reduced graphene oxide (rGO) flakes in copper.157

Reduced graphene oxide powders, which contain functional groups
such as hydroxyl and carboxyl groups, render the particles hydrophilic,
improving dispersion in solution and enhancing the bonding between
the rGO and host via covalent oxygen–metal bonds, effectively bridg-
ing the carbon and metal atoms. GOs and metal ions are first mixed in
de-ionized water, after which the NaOH is used to create GO/CuO
powders so that the functional groups on the GOs are not reduced
before chemical bonds can be made with the Cu ions. The solution is
then dried, and the resulting powder is reduced to rGO/Cu. Finally,
the powder is consolidated using SPS. A schematic of this process is
shown in Fig. 9. Variations of this process are now widely used, and
their effects on thermal conductivity are discussed in Sec. IIB 2.

Kim et al. reported a synthesis route to create Bi0.5Sb1.5Te3 nano-
diamond (BST/ND) composites with highly dispersed NDs by utilizing
synthesis conditions that avoid full sintering and grain growth, which
would cause ND agglomeration at grain boundaries.68 As shown in
Fig. 10(a), three internal (BST/ND) Gibbs free energy states exist going
from a powdered mixture to a fully densified and sintered sample,
where G0 represents the un-sintered powder, G1 represents the meta-
stable, densified, and sintered sample, and G2 represents the fully sin-
tered sample with significant grain growth. The ideal, metastable state,
G1, can be achieved by sintering at low temperatures (in this case,
below 623K) and using a sufficiently small amount of ND powder
(<0.2 vol. %). It is possible that the point-defect zones surrounding the
NDs—assisted by the deformation of the powders via high-energy ball
milling—also aid with the stability of the intermediate G1 state. The
thermal conductivity of this system is discussed further in Sec. II C 3.

Islam et al.52 recently developed an interesting solution-based ex
situ strategy to achieve nanoscale dispersion of amorphous carbon
inside of Cu2Se using grape juice. In their fabrication process, shown
in Fig. 11(a), they simply mixed grape juice with Cu2Se powder and
dried the solution on a hot plate. The dried sample was then heated
inside an evacuated sealed silica tube, up to 1200 �C. The

microstructural analysis using STEM [Figs. 11(b) and 11(e)] revealed a
well-dispersed carbon phase inside the Cu2Se grain boundaries with a
Cu2O phase inside the C and Cu2Se matrix. Furthermore, Raman anal-
ysis showed enhanced disorder of carbon atoms inside the composites
[Fig. 11(f)]. The carbonaceous materials inside the Cu2Se matrix dras-
tically reduce thermal conductivity [Fig. 11(g)].

As mentioned by Han and Fina,3 it is particularly difficult to pro-
vide general rules for the relationship between the dispersion of carbon
nanomaterials and the thermal conductivity of their composites. This is
because the degree of dispersion is a relative concept, and often only a
small amount of evidence (e.g., one TEM or SEM image) is provided.
To further complicate the matter, thermal conductivity itself is often
used as a metric for dispersion, with the assumption of good agreement
with a particular thermal conductivity model. However, as has been dis-
cussed and will be discussed further, there are many co-existing factors
affecting thermal conductivity. Techniques to disperse nanomaterials
more effectively, such as surface treatment, functionalization, or the
mixing method, often alter the thermal properties of the host and nano-
materials themselves. Nonetheless, there have been attempts to quantify
some of the complex effects of dispersion. The effect of dispersing car-
bon nanotubes (CNTs), for example, is particularly significant, due to
their high aspect ratio. Recently, Wang et al. used a micromechanical
approach to derive an analytical model for the ETC of CNT composites,
which includes a parameter for agglomeration, as well as for waviness,
interfacial resistance, CNT alignment, volume fraction, length, and
diameter [scheme shown in Fig. 12(a)].114 Figure 12(b) shows the
dependence of the ETC on the degree of agglomeration, cI (where
cI ¼ 1 corresponds to fully homogeneously dispersed CNTs, i.e., no
agglomeration) as a function of volume fraction, Vf .

2. Orientation and alignment

Due to their highly anisotropic geometry, and hence, properties,
the orientation of CNTs, CFs, and graphene/graphite flakes in a

FIG. 9. Schematic of fabrication process of rGO/Cu nanocomposites. (a) Pristine graphite. (b) Graphene oxide by the Hummers method. (c) Dispersion of Cu salt in graphene
oxide solution. (d) Oxidation of Cu ions to Cu-oxide on graphene oxide. (e) Reduction of Cu-oxide and graphene oxide. (f) Sintered rGO/Cu nanocomposite powders. Reprinted
from Hwang et al., Adv. Mater. 25, 6724–6729 (2013). Copyright 2013, with permission from John Wiley and Sons.157
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composite will greatly affect the effective thermal conductivity (ETC)
of the composite for a given direction of heat conduction.158 However,
realizing the alignment of anisotropic carbon nanomaterials in differ-
ent matrices as desired is not simple to achieve nor is the characteriza-
tion of the particle orientations. Various alignment techniques have
been demonstrated in PMCs such as utilizing melt processing, using
preformed particle arrays, or aligning with an external magnetic or
electric field.3 Aligning nanoparticles in MMCs and TECs, however,
proves to be more difficult.159 While magnetic field alignment has
been demonstrated in Mg CNT composites, there are a few pioneering
studies in this area.160 Here, we discuss studies that investigate the
effect of typical synthesis routes for MMCs and TECs on carbon nano-
material orientation and relate that to the composite’s thermal
properties.

From our observations, the most commonly invoked model for
the ETC of anisotropic-dopant composites is the model by Nan
et al.107 The micromechanical approach by Wang et al., mentioned
previously, also captures the effect of orientation on the ETC.114 Their
model shows how, for a Cu–CNT composite, ETC changes for aligned
vs randomly oriented CNTs with and without interfacial thermal resis-
tance (Fig. 13).

Recently, the orientation dependent transport properties of
single-walled (SW) CNT and graphene–ZnO composite materials
were studied by Liang et al.161 Their work highlights the anisotropy of
the thermal and electrical properties of carbon composites when the
orientations of nanoparticles are not completely random due to con-
solidation procedures involving pressing, such as spark plasma sinter-
ing (SPS), demonstrating that significant alignment (also known as

FIG. 10. Concept of point-defect zones formed at the ND/BST interface. (a) Illustrations of the formation mechanism of an interfacial defect region prepared from nanodiamond-
dispersed BST matrix composite powders and schematic illustration of the synthetic process of the ND/BST composite with point-defect zones. (b) An HAADF-STEM image
and a highly magnified HAADF-STEM image showing ND powders embedded in the BST matrix grain of the 0.2 vol. % ND/BST composite. (c) EDS results of the AB line to
confirm the presence of nanodiamond, indicated as a carbon-rich region with a diameter of about 5 nm. Reprinted from Kim et al., Nano Energy 55, 486–493 (2019). Copyright
2019, with permission from Elsevier.68
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“texture”) occurs in low dimensional carbon materials during the
pressing stage. When measured perpendicularly to the pressing direc-
tion, the thermal conductivity of ZnO-SWCNT (1–2wt. %) compo-
sites show negligible differences compared to pure ZnO [Figs. 14(a)
and 14(b)]. In the direction parallel to pressing, however, there is a sig-
nificant reduction in the thermal conductivity across the entire tem-
perature range (�0–800 �C). A similar result is observed for graphene,
with the difference in thermal conductivity between the samples with
different dopant concentration being more pronounced. Utilizing their
microstructural and thermal conductivity data, Liang et al. determined
the Kapitza resistance, RK , by employing Nan et al.’s model for the
ETC of composite materials [Eq. (3)].107 Values of RK are calculated
for both the parallel and perpendicular pressing directions and thus
associated with side-on/radial and tube-end/axial thermal interface
resistance for the CNTs, respectively, and the in-plane and cross-plane
thermal interfaces for the graphene, respectively. A schematic

illustrating this is shown in Fig. 14(c), with the calculated values for RK

shown in Fig. 14(b). For the CNTs, at 1wt. %, the radial RK is signifi-
cantly larger than the axial RK , with the difference becoming smaller at
2wt. %, while the average remains approximately the same. The
authors highlight that this is likely due to the increased agglomeration
at higher weight percent, confirmed by electron microscope images,
which results in a higher probability of phonons seeing both the radial
and axial interfaces. The values for the in-plane and cross-plane RK for
the graphene composites are consistent across the two different con-
centration samples—with the in-plane boundary resistance being
much larger than the cross-plane—suggesting that the nanoparticles
are similarly dispersed.

