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Thermoresistivity of Carbon Nanostructures and their
Polymeric Nanocomposites

Francis Avilés

Carbon nanostructures such as carbon nanotubes, graphene, and its
multi-layer derivatives exhiibit temperature-dependent electrical conductivity.
They can form percolated networks inside polymers, which render electrical
conductivity to nanocomposites. Upon the formation of a percolated network,
thermal energy applied to the material drives structural changes of the
network, which manifest as changes in electrical conductivity. This principle is
used to develop smart materials with self-sensing temperature capabilities.
This critical review covers past and present research on the electrical
response to temperature (thermoresistivity) of carbon nanostructures and
their polymeric nanocomposites. It covers few- and multi-layer graphene,
carbon nanotubes, carbon-nanostructured arrays and fibers (yarns). The
mechanisms driving the thermoresistive response of individual
nanostructures, their arrays, and of their polymeric nanocomposites are
addressed. The role of the nanostructured filler on the thermoresistivity of
polymer nanocomposites depends on its morphology and concentration. For
low filler concentrations, thermal expansion of the polymer may dominate
over the inherent thermoresistivity of the filler. For high filler concentrations,
or for densely packed arrays of carbon nanostructures, the inherent
(quantum) thermoresistive response of the nanostructures becomes
dominant. The review addresses recent progress in the field, highlights
current issues, synthesizes published data, and provides outlooks and
insights into future directions.

1. Introduction

The fact that the electrical conductivity (𝜎) of solid materials de-
pends on temperature (T) is long-known. For pure metals, the
electrical resistivity (𝜌 = 1/𝜎, the reciprocal of conductivity) typ-
ically increases linearly with increased temperature (T). This is
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because temperature increases electron
scattering in the vibrating crystalline
lattice.[1] For semiconductors, on the
other hand, the electrical conductivity
is determined by the concentration
of electrons and holes in the conduc-
tion (electrons) and valence (holes)
bands, and such concentration in-
creases with increased temperature.
Thus, quantum mechanics principles
predict that as temperature increases,
the conductivity of a semiconductor
increases (resistivity decreases) in an ex-
ponential fashion, because more charge
carriers are available for conduction.[2]

Carbon nanostructures such as carbon
nanotubes and few-layer graphene sheets
can increase or decrease their electri-
cal resistivity upon an increase in tem-
perature, depending on their number
of layers, electronic structure (metallic,
semimetal, semiconductor), and func-
tional groups, among other factors.[3–5]

When they are used as percolated fillers
in polymer composites, the effective
conductivity of the nanocomposite is
a function of the electronic properties
of the filler, their size, morphology,
their state of dispersion, and the filler

concentration within the polymer. Therefore, by understanding
and controlling the relationships among these factors, individ-
ual carbon nanostructures, arrays, fibers, yarns, and carbon-
nanostructured polymer nanocomposites can be used to develop
smart self-sensing materials. The applications are vast, rang-
ing from temperature sensors,[6,7] smart textiles,[8] smart struc-
tural materials,[9] to tailored materials aiming for temperature-
independent resistance,[4,10] Figure 1. In some applications, such
as for the development of strain sensors, a zero-temperature co-
efficient of resistance is sought. This aims to isolate the effect of
strain from that of temperature on the electrical resistance.[4,10,11]

This review covers fundamental concepts, mechanisms,
current issues, and critical discussions on the temperature-
dependent electrical response (thermoresistivity) of carbon nan-
otubes, carbon-nanostructured arrays, carbon nanotube fibers
and yarns, graphenic sheets, and their polymer composites.
After a brief introduction (section #1), section #2 summa-
rizes the fundamentals of thermoresistivity as a coupled phe-
nomenon and the most common mechanisms reported for
the materials covered herein. Section #3 focuses on the ther-
moresistive response of individual nanostructures, i.e., carbon
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Figure 1. Thermoresistive applications of carbon-based nanostructures and their polymeric nanocomposites. a) Temperature sensors, b) smart struc-
tural materials with self-temperature monitoring, c) tailored materials with near-zero temperature coefficient of resistance.

nanotubes and platelets of the family of graphene (collectively re-
ferred to as graphenic sheets). Section #4 covers planar carbon-
nanostructured arrays (buckypapers) and films. Section #5 cov-
ers carbon nanotube fibers and yarns. Section #6 covers the ther-
moresistive response of polymer nanocomposites filled with car-
bon nanotubes and graphenic sheets. The discussion focuses
on the direct current (DC) electrical response (rather than the
alternating current one), since it is the most investigated and
most practical modality studied to date. Current issues and an
outlook into future directions from the author’s perspective is
provided in the concluding section (section #7). Published data
on thermoresistive coefficients is synthesized for the reader
and provided in tabular form within the sections and in an
appendix.