Vallet et al. compared the anisotropic ETC of Cu-CNT MMCs
synthesized via two different routes: a “solid route” (SR) process, where
CNTs were simply mixed with the Cu powder, and a “liquid route”
(LR) process, where the CNTs were dispersed in a Cu salt solution

FIG. 11. (a) Schematic illustration of the
fabrication process of Cu2Se/Carbon
matrix. (b) Secondary electron SEM imag-
ing showing the carbon inside the Cu2Se
grain boundaries. (c) STEM analysis dem-
onstrating the carbon phase inside the
Cu2Se grain. (d) High-resolution images
of the selected region of (c). (e)
Amorphous carbon along with Cu2O
phase (dashed squares) is identified by
the FFT patterns as shown in the inset. (f)
Raman spectra of Cu2Se/C and pure car-
bon. (g) Temperature dependence thermal
conductivity of pure Cu2Se and carbon.
Reprinted from Islam et al., J. Mater.
Chem. A 8, 16913–16919 (2020).
Copyright 2020, with permission from the
Royal Society of Chemistry.52
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(molecular level mixing) and then mixed with the Cu powder.162 Both
routes then used uniaxial hot pressing to consolidate the CNTs and
Cu. In their work, they present the CNT volume fraction dependence
of the thermal conductivity of the SR and LR fabricated composites

and use Nan et al.’s generalized model in the limits of different particle
orientation ( cos2hh i ¼ 1 for perfectly aligned CNTs in the direction
of alignment, and cos2hh i ¼ 1=3 for randomly oriented CNTs)
[Fig. 15(a)].107 Up to 0.5 vol. %, composites from both routes demon-
strate a similar ETC value parallel to the pressing direction and match
the calculated theoretical value when assuming a random orientation
factor and estimated CNT intrinsic thermal conductivity
¼ 3000Wm�1K�1 [Fig. 15(b)]. The LR samples continue to follow
the model up to 1.5 vol. %, while the SR samples reduce in ETC signifi-
cantly in comparison. In the direction perpendicular to pressing, the
LR samples follow the model with an aligned orientation factor up to
1 vol. % reasonably well, with the 1.5 vol. % sample dropping signifi-
cantly below the calculated value. The authors suggest that complete
alignment of the CNTs is not realistic, and mention that it has been
demonstrated previously that they align randomly in a 2D plane per-
pendicular to the pressing direction. To account for this, the authors
modify the CNT thermal conductivity in the model to be the approxi-
mate average of the main tube axis (3000Wm�1K�1) and the perpen-
dicular radial axis (10Wm�1K�1) [Fig. 15(c)].

Comparing the work of Liang et al. and Vallet et al., both demon-
strate the anisotropic thermal properties of CNT composites arising
from processing by hot pressing and SPS methods and are understood
using Nan et al.’s effective medium model for the ETC.161,162

However, two different approaches are taken to rationalize similar
results. Liang et al. invoke changes in the CNT/graphene–matrix inter-
face resistance (side-on/radial and tube-end/axial interfaces, and in-
plane and cross-plane interfaces) as the responsible mechanism(s) for
anisotropic ETC in ZnO–CNT/graphene and suggest that agglomera-
tion is likely responsible for deviating evidence.161 Meanwhile, Vallet
et al. invoke the differing spatial orientation of the CNTs in the matrix
as the responsible mechanism in Cu–CNT, with differing intrinsic
radial and axial CNT thermal conductivity accounting for deviations
in their data.162 The results of these works and their differing analyses
demonstrate the need to perform careful characterization and analysis
in order to understand the origins of anisotropic ETC in CNT compo-
sites. If this can be done, Nan et al.’s model can potentially be used as
an indirect method of determining CNT dispersion and orientation.
However, this approach is limited by the bundling of all the responsi-
ble physical mechanisms of thermal conductivity reduction into RK .
Nonetheless, it is clear that typical consolidation techniques such as
SPS and hot pressing considerably affect the anisotropic ETC of TEC
and MMC CNT composites, and other processing techniques that
align nanoparticles such as mechanical drawing/extruding will likely
demonstrate similar anisotropic thermal properties.

B. Thermal boundary resistance

1. Phonon mismatch

The probability of a phonon transmitting through an interface in
the Landauer approach (see Sec. I C 3) relies on the phonon density of
states (PDOS) of each material at the interface. In the acoustic mis-
match model (AMM), a small ratio (large mismatch) of acoustic
impedance results in a low phonon transmittance, while in the diffuse
mismatch model (DMM), a large mismatch of the PDOS results in a
low phonon transmittance. A few studies—presented here—have been
conducted to investigate the role of “phonon mismatch” to describe

FIG. 12. (a) Schematic representation of the computational approach for estimating
the effective thermal conductivity of CNT-reinforced MMCs, including effects from
agglomeration, spherical inclusions containing randomly oriented CNTs, aligned
wavy CNTs, straight CNTs at an angle, straight CNTs, and CNTs surrounded by an
interfacial region, and (b) the effect of the degree of CNT agglomeration, cI , on the
effective thermal conductivity of CNT-reinforced Cu MMCs. Reprinted from Wang
et al., J. Alloys Compd. 793, 191–201 (2019). Copyright 2019, with permission from
Elsevier.114
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the significant reduction in lattice thermal conductivity observed in
carbon-composited thermoelectric and metallic materials.

Li et al. adopted phonon-mismatch analysis in their work on
nano-graphene Cu2Se composites to explain the significant reduction
in lattice thermal conductivity over pure Cu2Se (Fig. 16).

48 As revealed
by inelastic neutron spectroscopy, the thermoelectric phase has most
of its available vibrational states at low energies (frequencies); below

30meV (�7THz). In contrast, graphene has phonon modes extending
beyond 100meV (�24THz). Because the PDOS overlap between these
materials is very low at low energies, the primary heat-transporting
modes in Cu2Se, which exist at low energies (acoustic phonons), have
a low transmission probability through the Cu2Se–graphene interface.
The resulting composites exhibit values of jtotal that are �1/3 of the
pure matrix value. A similar analysis was performed by Zhou et al.,

FIG. 13. Effect of CNT arrangement, with
and without interfacial thermal resistance,
on the effective thermal conductivity of Cu
MMCs. Reprinted from Wang et al., J.
Alloys Compd. 793, 191–201 (2019).
Copyright 2019, with permission from
Elsevier.114

FIG. 14. Temperature-dependent thermal
conductivity for (a) SWCNT/ZnO and (b)
G/ZnO bulk nanocomposites with different
pressing directions. (c) Illustration of the
ZnO/carbon thermal interfaces for in-plane
and cross-sectional thermal conductivity
measurement directions. (d) Interfacial
thermal (Kapitza) resistance for the ZnO/
SWCNT and ZnO/G interfaces derived
from the thermal conductivity measured
for in-plane (blue bar) and cross-sectional
(orange bar) transport directions.
Reprinted from Liang et al., J. Mater.
Chem. C 7, 1208–1221 (2019). Copyright
2019, with permission from the Royal
Society of Chemistry.161
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extending the strategy to composites containing multiple compounds
of Cu2Se, BiPbCaCuSeO, and graphene (Cu2Se-BPCCSO-GR).

163 The
optimization among the three compounds not only enhanced the elec-
tric properties but also further reduced the thermal conductivity to the

level of 0.11Wm�1K�1, resulting in a record high performance
amongst thermoelectric materials. The significant reduction of the
thermal conductivity results from the strong phonon scattering due to
multiple interfaces and large phonon mismatch of the composites. The
latter was further corroborated by the small overlapping factor of the
phonon density of states. Of the three-compound composites, Cu2Se-
BPCCSO-GR has the lowest overlapping factor as compared to the
corresponding two-compound composites of Cu2Se-GR and
BPCCSO-GR.

FIG. 15. (a) Schematic demonstrating various particle orientations and correspond-
ing geometric terms. (b) Measured thermal conductivities of Cu–CNTs composite
materials parallel to the pressing direction and predicted thermal conductivities for
cos2hh i ¼ 1=3. (c) Thermal conductivity of Cu–CNTs composite materials in the

direction parallel [liquid route (para)] and perpendicular [liquid route (perp)] to the
axis of compression and predicted results (K11

� and K33
�) for cos2hh i¼ 1 and

jCNT¼ 3000W m�1 K�1 and jCNT¼ 1500W m�1 K�1. Reprinted from Universal
Vallet et al., J. Mater. Sci. 3, 55––61 (2015). Copyright 2015, with permission from
Horizon Publishing (CC-BY).162

FIG. 16. (a) Schematic illustration of two different scattering processes: specular
reflection and diffuse scattering, for a phonon at the Cu2Se/C interface. (b) The den-
sity of states of Cu2Se measured via a neutron spectroscopy experiment at 550 K
and calculated with ab initio molecular dynamics. (c) Thermal conductivity of Cu2Se
and its nano-graphene composites. Reprinted from Li et al., Nano Energy 53,
993–1002 (2018). Copyright 2018, with permission from Elsevier.48
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Yang et al. also used the phonon-mismatch approach to analyze
the thermal conductivity of their carbon–fiber Bi–Sb–Te (BST) com-
posites (Fig. 17).164 As shown in Fig. 17(b), with the addition of carbon
fiber, the lattice thermal conductivity of the composites decreases sig-
nificantly. Similar to the Cu2Se–graphene system, BST exhibits a large
phonon density of states below 5THz (20meV), while CF has a very
low phonon density of states below 5THz [Fig. 17(a)], indicating a low
probability of transmission for phonons below 5THz according to the
DMM model. Above 5THz, the phonon density of states of the CFs is
still widely distributed, whereas that of BST is negligible, indicating
transmission of high-energy phonons will be forbidden if a direct one-
phonon process is assumed. The low probability of phonon transmis-
sion leads to the large interfacial thermal resistance between CF–BST
interfaces, thereby suppressing the heat conduction in BST/CF compo-
sites. Utilizing the AMM and DMMmodels, values of thermal bound-
ary resistance, RK were calculated to be 1.4� 10�6 and 1.2� 10�6

m2 KW�1, respectively.
Non-equilibrium molecular dynamics simulations were used by

Wang et al. to model how the interfacial thermal conductivity (ITC—
inversely proportional to RK ) changes in a Cu–CNT composite with
the addition of various metal additives at the CNT surface (Fig. 18).165

It was found that a few layers of Co and Ti atoms significantly
enhanced the ITC across the Cu–CNT interface, while Au and Ag
both decrease the ITC. The results were understood in two paradigms.
First, the ITC is proportional to the metal–CNT bond strength. Cu
itself bonds relatively weakly to carbon (nanotubes) through physi-
sorption, leading to a high thermal barrier. While Ag and Au bond to
carbon slightly more strongly—also by physisorption—the extra ther-
mal barrier that their presence creates at the Cu–Ag or Cu–Au inter-
face is larger than any increase in ITC at the Ag–CNT or Au–CNT
interface. Co and Ti, on the other hand, have a much stronger bonding
with carbon by chemisorption and also with Cu itself. This results in
more effective thermal transport at the Cu–Co or Cu–Ti interface and
the Co–CNT or Ti–CNT interface. Second, the PDOS was calculated
for each material and the PDOS overlap, S, calculated, in accordance
with the DMM.124 The calculated values for S follow the same series as
the metal–C chemical bonding strength and ITC: Co>Ti
>Cu>Ag>Au.165 This work demonstrates the potential for ITC
(RK ) engineering for both TEC and MMC applications and provides a
helpful quantitative description of the ITC in carbon–metallic systems.

The results from several studies, as discussed above, show that
the diffuse mismatch model (DMM) is a helpful tool to explain the

large thermal boundary resistance in carbon composites. Providing an
estimate for RK from a theoretical point of view can greatly enhance
the understanding of the ETC in composite systems when combined
with models, which contain a thermal boundary term. In most carbon
(nano)materials, highly dispersive phonon modes arising from strong
C–C bonding and light C atoms result in a large density of phonon
states at high energies. Comparatively, systems consisting of relatively
heavier and weakly/anharmonically bonded atoms, such as TE materi-
als and some metals, are weakly dispersive and are only able to sustain
relatively low energy phonon modes. This analysis provides insight
into the origin of large phonon scattering by various carbon dopants
in many material systems. However, there is much work to be done in
developing this theory to accurately predict the thermal conductivity
of composites. For example, it is not yet obvious whether the differ-
ences in PDOS between various carbon dopants is significant enough
to impact jL in a composite with the same host material. Additionally,
as we explored in Sec. I C 2, it is not clear whether a large RK can be
considered as the primary origin of the significant reduction in jL
exhibited by some composite systems. According to the models shown
in Sec. I C, even infinitely large RK can only have a limited effect for
some particle configurations. Molecular dynamics simulations and
neutron spectroscopy have proven to be useful probes for phonon
modes in nanoparticles, bulk materials, and their composites, and we
predict that further studies with these tools will provide great insight
into relevant physical phenomena.

2. Surface treatment and functionalization

Various methods have been developed to functionalize or other-
wise treat the surfaces of carbon nanomaterials in order to alter their
surface thermal properties and improve their incorporation into the
host matrix. This has been achieved via chemical, plasma, and electro-/
mechanochemical procedures.166–170 These methods can usually be
separated into two categories: covalent and non-covalent functionaliza-
tion.155,156 Covalent functionalization is achieved by the direct addition
of functional groups to the surface of the nanoparticles. Generally, this
is an oxidation process involving heat treatment or exposure to acids,
which cause the formation of carboxyl groups on the surface that can
then be further chemically altered for the desired functional group.
The structure of the carbon material is also often altered during cova-
lent processing. For example, surface-modifying carbon nanotubes
(CNTs) can cause many of the sp2 hybridized bonds to transform into

FIG. 17. (a) The phonon mismatch between
BST and carbon fibers calculated via DFT.
(b) The lattice thermal conductivity of the dif-
ferent BST/CF samples. Reprinted from
Yang et al., Adv. Funct. Mater. 31, 12 (2021).
Copyright 2021, with permission from John
Wiley and Sons.164
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sp3 bonds, resulting in many defects in the tubes. The main attraction
of covalent functionalization is the superior dispersity of functionalized
particles in polar solvents and thus the host matrix, reducing bundling
and agglomeration.156 Additionally, the C–matrix interfacial adhesion
or bonding is also often improved. The latter is usually beneficial for
MMCs and PMCs, but not necessarily beneficial for TECs as interfacial
bonding strength is directly proportional to interfacial conductance.
Non-covalent methods consist of the adsorption of organic or inor-
ganic molecules (including chains) onto the surface of particles by
non-covalent bonding, i.e., hydrogen bonding, p–p stacking, and elec-
trostatic interactions. This is generally preferred over covalent bonding
since it offers similar benefits to covalent functionalization while pre-
serving the nanoparticle’s condition. However, there is the risk of
desorption because of the weaker non-covalent bonds involved and
the interfacial bonding might not have the same magnitude of desired
effect.156 Here, we discuss relevant studies that have investigated the
effect of functionalization on thermal transport in TECs and MMCs.
We have included a discussion specifically on metal functionalized
composites in Sec. II B 3.

In their study investigating CNT–Bi2Te3 composites for TE appli-
cations, Zhao et al. measured the effects of argon plasma treating
CNTs before growing Bi2Te3 onto the CNT scaffold and then consoli-
dating via SPS [Fig. 19(a)].171 Their work shows that CNTs can be
treated to significantly suppress the lattice ETC while leaving the

electrical conductivity largely unaffected (Figs. 19(b) and 19(c)]. This
“decoupling” of phonon and carrier transport leads to a �50%
increase in the ZT compared to the untreated composite. The origin of
reduced phonon transport in the Ar-plasma treated composite is ratio-
nalized by the amorphization of carbon and the creation of point
defects on the CNT surfaces resulting from the Ar bombardment. The
damaged CNTs cause a roughened CNT–Bi2Te3 interface, which
strongly scatters mid-to-long wavelength phonons. This roughness
results in diffuse phonon reflection at the interface. Transmitted pho-
nons into the CNTs are also diffuse since the mean free path of pho-
nons in amorphized carbon is on the atomic scale. With increasing
treatment time, the CNTs are damaged more—at a decreasing rate—
causing stronger scattering and further reducing the lattice thermal
conductivity.

Acid treatment of CNTs is a form of covalent functionalization
that has been investigated in CNT TECs and MMCs. Cho et al. studied
the effects of acid treatment on CNTs aiming to increase the thermal
conductivity of Cu–CNT MMCs.172 After finding the optimal ratio of
acids and treatment time, they used H2SO4 and HNO3 to functionalized
MWCNTs and consolidated them with Cu via SPS after mixing the Cu
and CNT powders in ethanol and drying. They show that the total ETC
is greatest when using treated CNTs, with an increase in the thermal
conductivity of the copper being achieved below 1 vol. %. The authors
fitted a simple thermal conductivity model that does not consider

FIG. 18. (a) The dominant phonon transmission mechanism for Cu–Co–CNT, Cu–CNT, and Cu–Au–CNT interfaces and (b) the effect of metal additive on the temperature gra-
dients for the Cu–M–CNT composites and the (c) ITC for the corresponding systems. Reprinted from Wang et al., Chem. Phys. 542, 111019 (2021). Copyright 2021, with per-
mission from Elsevier.165
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thermal interface resistance, assuming that this is negligible in this
vol.% region [Fig. 20(a)] for these types of interfaces. The untreated
CNTs cause a significant reduction in the total ETC at all volume per-
cent and for the treated samples beyond�5 vol. %. The electronmicro-
scope images of their samples reveal that the untreated CNTs contain a
few-nanometer-thick amorphous layer which, after consolidation, is
incorporated into the Cu grain boundaries. The treated samples, how-
ever, have significantly reduced amorphized carbon on the surface,
allowing them to form better contact with the Cu matrix, and the Cu
grain boundaries are relatively clean. They propose a diffusion mecha-
nism responsible for the inclusion of amorphous carbon into the Cu
grain boundaries, which involves the oxygen atoms present from CuO
on the surface of the powder [Fig. 20(b)]. The amorphous carbon
acts as both an effective thermal interface in the grain boundary
and increases the thermal interface resistance at the CNT–Cu
interface. This could explain Kim et al.’s result for reduced lattice ther-
mal conductivity for the weakly treated tubes compared to the strongly

treated tubes if a similar mechanism is at play in their Bi2Te3–CNT
composites.