2. Fundamentals of Thermoresistivity and its
Governing Mechanisms

Thermoresistivity can be defined as the electrical resistance re-
sponse of a material to changes in temperature (ΔT = T−T0,
where T0 is the reference temperature, commonly the room tem-
perature). Positive thermoresistivity is defined as an increase in
the electrical resistance (R) with increased temperature (ΔT > 0),
such as in the case of metals, see Figure 2. On the contrary, neg-
ative thermoresistivity means that R decreases upon heating, as
in the case of semiconductors, see Figure 2.

Linear thermoresistivity (which occurs, for example in pure
metals over a large temperature range) can be expressed as,[1]

𝜌 = 𝜌0

(
1 + 𝛼𝜌ΔT

)
(1)

where 𝜌o is the electrical resistivity at room temperature
and 𝛼𝜌 is known as the temperature resistivity coefficient.
Copper, for example, has 𝜌o = 1.67 × 10−6 Ωcm and
𝛼𝜌 = 4.3 × 10−3 °C−1.[1] In pure metals, increased temperature
yields atomic lattice scattering, which reduces the electron mo-
bility and decreases the electron mean free path, see Figure 2
(top).

From an experimental viewpoint, thermoresistivity is com-
monly expressed in terms of the response curve R = R(T), or by
plotting the fractional change of electrical resistance (ΔR/R0) ver-
susΔT, where R0 =R(T=T0). Substituting R for 𝜌 in Equation (1)
and rearranging terms, yields the common equation defining the
(linear) temperature coefficient of resistance (𝛼, also known as
TCR) such as,

ΔR∕ R0 = 𝛼ΔT (2)

From a sensors’ point of view, the temperature coefficient of
resistance (𝛼) is a metric that quantifies the thermoresistive sen-
sitivity.

In semiconductors, upon heating the material, valence elec-
trons gain enough energy to surpass the energy gap and jump to
the conduction band, creating more charge carriers. The electri-
cal conductivity of a semiconductor is a function of the concentra-
tion of electrons in the conduction band (n), the concentration of
holes in the valence band (p), and their corresponding mobilities
(𝜇n ad 𝜇p), as well as the charge of each carrier (q), such as,[1]

𝜎 = nq𝜇n + pq𝜇p (3)
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For intrinsic semiconductors, at absolute zero temperature
all electrons are in the valence band, yielding zero electrical
conductivity.[2] As temperature increases, electrons occupy the
energy levels of the conduction band, following quantum me-
chanics selection rules.[2] In Equation (3) the number of electrons
in the conduction band and holes in the valence band follow an
Arrhenius (exponential) equation, where n is exponentially pro-
portional to the temperature. Thus, as T increases the electrical
conductivity exponentially increases (the electrical resistivity de-
creases, see Figure 2).

Semimetals (like graphite) are materials where the valence
and conduction bands have a very small overlap. They have a
zero band gap and negligible density of states at the Fermi level.
They can have positive[12] or negative[13] TCRs. The semimetallic
state is similar to the metallic one, but in the former both elec-
trons and holes contribute to electrical conduction. The physics
of semimetals rely on electron-phonon scattering theory.[12] In
these solids, the conduction and valence bands meet at the Fermi
level. As a result of their quantum structure, the energy threshold
needed for electrons to move from the valence to the conduction
band is zero. This yields unique abilities, such as being highly
sensitive to magnetic fields and pressure.[14,15]

Given the strong property-structure relationships described
above for carbon-based materials, the response of the electrical
resistance to temperature is a fingerprint that physicists and ma-
terial scientists use to classify solid-state materials.[1,14,16,17]

For carbon nanostructures such as carbon nanotubes
(CNTs), graphene, and multi-layer graphene sheets (GSs)
the temperature-dependent electrical response depends strongly

Figure 2. Schematic representation of common thermoresistive mecha-
nisms in solid materials. a) Linear thermoresistivity due to increased elec-
tron scattering, b) band theory in semiconductors, c) FIT model, d) poly-
mer nanocomposites with low and high content of carbon nanostructures.