Covalent functionalization with H2SO4 and HNO3 is compared
with non-covalent functionalization with polymer wrapping using cat-
ionic sodium polystyrene sulfonate (PSS) by Firkowska et al. in Cu–
MWCNT MMCs,173 and Pal and Sharma in Ag–MWCNT MMCs.174

Both studies use very similar synthesis routes, with Firkowska et al.
using SPS to sinter their powders, while Pal and Sharma use a horizon-
tal tube furnace. Firkowska et al. found that both forms of functionali-
zation improve the ETC of the composite compared to the as-received
CNTs, particularly at higher weight percent, although an enhancement
of the thermal conductivity over the pure Cu sample was not achieved
in any of the composites [Fig. 21(a)].173 Additional CNTs proved
more and more detrimental to the ETC over the range of 0.2–10wt. %.
The authors use the model developed by Nan et al. [Eq. (3)] to calcu-
late the Cu–CNT ETC and found that even using a Kapitza resistance
an order of magnitude larger than is expected, the Cu–CNT

FIG. 19. (a) Illustration of the fabrication and structure of flexible Bi2Te3–CNT hybrids using an untreated CNTs scaffold and an Ar-plasma-treated CNTs scaffold. A high density
of defects is generated on CNTs due to ion bombardment. (b) Total and (c) lattice þ bipolar thermal conductivity for different plasma treatment times. Reprinted from Zhao
et al., Carbon 170, 191–198 (2020). Copyright 2020, with permission from Elsevier.171

Applied Physics Reviews REVIEW pubs.aip.org/aip/are

Appl. Phys. Rev. 11, 021336 (2024); doi: 10.1063/5.0173675 11, 021336-23

VC Author(s) 2024

 30 January 2025 05:34:06

pubs.aip.org/aip/are


composites have significantly lower ETC than calculated [Fig. 21(b)].
Pal and Sharma achieved starkly different results with Ag–CNT with
PSS functionalized composites, achieving increasing thermal conduc-
tivity at 3 and 6 vol. % compared to the pure Ag sample [Fig. 21(c)].174

Untreated SWCNT–Ag composites showed the next highest ETC,
with slightly reduced values compared to pure Ag, where the ETC
decreased further from 3 to 6 vol. %. The covalently functionalized
CNTs showed the lowest ETC, which also reduced further from 3 to
6 vol. %. Pal and Sharma employed various versions of the model
developed by Nan et al. [including Eq. (3)] and found that the PSS
functionalized Ag–CNT composite fit the simplest form—which does
not include interfacial thermal resistance—remarkably well
[Fig. 21(d)]. The ETC of the other composites, however, fall well below
the calculated values of the models including Kapitza resistance. They
deduce that the non-covalently functionalized (via p–p stacking)
CNTs with PSS assist in the transfer of heat from both phonons and
electrons at the CNT–Ag interface. In contrast, it is thought that the
more covalent nature of bonding between the CNT and Ag matrix
that is achieved by covalent functionalization reduces the number of
available electrons to transfer heat while the induced defects from the
acid treatment reduce phonon propagation in the CNTs. The reduced
ETC of the SWCNT composites is thought to arise predominantly
from additional agglomeration, since the individual tubes should have
higher intrinsic TC compared to both treated MWCNTs, and theoreti-
cally offer a better transfer of electronic thermal conductivity com-
pared to the covalently treated MWCNTs. The temperature
dependence of the ETC for each type of CNT composite shows mark-
edly different behavior—indicating the dominance of different thermal
transport mechanisms in each.

Overall, plasma treatment of CNTs shows great promise for the
further reduction of ETC and increase in ZT in CNT composites by
enhancing the CNT–matrix thermal barrier through amorphization of
the outer tube, while retaining good electronic transport.171 While this
has only been achieved in magnetron-sputtered Bi2Te3, more conven-
tional methods of dispersing carbon nanomaterials into the host, such

as in solution, are also expected to benefit from plasma treatment. In
particular, homogeneous dispersion of CNTs in solution can be
achieved via the creation of polar functional groups on the outer CNT
wall by oxygen and ammonia plasma treatment.175 Acid treatment has
been shown to reduce the amount of inherent amorphized carbon on
the exterior of pristine CNTs and increase interfacial bonding, result-
ing in an increase in ETC in MMCs.172 However, this enhancement of
ETC is not a consistent result across studies using different synthesis
techniques, even for the same host system.173 Furthermore, it is
thought that the increased covalency of bonding between the cova-
lently functionalized CNTs and the metal matrix can result in reduced
electronic thermal conductivity. This is consistent with results
observed in TE Bi2Te3–CNT composites, where covalently functional-
ized CNT composites show lower total thermal conductivity but higher
lattice thermal conductivity, compared to untreated (or weakly treated)
CNT composites.8,176 Non-covalent functionalization by polymer
wrapping is a promising treatment method for enhancing the lattice
thermal interface between CNTs and metal matrices, resulting in
increased ETC.174 However, this has only been realized in Ag and not
Cu systems.173,174 While these interfacial enhancements are solely det-
rimental to TECs, there is some promise for ETC enhancement in
MMCs via covalent and non-covalent functionalization.

3. Alloying

The effect of alloying with various other metallic elements has
also been investigated and is found to modify the thermal boundary
resistance at the C-matrix interface.177–184 This can take the form of
coating the carbon nanomaterial with a metal different to the host
before consolidation (e.g., by electrodeposition, chemical vapor deposi-
tion) as a form of non-covalent functionalization, or simply synthesiz-
ing an alloyed host. Typically, the presence of another metal is
introduced to act as a thermal bridge between the carbon dopant and
host matrix, increasing interfacial thermal conduction (ITC) (see Sec.
II B 1). The most well studied matrix in this context is Cu, since it is

FIG. 20. (a) Thermal conductivities of MWCNT–Cu composites as a function of CNT content in a direction perpendicular to the compression axis. (b) Possible schematics of
the interfacial characteristics of the treated MWCNT–Cu composite and amorphous layer formation in the pristine MWCNT–Cu composite. Reprinted from Cho et al., Acta
Mater. 60, 726–736 (2012). Copyright 2012, with permission from Elsevier.172
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not wettable with carbon and overall bonds very weakly to it.185

Although few such studies have been conducted on TECs in an
attempt to decrease the ITC, the results from MMC studies bring great
insight and prospects for TEC and other composite systems.

Experimentally, various metals have been used to decorate carbon
CNTs before incorporating them into metal matrices in order to
enhance interfacial thermal conductivity, including Al, W, Mo, and
Fe.182,183,186,187 In all of these cases, the ETC of the composite with
metalized CNTs increased compared to the host matrix (Cu in all
cases) and the composites using un-treated CNTs. The significant
increase in ETC in the metalized CNTs is primarily due to improved
dispersion and the formation of metal (W, Al, Mo, Fe, etc.) carbides at
the metalized CNT interface, which act as a thermal bridge, as
described in Ref. 165.

Alternatively, simply alloying the matrix with carbide-forming
elements can alter the thermal boundary between the CNT and the
host. Chu et al. compared the ETC of CNT composites of pure Cu and

Cu-Ti(0.85%) [Fig. 22(a)].179 In their study, they show the clear forma-
tion of Ti carbide layers at the matrix–CNT interface, contributing to a
significantly reduced CNT–matrix thermal interface resistance:
RK;Cu ¼ 8.4� 10�7m2 K W�1!RK;Cu�Ti ¼ 6.5� 10�8m2 K W�1,
calculated using the model developed by Nan et al. [Eq. (3)]
[Fig. 22(b)]. The formation of TiC is shown to be thermodynamically
spontaneous with a Gibbs free energy of �157.6 kJ/mol at a sintering
temperature of 1053K. Additionally, defects such as unstable dangling
bonds on the CNT surfaces caused by milling and surface treatment
are highly reactive and are more likely to form carbides. Similar results
have been achieved in Cu–W184 and Cu–Cr188 CNT composites, by
the formation of W–carbides and Cr–carbides, respectively.

Both the dispersion of CNTs into a metal host and the interface
of the metal host matrix with CNTs can be improved with the
thoughtful addition of other metals, either by pre-coating the CNTs or
by alloying the host. In particular, carbide-forming elements signifi-
cantly improve the thermal interface in Cu–CNT composites through

FIG. 21. Results from Firkowska et al. showing (a) a comparison of the effective thermal conductivities of CNT/Cu nanocomposites and (b) the normalized (to the host) thermal
conductivities of the composites up to 50 vol. %, compared with an EMA with various interface resistance terms. Results from Pal and Sharma showing (c) a comparison of
average normalized effective thermal conductivities of CNT/Ag nanocomposites with unreinforced Ag and (d) comparison between predictions given by various EMA models
and experimental data for thermal conductivity of CNT/Ag composites as a function of CNT volume fraction. Reprinted from Firkowska et al., Phys. Status Solidi B 248, 2520–
2523 (2011). Copyright 2011, with permission from John Wiley and Sons,173 and Pal and Sharma, Trans. Nonferrous Metals Soc. China 25, 154–161 (2015). Copyright 2015,
with permission from Elsevier.174
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the formation of carbide layers, which act as a thermal bridge between
Cu and CNTs.179,184,188 It has been shown by simulation that the
opposite effect can occur by choosing a coating element that bonds
even more poorly to the CNT than the host, increasing the CNT–host
interfacial thermal resistance.165 As far as we are aware, no such study
has been conducted for a TEC, and we encourage this as an avenue for
exploration. Yuan et al. did incorporate CNTs into a Cu–Ni alloy (con-
stantan) to reduce thermal conductivity for thermoelectric applica-
tions.189 They showed a significant reduction in the thermal
conductivity of the composite due to the large formation of CNT
aggregates, pores, and Cu/Ni–CNT interfaces. Although the physical
properties demonstrated in their work are promising, the presence of
Ni on the Cu/Ni–CNT interface was not detected directly, and it would
have been beneficial to have high-resolution transmission electron
microscope images of the CNT–host interface. For the desired effect of
a layer of Ni acting as an additional thermal barrier between the host
and the CNTs, the Ni would possibly need to be pre-coated onto the
CNTs before sintering.

C. Induced host phonon scattering mechanisms

1. Porosity

The addition of carbon nanoparticles (NPs) can also cause the
formation of additional pores during the sintering process, which act
as additional scattering sites for phonons.189 The thermal conductivity
of porous materials has been studied for various applications such as
for integrated circuits, sensors, solar cells, photoluminescence, and, of
course, thermoelectrics.190,191 The degree of thermal conductivity
reduction from pores depends on multiple factors including the num-
ber of pores, their size (and size distribution), and shape—factors,
which also affect thermoelectric performance due to their influence on
electronic transport (i.e., power factor).191,192 For TE applications, the
impact of porosity on the electronic transport needs to be carefully
considered.

Yuan et al. studied Cu–Ni (constantan) alloys doped with CNTs
and Se (CNT/Cu55Ni45Se) for thermoelectric applications and
achieved a significant reduction of the composite lattice thermal con-
ductivity due to the large CNT–matrix interface resistance, significant
agglomeration of CNTs, and the resulting porous structure.189 A large
number of nanoscale pores (50–150nm) were observed in SEM images
at fractured sites, with the porosity of the spark plasma sintered prod-
uct increasing from 2% to 14% with 0–3wt. % CNT addition, respec-
tively. Additional porosity originates from the hollow structure of the
CNTs themselves (2 nm diameter) and the highly agglomerated
SWCNTs. The resulting total thermal conductivity decreased from jtot
	 45Wm�1K�1 for the pure sample to jtot (ETC)	 5Wm�1K�1

for the 3wt. % CNT composite at high temperatures (800–900K),
with similarly sized contributions coming from both the electronic and
lattice components.

Tang et al. demonstrated ultralow thermal conductivity in the
thermoelectric ceramic Ca3Co4O9þd (CCO) by the addition of CNTs,
also resulting in a porous structure.77 Their pure CCO sample demon-
strated a ktot value of 3.14Wm�1K�1 at room temperature while the
6wt. % CNT composite fell just below the disordered crystal limit pro-
posed by Cahill (0.319Wm�1K�1) with jtot ¼ 0.3Wm�1K�1. It is
believed that this 91% reduction in thermal conductivity is due to a
wide range of phonon scattering mechanisms caused by the CNTs and
nanopores since the charge contribution to jtot is thought to be <1%.
To make their composites, they used a combination of regular CNTs
and helical/chiral CNTs. Interestingly, they showed that the helical
CNTs created significantly more nanoscale voids at the CNT–CCO
boundary. The influence of pores on thermal conductivity has also
been recognized by Zhang et al. in TE Bi2Te3 composited with
CNTs.193 They used cryogenic grinding of the composite (CNT and
Bi2Te3) powders before SPS. Cryogenic grinding significantly improves
the dispersion of the CNTs into the matrix by truncating them and no
agglomeration is seen in the composite samples. Additionally, the grain
sizes are significantly reduced and pores on the order of 10–100 nm
are formed due to both the cryogenic grinding and the presence of
CNTs during sintering (Fig. 23). The total thermal conductivity is
reduced from jtot ¼ 1.14Wm�1K�1 for the pure Bi2Te3 sample to a
minimum of jtot ¼ 0.32Wm�1K�1 at 475K for the 3 vol. % CNT
composite, with the majority of jtot coming from the lattice
component.

Highly porous Bi2Te2.7Se0.3–CNT composites have been synthe-
sized by Li et al. via a novel sacrificial template method, which

FIG. 22. (a) HRTEM image of the interface in CNT/Cu–Ti composites. (b) Thermal
conductivity measurements and predictions of CNT/Cu–Ti and CNT/Cu composites
vs CNT content. Reprinted from Chu et al., Appl. Phys. A: Mater. Sci. Process. 110,
269–273 (2012). Copyright 2012, with permission from Springer Nature.179
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significantly reduces thermal conductivity while leaving charge carrier
transport relatively unaffected.194 Instead of using traditional MW or
SW CNTs, Li et al. demonstrated a unique synthesis technique for
CNT composites, which involves coating Te nanowires with carbon
through a hydrothermal process with glucose. During consolidation
via SPS, the Te is liquefied and penetrates the porous CNTs and creates
a new, few-layer BTS–CNT interface [Fig. 24(a)]. The result is a BTS–
CNT composite with highly dispersed, straight, porous, amorphous
CNTs with a layer of BTS on the CNT surface, which allows for
enhanced charge transfer and mobility. Additionally, high-density and
uniform nanopores are located throughout the BTS grains, originating
from the expulsion of Te from the nanowires. Two different composite
series were synthesized to compare the effect of the BTS/CNT inter-
face/microstructure on the TE properties. The primary samples were
made with 60–100 nm diameter CNTs (1.5–5% weight or volume—
not specified) and are labeled BTS/CNT1. A secondary set, for refer-
ence, was made with a CNT with a diameter 	10nm. To understand
the role of the nanopores on the lattice thermal conductivity, the
authors of the study employed an effective medium theory (EMT)
model, which considers the shape, diameter, and number of pores
[Fig. 24(b)]. The EMT model significantly overestimates the BTS/
CNT1 composite lattice thermal conductivity, which has a minimum
of jL ¼ 0.19Wm�1K�1 for the 4% CNT sample—lower than the esti-
mated Debye–Cahill minimum. This is rationalized by the hierarchical
scattering of phonons by the sub-nano-BTS layer and the amorphous
carbon wall, in addition to the considered pores, which are on the scale

of approximately 5, 10, and 60–100 nm, respectively. The values for jL
for the BTS–CNT2 samples with ultrathin CNTs are relatively well
predicted by the EMTmodel (besides the 1.5% sample, which is shown
to have more large pores), suggesting that jL is dominated by phonon
scattering by the nanopores due to the change in microstructure and
morphology compared to the composites with larger CNTs.

In summary, the promotion of the formation of nanopores by
carbon NPs during sintering—deliberate or accidental—can provide a
significant reduction in lattice thermal conductivity through the hierar-
chical scattering of low to medium wavelength phonons.77,189,193,194

While these pores also deleteriously affect charge transport, such
reduction in electronic conductivity can be minimized if the incorpo-
rated NPs significantly benefit charge transport.189,193,194 Further stud-
ies that explore the formation of pores with various carbon NPs and
matrix combinations and synthetic techniques combined with model-
ing of the thermal conductivity would be greatly beneficial for the
development of TE and other carbon NP composites.

2. Grain boundaries

As previously mentioned, grain boundaries can act as effective,
frequency-independent, phonon scatterers. The thermal resistance of a
grain boundary can be considered by its Kapitza resistance, RK , and
effective grain size, deff , as follows:

195

jpoly
�1 ¼ jbulk

�1 þ RK

deff
; (19)

where jpoly�1 is the thermal resistance of the polycrystalline sample
and jbulk�1 is the bulk thermal resistance (i.e., single crystal/grain resis-
tance). Carbon NPs are typically found to agglomerate at, or coat, grain
boundaries during sintering and densification.68,75,196 For this reason,
phenomenological models have been developed, which consider the
coupled grain boundary and NP–host boundary resistance. By doing
so, an effective RK value can be obtained that is primarily due to the
carbon–host interface resistance but also includes contributions from
the grain boundary and other phonon-scattering defects. While this
effective RK provides less specific information about the NP–host
interaction, it provides a helpful picture of the effective thermal resis-
tance introduced by the nanoparticles, which can be compared to other
host–dopant systems.