on their number of layers and electronic structure. Charge
transport in individual carbon nanostructures is governed by
quantum mechanics rules. Singlewall CNTs (SWCNTs) can
have a metallic or semiconducting behavior, depending on their
structural properties such as their diameter and chirality.[16,18,19]

Multiwall CNTs (MWCNTs) are majorly metallic.[20,21] This is
mostly because of the electronic interactions among the curved
graphenic sheets comprising the MWCNT.[22] It has been argued
that the behavior of MWCNTs is metallic, if at least one sheet has
a metallic chirality.[22,23] Other authors[20,24] have also proposed
that only the outer tube contributes to the conductance of MWC-
NTs. However, mass production of MWCNTs typically yields a
combination of metallic and semiconducting ones. On the other
hand, graphene (a single-layer) is a zero-gap semiconductor.[25]

As the number of layers increases to two and more, the electronic
response becomes that of a semimetal, with band overlapping
increasing (toward graphite) with increased number of layers.[25]

Several quantum mechanics mechanisms have been used to
explain the temperature-dependent response of the electrical con-
ductivity of carbon nanostructures, either as individual nanos-
tructures or in the form of arrays or bundles. Among those, the
most common mechanisms are variable range hopping (VRH)
and fluctuation-induced tunneling (FIT), Figure 2. Both mech-
anisms predict an exponential decay of the electrical resistiv-
ity/resistance as the temperature increases.

The VRH mechanism is a quantum mechanics-based model
originally proposed by Mott[26] for amorphous solids (disorder
systems) at very low temperatures, and later extended by Hill.[27]

The VRH model proposes that the thermal energy provided to
the material causes electrons to hop from one localized site to
another, increasing its electrical conductivity in an exponential
fashion. Originally derived for amorphous semiconductors at
low temperatures, the model has proved to be successful in ex-
plaining the transport behavior of disordered systems and carbon
nanostructures.[26–29] The VRH model predicts a dependence of
the electrical conductivity (𝜎) with the absolute temperature (T)
as,[27,29,30]

𝜎 = 𝜎0e−
(

TM
T

)𝛽

(4)

where 𝜎0 and TM are constants, and the exponent 𝛽 = 1/(1+d)
is related to the dimensionality (d) of the system (d = 1, 2, or 3).
For three-dimensions (d = 3), the expression recovers the well-
known T−1/4 form of the Mott’s equation.[26,27] A linearization of
Equation (4) by plotting ln(𝜎) as a function of T−𝛽 yields −TM

𝛽 as
the slope and ln(𝜎0) as the intercept with the vertical axis.

For disordered materials characterized by large conducting re-
gions separated by small insulating barriers, Sheng[31] proposed
that the electrical conduction can be ascribed to fluctuation-
induced tunneling (FIT). In this mechanism, thermally activated
voltage fluctuations across insulating gaps determine the temper-
ature and field dependences of the conductivity. In this model,
the probability of electrons tunneling through an insulating bar-
rier increases with temperature, such as,[29,31,32]

𝜎 = 𝜎0FITe
(
− T1FIT

T0FIT+T

)
(5)

where 𝜎0FIT, T0FIT, and T1FIT are constants.
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Equation (5) can be linearized by plotting ln(𝜎) in the vertical
axis and (T0FIT + T)−1 in the horizontal axis, yielding −T1FIT as
the slope and ln(𝜎0FIT) as the vertical intercept.

For polymer composites using electrically insulating matrices
filled with carbon nanostructures, the situation is markedly dif-
ferent. The electrical conductivity of these composite materials
arises from the electro-conductive paths formed by the carbon
nanostructures within the polymer. As such, the separation dis-
tance between the conductive nanostructures, their contact and
tunneling resistances play crucial roles,[33–38] see Figure 2. There-
fore, for these materials, the contribution of the electrical re-
sponse to temperature of the individual nanostructured fillers
may be downplayed by the above-mentioned factors, especially
if the filler concentration is low (just above percolation). For
polymer nanocomposites with low filler concentration, the posi-
tive thermoresistive response commonly observed is governed by
the increased separation between nanostructures with increased
temperature.[33,39–43] This is particularly relevant given the high
coefficient of thermal expansion and dielectric constant of most
host polymers. Upon heating, the separation distance between
nanostructures increases, increasing the tunneling resistance.
However, for nanocomposites with very high filler concentrations
(well above percolation), the individual behavior of the nanostruc-
tures and the physico-chemical interactions among them play
important roles. For high filler concentrations, the dense net-
work of nanostructures within the polymer contains many re-
dundant pathways. Thus, in the case of high filler content, the
contribution of the thermoresistive response of the individual
nanostructures and that of the contact resistance among them
may become dominant.[11,44–46] Since those factors may render a
negative thermoresistive response, competing mechanisms exist
with the thermal expansion of the polymer. For high filler con-
tent, these competing mechanisms could even change the ther-
moresistive response from positive to negative as the filler con-
centration increases,[42,47,48] as sketched in Figure 2.