To suppress thermal conductivity in n-type (YbyCo4Sb12) and p-
type (CeyFe3CoSb12) skutterudites, Zong et al. incorporated reduced
graphene oxide (rGO).75 In their work, they suggest that the rGO
effectively wrapped the grains of the skutterudite, as depicted in
Fig. 25(a). By deducing the average grain size (deff ) and thermal con-
ductivity of their pure samples, they were able to fit effective grain RK

values of 3.8� 10�7m2 K W�1 for both of their n- and p-type skutter-
udites with �20% uncertainty. After compositing with rGO, the
authors used a parallel conductance model to calculate the effective
thermal resistance of the grains with rGO, giving significantly
increased values of RK ¼ 1.7� 10�6m2KW�1 and RK ¼ 1.1
� 10�6m2KW�1 for the n- and p-type composites, respectively, as
shown in Figs. 25(b) and 25(c) (jg�1 is the in-plane thermal resistance
of the rGO). Without further deconvolution of the contributions to the
thermal resistance, it is not possible to differentiate the origin of the
different values of RK for these two composites, i.e., it cannot be under-
stood whether the difference originates because of their different

FIG. 23. Schematic drawing of the CNT/Bi2Te3 composites with nanopores in differ-
ent sizes shows the strong scattering of phonons with multiscale mean free paths
along with the benefit to electron transport. Reprinted from Zhang et al., J. Appl.
Phys. 121, 055104 (2017). Copyright 2017, with permission from AIP Publishing.193
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FIG. 24. (a) Fabrication process and formation mechanism of BTS/CNT porous hybrid bulk. (b) Total and lattice thermal conductivity dependence on the relative density of the
porous BTS/CNT1 and BTS/CNT2 hybrids at 300 K. Reprinted from Li et al., Adv. Electron. Mater. 6, 2000292 (2020). Copyright 2020, with permission from John Wiley and
Sons.194

FIG. 25. (a) Diagram of the thermal circuit representing the thermal resistance of grain boundaries wrapped in graphene with the resistance elements labeled by their respective
thermal resistivities. Lattice thermal conductivity (jL) at 300 K with varying amounts of rGO for both (b) n- and (c) p-type skutterudite/rGO composites. Upon the introduction of
rGO, jL was predicted via the thermal circuit model and jL (dashed lines) was calculated via the thermal circuit model with fitted RK values. (d) Lattice thermal conductivity of
BST at 300 K with varying amounts of CF content. The thermal conductivities are predicted by the “rule of mixtures” model, Hashin–Shtrikman bound model (“H–S lb” and “H–S
ub”), and Bruggeman’s asymmetric model (B-EMA) taking into account interfacial thermal resistance between CFs and BST. Reprinted from Zong et al., Energy Environ. Sci.
10, 183–191 (2017). Copyright 2017, with permission from the Royal Society of Chemistry,75 and from Yang et al., Adv. Funct. Mater. 31, 12 (2021). Copyright 2021, with per-
mission from John Wiley and Sons.164
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phonon DOS of the two materials, because different defects are pro-
duced during synthesis, or some other reason. Yang et al. took a simi-
lar approach in their work on carbon fiber (CF) doped bismuth
antinomy telluride (BST) composites, where BST grain boundaries
were observed to be highly decorated with CFs.164 They calculated the
grain boundary resistance for their pure BST sample to be
RK ¼ 6.17� 107m2KW�1 and then used an effective medium
approach (Bruggeman’s asymmetric model) to obtain the effective
boundary resistance (including CFs) of RK ¼ 2.2� 106m2KW�1,
which is only �15% larger than the sum of the RK values of the grains
and the CF–BST interface (RK ffi 1.3� 106) as calculated using the
acoustic and diffuse mismatch models [Fig. 25(d)]. We note that we
were unable to reproduce the B-EMA values reported (see our discus-
sion in Sec. I C 2).

As well as increasing the effective resistance across grain bound-
aries, carbon NPs have also been shown in many works, including
those just discussed, to effectively suppress grain growth, resulting in
composites with high densities of nano-sized grains. For example, car-
bon (quantum) dots (CDs) were used as a dispersant to enhance the
thermoelectric performance of liquid-like Cu2Se materials in a work by
Hu et al.53 The Cu2Se/CDs hybrid materials were fabricated by hydro-
thermal synthesis followed by hot pressing. Figure 26(a) shows a high-
magnification image of CDs at grain boundaries, where the areas in
the circle of white spots are CDs surrounded by Cu2Se nano-grains.
This indicates that the grain size of Cu2Se is greatly suppressed because
the CDs can act as nucleation centers and suppress the recrystallization
of Cu2Se. As a result, the phonon thermal conductivity shown in
Fig. 26(b) is greatly reduced due to the newly formed interfaces
between the CD dispersant and Cu2Se matrix and overall reduced
grain sizes.

3. Atomic disorder and strain

Strain fields introduced into lattices by point defects, dislocations,
or other defects in the crystal lattice have unique scattering potentials,
which tend to scatter mid-frequency phonons. Ordinarily, any carbon
dopant will cause some degree of stress or atomic disorder at the inter-
face of the dopant and the host. However, this can be enhanced by
choosing specific synthesis methods.

Min et al. reported the thermal properties of nanodiamond-
dispersed Bi2Te2.7Se0.3 composites (BTSe/ND), which are fabricated by

high-energy mechanical alloying.197 As shown in Fig. 27(a), with the
addition of ND powders, the total thermal conductivity of the compos-
ite increases (due to the increase in electrical conductivity), while the
lattice thermal conductivity decreases. Figures 27(b) and 27(c) show
TEM images of the interfaces between the BTSe and NDs in the com-
posites and an atomically disordered lattice at the BTSe/ND interface,
which is different from the ordered lattice of the BTSe matrix is
observed. It is suspected that the interfacial defect region was the result
of the high-energy mechanical alloying with the NDs. The large den-
sity of extrinsic interfacial regions created between the BTSe matrix
and NDs results in strong phonon scattering, thereby reducing the jL
of the composites.

Similar results were reported for polycrystalline p-type bismuth
telluride,68 from which an additional reduction in jL is achieved by
incorporating NDs into BiSbTe (BST) alloys [Fig. 28(a)]. The TEM
characterization [Fig. 28(b)] suggests that dispersed NDs generate
locally concentrated-strain fields in the matrix, leading to the genera-
tion of point-defect clustered zones (PDZs) around the ND/BST inter-
face. The addition of the NDs not only causes the interfacial defect
regions of the matrix but also modifies the grain size and orientation.

4. Multi-scale hierarchical structures

We have seen that the inclusion of carbon NPs into thermoelec-
tric materials results in strong phonon scattering from not only the
particles themselves but also the significantly altered microstructure of
the host material due to the compositing process. This is summarized
nicely by the transmission electron microscope images taken by Yang
et al. of the multi-featured micro-structuring of their carbon microfiber–
BiTeSe composites (Figs. 29(a) and 29(f)].198 The composites show sig-
nificantly reduced lattice thermal conductivity due to phonon scatter-
ing at multi-scale boundaries and the considerable interfacial thermal
resistance arising from phonon mismatch between the constituent
phases. Through STEM analysis, a wide range of microstructural fea-
tures in the BTS/CF samples were observed, such as refined micron or
sub-micron multi-grains (BTS), fine-scale nanometer to micrometer
length carbon particles, nanoscale oxide precipitates, amorphous–
crystalline heterophase (C/BTS) interfaces, and crystalline–crystalline
heterophase interfaces (Bi2O3/BTS). Microstructures with at least (but
certainly not limited to) some combination of these features are com-
mon to TECs synthesized by standard mixing and sintering methods

FIG. 26. (a) High-magnification image of
CDs at Cu2Se grain boundaries. (b)
Temperature-dependent lattice thermal
conductivity of Cu2Se/x wt.% CDs sam-
ples. Reprinted from Hu et al., J. Alloys
Compd. 813, 152204 (2020). Copyright
2020, with permission from Elsevier.53
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outlined throughout this article. This highlights the multi-faceted
nature of the wide-spectrum suppression of phonon transport by
compositing thermoelectric materials with carbon NPs.

D. Comparing carbon nanoparticle dopants

1. Different carbon nanoparticles in the same host
matrix

We have presented and analyzed the results of many combinations
of carbon nanoparticle additives (NP) and host matrices. However, very
few of these studies compare different additives to the same host in a
systematic way. Based on the thermal transport theory that we have

presented, the type of carbon NP should have a significant impact on
the resulting composite lattice thermal conductivity. For example, the
intrinsic thermal conductivity of carbon nanoparticles varies over orders
of magnitude, and interfacial thermal resistance between different NPs
and hosts differs since the phonon density of states of carbon NPs vary
significantly, as does their surface chemistry. Additionally, the nature of
the carbon NP will affect how it is dispersed into the host material and
can affect the final microstructure, given a particular synthesis route,
both of which significantly impact the lattice thermal conductivity. In
this section, we present of this review, we present a few thermoelectric
composite (TEC) works that compare the effects of doping the same
materials with different types of carbon NPs.

FIG. 27. (a) Thermal conductivity for
BTSe with x vol% ND contents (x¼ 0.0,
0.125, 0.25, 0.5). (b) HR-STEM image
showing the interfacial region and (c) HR-
TEM images indicating the atomically dis-
ordered interface between the BTSe
matrix and ND. The inset in (b) and (c)
shows reduced FFTs of the BTSe matrix
and interfacial region, respectively. (d) A
conceptual illustration of the newly formed
interfacial-defect region. Reprinted from
Min et al., Appl. Surf. Sci. 415, 109–113
(2017). Copyright 2017, with permission
from Elsevier.197

FIG. 28. (a) Comparison of the contributions by the lattice thermal conductivity in BST and ND/BST composites. (Inset shows the electronic contribution calculated from LrT,
where L is the Lorentz number, r is electrical conductivity, and T is the temperature.). (b) The conceptual illustration of a strained point defect clustered zone induced by the
addition of carbon nanodiamond. Reprinted from Kim et al., Nano Energy 55, 486–493 (2019). Copyright 2019, with permission from Elsevier.68
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First, we consider the effect of doping with carbon nanotubes
(CNTs) that are either single-walled (SW) or multi-walled (MW).
SWCNTs and MWCNTs have significantly differing thermal and elec-
trical properties, as well as greatly different production costs—
SWCNTs being considerably more expensive.199 The reported values
for the thermal conductivity (tube direction) of individual SWCNTs
and MWCNTs are varied across theoretical and experimental esti-
mates, but commonly cited values are �3500Wm�1K�1 for
SWCNTs200 and 3000Wm�1K�1 for MWCNTs201 at room tempera-
ture.5 Although individual SWCNTs are generally thought to be more
thermally conductive, the difficulty to consistently measure the ther-
mal conductivity of SW and MW CNTs suggests that they are highly
dependent on their environment, highly varied in their individual
structure across different synthesis routes, or both. Aliev et al. suggest
that MWCNTs should be a better choice for thermal management (for
high thermal conductivity applications) over SWCNTs because they

offer higher phonon propagation since more optical phonon modes
contribute to heat flow with increasing nanotube diameter and the
additional shells can provide additional channels to bypass defect
sites.202 The inverse argument applies for TEC devices. Additional
factors are also important in composites, such as how the tubes differ
in their dispersion in the matrix and how they differ in interfacial
bonding with the matrix. It is known, in general, that SWCNTs are
more difficult to disperse homogeneously into a composite matrix,
which significantly reduces their potential for enhancing thermal
conductivity without precise dispersion techniques.172 While many
separate studies independently investigate the thermal conductivity
of SW and MW CNTs, even for the same host material [e.g., in
Bi2Te3

8,193 and (Bi,Sb)Te70,203 TECs], the absence of controlled
parameters between studies makes deriving meaningful conclusions
about the responsible mechanisms for thermal conductivity differ-
ences difficult.

FIG. 29. STEM images of BTS/CF05
specimen. (a) Low magnification bright-
field (BF) image showing the BTS matrix
(dark) and carbon phase (light, yellow
circles). (b) Medium-magnification BF
image of the boxed region B in (a) show-
ing the nanoscale carbon located at the
grain boundaries. (c) A series of high-
angle annular dark-field (HAADF) images
showing nanoprecipitates (red ellipses)
nucleated at the carbon particles. (d)
Atomic-resolution BF image of the boxed
region in (a) showing the interface
between carbon and BTS. Inset is the dif-
fractogram of the BTS phase showing a
[5� 51] zone axis. (e) HAADF image of
the boxed region in (b), showing the inter-
face between carbon (dark, upper left)
and Bi2O3 (light, lower right), with the inset
diffractogram pattern of Bi2O3. (f) High-
resolution HAADF image showing details
of a nanoprecipitate in the boxed region in
(b). The inset BF image shows a detail of
the interface between the BTS matrix and
the Bi2O3 precipitate. (g) Schematic of
multiple phonon scattering sites induced
by compositing with nanocarbon.
Reprinted from Yang et al., Chem. Eng. J.
428, 131–205 (2022). Copyright 2022,
with permission from Elsevier,198 and from
Yang et al., Adv. Funct. Mater. 31, 12
(2021). Copyright 2021, with permission
from John Wiley and Sons.164
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The difference in transport properties between SWCNT and
MWCNT Yb0.3Co4Sb12 skutterudite composites was included in a
study by Zhang et al.196 In their work, different volume percentages,
up to 2 vol. % of each type of CNT, were cryogenically ground with
Yb0.3Co4Sb12 and consolidated via SPS. Their results show an effective
reduction in the composite total thermal conductivity across the entire
studied temperature range for both SW and MWCNTs, the latter
doing so quite more significantly. When only the lattice thermal con-
ductivity is considered [Fig. 30(a)], however, the differences between
the MW and SWCNT composites are small, suggesting that the addi-
tional optical phonon modes or additional phonon channels available
to avoid defects in MWCNTs do not contribute significantly. A phe-
nomenological model was used to fit the lattice thermal conductivity
component that includes resistance terms for phonon–phonon
(Umklapp) scattering, a combined term for phonon scattering at grain
boundaries and CNT–host interfaces (see Sec. IIC 2), and a term for
the bipolar thermal conduction [Fig. 30(b), see inset for model).

Modeling using this equation reveals that adding 0.5 vol. % MWCNT
to the pure sample effectively increases the interfacial thermal resis-
tance from RK ¼ 0:67� 10�7 m2KW�1 to RK ¼ 1:01� 10�7

m2KW�1. This increase in RK is assumed to exclusively originate
from the CNT–host interfaces since grain sizes are slightly increased in
the MWCNT samples. Judging from Fig. 30(a), the phenomenological
interfacial resistance of the SWCNT composites should be the same or
only slightly smaller than for the MWCNT composites. Without more
statistical information about the microstructural differences in the
samples, it is difficult to determine the origin of the thermal conductiv-
ities of the composites. An extra comparison can be made, however,
with work done by Zong et al., who studied Yb0.27Co4Sb12 with rGO
doping and calculated RK (effective grain boundary) values of
3.8� 10�7m2KW�1 for the pure skutterudite, and RK ¼ 17
� 10�7m2KW�1 for the rGO (0.56 vol. %) composite.75 Unfortunately,
the significant difference in the RK value of the base materials (likely due
to the differing synthesis routes) makes pinpointing the origins of the
differences in the composites challenging. Nonetheless, we can make a
clear comparison between the 1.5� increase in RK for the
Yb0.3Co4Sb12–MWCNT (0.5 vol. %) system, and the 4.5� increase in
RK for the Yb0.27Co4Sb12–rGO (0.56 vol. %) system when the NPs are
added. Zhang et al. deduce that the difference in RK for the base materi-
als is due to the order of magnitude difference in the average grain sizes
in the materials across the studies. However, the models employed by
both studies do include a grain-size term.

Mixed results from studies of polymer matrix composites further
highlight the difficulty in determining the physical origins of different
thermal properties of MWCNT and SWCNT composites. Moisala
et al. report reduced thermal conductivity for SWCNT/epoxy compo-
sites and increased thermal conductivity for MWCNT/epoxy compo-
sites. The authors concluded that phonons at the matrix/SWCNT
interface could be damped compared to phonons at the matrix/
MWCNT interface where the phonons can be carried in the inner
walls,204 in line with the theory from Ref. 202. Meanwhile, Gulotty
et al. reported an increased thermal conductivity in SWCNT and
MWCNT epoxy composites, with minimal differences between the
two types,205 and Hong and Tai demonstrated that SWCNTs can out-
perform MWCNTs in a polymer CNT matrix, with their SWCNT/
PMMAmatrix samples.206

One of the few systematic studies on the effects of compositing
with different types of carbon NPs on the thermoelectric properties of
a given host material was conducted by Zhao et al. in their work on
Cu2Se composites.54 Carbon-reinforced Cu2Se composites were fabri-
cated by a melt solidification route through incorporating a small
weight fraction of carbon nanotubes, graphite, hard carbon, and car-
bon black (Super P) (Fig. 31). Across most thermoelectric properties,
very similar effects from compositing are reported, regardless of the
carbon additive used. With regard to thermal conductivity, this is also
true. Figure 31(d) shows the total thermal conductivity values of each
composite with optimal doping concentrations. A similar analysis to
Zhang et al. and Zong et al. (above) is provided, using Eq. (19) to cal-
culate the effective carbon-coated grain boundary Kapitza resistance.
The analysis is kept general to all of the carbon composites, with
graphite used as a case study. For the pure sample, RK has a very low
value, <1� 10�9m2KW�1, while the carbon-doped Cu2Se samples
significantly increase RK to 0.45� 10�7m2KW�1 (approximating all
of the samples’ thermal conductivity to be �0.5Wm�2K�1).

FIG. 30. Thermal transport properties of Yb0.3Co4Sb12-based nanocomposites.
Temperature dependence of (a) j–je, where je is electronic thermal conductivity
and (b) a comparison of modeled j–je for SKD and 0.5 vol. % MWCNTs with
experimental values. Reprinted from Zhang et al., Nano Energy 41, 501–510
(2017). Copyright 2017, with permission from Elsevier.196
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The increase in RK is put into context by applying the density values
and the transverse and longitudinal speeds of sound for graphite and
Cu2Se to the acoustic mismatch model to obtain a Cu2Se:graphite
acoustic impedance scaling factor of RKT3 ¼ 126K4 cm2 W�1, com-
pared to other systems such as aluminum:sapphire (21K4 cm2 W�1)
and indium:diamond (88K4 cm2 W�1). While this is a helpful com-
parison, a more detailed analysis of the thermal conductivity of each
composite, which considers the difference in thermal properties of
each of the carbon NPs and the resulting microstructure of the com-
posite, is necessary to unveil the underlying physics governing the
composite thermal conductivity.

E. Concluding Remarks and Outlook

Evidently, carbon nanoparticles (NPs) can strongly influence the
thermal properties of solid-state composite materials. In thermoelectric
(TE) materials, thermal conductivity can be more than halved when
composited with just a small fraction of carbon NPs. It is clear from
this review that this central observation has been observed and

reproduced in many separate studies. This indicates great prospects for
producing a new generation of TE materials with enhanced perfor-
mance utilizing nanocarbon dopants. However, for optimum perfor-
mance, it will be first necessary to fully identify the underlying physical
transport mechanisms. This will allow for the synergistic reduction of
thermal conductivity by precisely controlling the many factors outlined
in this work including porosity, particle dispersion, and thermal inter-
faces, as well as maintaining synergy with other TE engineering strate-
gies. Additionally, many of these considerations could be universally
applicable to other types of NPs. At present, several areas require addi-
tional investigation to identify the ideal carbon and TE matrix combi-
nations. For example, when surveying the thermal conductivity values
reported in the literature for TE materials doped with different carbon
NPs, the reduction in values seems to have some universal quality—
not having any obvious dependence on the allotrope of carbon NP
used. From the few studies that have taken a more systematic approach
to measuring the effects of compositing with different types of carbon
NPs in TE materials, there is little experimental evidence to support
that, for a given host material and synthesis method, there is a

FIG. 31. (a) Schematic illustration of the
fabrication process of the graphite incor-
porated Cu2Se. (b) Low- (c) and high-
resolution TEM images showing the lattice
and interface between graphite nanoclus-
ters and Cu2Se. (d) Temperature-
dependent thermal conductivity with the
different types of carbon in Cu2Se. (e)
Phonon scattering representation in carbon
incorporated Cu2Se sample. Reprinted from
Zhao et al., Nano Energy 41, 164–171
(2017). Copyright 2017, with permission
from Elsevier.54
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significant difference in the resulting thermal conductivity of compo-
sites for different carbon forms. However, the number of experimental
works that investigate this hypothesis is extremely limited, and the
number of parameters to control is very large.

A self-consistent, complete theory for the reduction in thermal
conductivity has also proven to be elusive. So far, the thermal conduc-
tivity of carbon nanocomposites has been primarily understood in the
frameworks of the effective medium approach (EMA) or the transport
of a phonon-gas (Boltzmann transport). Both frameworks include the
existence of a thermal boundary between the host and carbon additive,
which hinders thermal transport by adding thermal resistance (RK , in
the EMA framework) or by increasing phonon scattering (1=s, in the
phonon-gas framework). In TE materials, generally, however, the sig-
nificant reduction in thermal conductivity achieved with the addition
of carbon NPs is unable to be solely explained by thermal boundary
resistance. Rather, the literature demonstrates that a combination of
thermal interfaces and changes to the intrinsic host material, such as
pores/voids, localized stresses and strains, and altered grain bound-
aries, which are induced by the presence of carbon NPs, all contribute
to the drastic change in thermal conductivity. Accurately characteriz-
ing these mechanisms, however, has proven challenging. The primary
challenge seems to be the deconvolution of the many contributions to
the thermal conductivity with the addition of carbon NPs. From an
EMA perspective, there is a lack of consideration of how the carbon
NPs will alter the properties of the matrix material, with all the altered
material properties and resulting physics being bundled into RK .
Convincing evidence of how the particles are included or dispersed in
the matrix is also often missing in many studies. While techniques
such as electron microscopy can provide imaging on the length scale
that is necessary to observe important structural motifs, these techni-
ques do not provide large statistics (without the need for a considerable
investment of time). From a phonon-gas perspective, separating out all
scattering contributions (Umklapp scattering, grain-boundary scatter-
ing, NP scattering, etc.) requires accurate models for the scattering pro-
cesses, which often (each) rely on a highly detailed and statistically
accurate description of the material on the atomic- or nano-scale. This
can arguably only lead to a semi-quantitative analysis of thermal trans-
port due to overparameterizing. Additionally, the significance of
diffuson-mediated thermal transport in carbon nanocomposites is
thus far unexplored, despite having been demonstrated to have a sig-
nificant role in other disordered materials.

On top of the challenges presented for utilizing EMA and
Boltzmann-transport frameworks, the possibility of phonons interacting
coherently with the microstructure of nanocomposites, which are on the
same size scale as the wavelengths of heat-carrying phonons, has largely
been ignored. It is likely that analyzing phonon propagation from a
meta-structure-based framework is necessary in addition to, or instead
of, simply treating the phonon/heat propagation in the host and additive
separately. Currently, there is a limited number of works exploring the
precise lattice dynamics of nanoparticles and nanocomposite systems,
which are responsible for transporting heat. A fully quantitative, self-
consistent model for the thermal conductivity of carbon nanocomposites
is lacking, and without this, it is not yet possible for experimentalists to
fully optimize material-design procedures. As such, there is tremendous
scope to improve the thermal properties of such composites beyond
what is currently possible. Considering the current theoretical and other
practical limitations presented, we suggest a few approaches to

developing a deeper understanding of thermal transport in carbon nano-
composite materials, and nanocomposite materials in general, which will
guide researchers to higher-performing thermoelectric devices, heat
sinks, thermal interface materials, and more.

First, we suggest spectroscopic studies, which probe the lattice
dynamics of the host, dopant (nanoparticle), and nanocomposite sys-
tems, which carefully track changes in vibrational modes in the nano-
particles and host materials upon compositing. Inelastic neutron/x-ray
scattering, Raman, and infrared/THz spectroscopy have already
proven highly effective lattice dynamics probes for bulk and nanoparti-
cle materials and can be further utilized to this effect.

Second, high-performance computing is driving advances in
large-scale molecular dynamics (MD), enabling simulations up to mil-
lions of atoms. In tandem, density functional theory (DFT) calcula-
tions in combination with ab initio MD now offer first-principles
(parameter-free) descriptions of systems of several hundred atoms.
Combining these two different approaches, the prospect of advanced
simulation ensembles of carbon NPs in TE matrices is close at hand.
The advantage of these MD theoretical methods is that they can
potentially predict the thermal conductivity based on an atomic-scale
structure and realistic microstructures, without resorting to simplifica-
tions or approximations inherent in, for example, the EMA or phonon
gas models. Indeed, careful comparison between MD simulations and
the latter models will also help refine some of the approximations
inherent in the EMA and phonon gas pictures. So far, such methods
have been introduced to distinguish between propagons, diffusons,
and locons using the Green–Kubo framework (Green–Kubo Modal
Analysis, GKMA).148 Related calculations can also potentially be used
to directly test the predictions of the underlying principles of thermal
boundary resistance such as the diffuse mismatch model, and the role
of elastic and inelastic processes at interfaces (Interfacial Modal
Analysis, ICMA).207,208 One challenge in past classical MD work has
been the lack of suitable forcefields to rigorously describe the bonding
between carbon nanoparticles and TE host matrices. For this reason,
past classical MD simulations often used simplified descriptions based
on force fields such as Lenard Jones interactions, which, while provid-
ing a qualitative insight into the mechanisms, can never describe the
full quantum chemical details. With the arrival of machine-learning
forcefields, which can be “trained” using ab initio methods such as
DFT and then translated into classical MD simulations,209 it is now
increasingly possible to envision more accurate descriptions of car-
bon:TE composites for the first time.

Third, high temporal and spatial resolution thermal conductivity
techniques such as (picosecond) time-domain and frequency domain
thermoreflectance provide opportunities to measure thermal conduc-
tivity and resistance at nanoscale interfaces. These data can then be
used to validate models for thermal conductivity, which include the
interfacial terms, or to create entirely new models.

Finally, we suggest that detailed structural and compositional
material characterization will greatly aid the development of models for
the thermal conductivity of nanocomposite materials. Such models
inevitably rely on a description of the microstructure of a given system.
Hence, more accurate descriptions of the microstructure of materials
will result in more accurate models. Electron microscopy (scanning and
transmission electron microscopy, and their commonly combined tech-
niques such as energy-dispersive x-ray spectroscopy and electron
energy loss spectroscopy) remains a fundamental probe in this regard.
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However, owing to the small probe region and time-intensive nature of
such measurements, they unavoidably lack sufficient statistical informa-
tion and are prone to operator and/or sample biasing. Additional tech-
niques can be utilized to probe such structures such as x-ray diffraction
combined with refinement procedures to extract changes in grain sizes,
microstrain, and shifting lattice parameters. A more optimal approach
is to utilize synchrotron x-ray sources and/or neutron sources to obtain
diffraction and small-angle scattering patterns for higher resolution (x-
ray), different atomic contrast (neutron), and measurement of solid
bulk (millimeter-scale) samples for better statistical information (neu-
tron). Given that many TE materials are comprised of heavy elements,
and therefore are relatively opaque to x-rays, the penetration power of
neutron techniques potentially offers an attractive way to gain high sta-
tistical information about the microstructure.

The impressive set of thermal conductivity results already
available in the literature suggests that carbon compositing holds
tremendous promise for the next generation of thermoelectric and
heat-management materials. With increasingly developed theory and
characterization, record-breaking improvements in these composite
materials are inevitable.
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