Thermoresistive testing requires measurement of electrical re-
sistance. The vast majority of the works discussed in this review
use either a two-point probe or a four-point probe setup. Elec-
trodes are typically cemented by a conductive paint to reduce con-
tact resistance. In a typical four-point probe setup, electrical cur-
rent is applied at the pair of outer electrodes, while the voltage
drop between the inner electrodes is measured. The four-point
probe setup is preferred when the contact resistance is of simi-
lar order of magnitude than the resistance of the material. This
is particularly important for arrays of carbon nanostructures and
carbon nanotube yarns, with electrical resistances in the Ω range.
For polymeric nanocomposites with electrical resistances in the
order of kΩ−MΩ, the two-point probe method may suffice.

3. Thermoresistivity of Individual Carbon
Nanotubes and Graphene Sheets

Measuring the electrical response to temperature of individual
carbon nanostructures is a very challenging task. One of the
most revealing experimental works on electrical and electronic
properties of individual carbon nanotubes and their temperature-
dependent response is the one by Ebbesen et al.[3] They con-
ducted dedicated two- and four-point probe electrical resistance
measurements of small-diameter MWCNTs at room temperature

Figure 3. Electrical response to temperature of small-diameter MWCNTs.
Adapted from Ebbesen et al.[3] with permission from Springer Nature.

and in the 4 to 300 K temperature range. Each MWCNT showed
a unique conductivity response, i.e., the electrical response was
not the same for all MWCNTs measured. Even at room temper-
ature, they found that the MWCNT electrical resistance varied
by orders of magnitude. The electrical response to temperature
showed various responses. The response of two individual MWC-
NTs (#1 and #2) selected from the publication of Ebbesen et al.[3]

is shown in Figure 3. The middle and bottom plots correspond
to the same MWCNT (MWCNT #2) but measured at different
sections. As seen from this figure, both MWCNTs showed very
different thermoresistive responses. Even different sections of
MWCNT #2 (middle and bottom plots) showed a different elec-
trical response to temperature. MWCNT #1 (top figure) and the
lateral section of #2 (bottom figure) showed a fairly linear in-
crease in electrical resistance with decreased temperature, with
changes of ≈10% for ΔT = 296 K (300 to 4 K). According to
Equation (2) and considering that R0 = 6.0 kΩ for MWCNT #1,
an estimation of the temperature coefficient of resistance yields
𝛼 ≈ – 3.38 × 10−4 °C−1, i.e., −3.38 × 10−2% per °C. Notice that 𝛼 is
negative because it increases with decreased temperature. Also,
given that Equation (2) relies on ΔT (and not on T), the units
of ΔT (and hence those of 𝛼) can be treated interchangeably as
K or °C. Half of the eight MWCNTs tested by Ebbesen et al.[3]

showed a quasi-linear response. However, other MWCNTs
showed a sharp decrease in R with decreased temperature, such
as the center section of MWCNT #2 in Figure 3.

Even though they presented a negative TCR, Ebbesen et al. ar-
gue that these MWCNTs are gapless metallic materials, and that
the temperature dependence comes from another mechanisms,
such as changes in the carrier concentration and mobilities.[3]

Other authors have also proposed that the electron-phonon
scattering mechanisms that govern the TCR of SWCNTs and
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MWCNTs depend on the nanotube length.[49] Given their dimen-
sions, the electrical response to temperature of individual CNTs
have undoubtedly a quantum nature. Langer et al.[50] found a log-
arithmic dependence of the electrical conductance with temper-
ature for individual MWCNTs. They explained such behavior in
terms of two-dimensional weak localization and universal con-
ductance fluctuations in mesoscopic conductors. They concluded
that the electrical transport in MWCNTs is governed by electron
interference effects occurring in disordered conductors with a
reduced dimensionality. Kane et al.[51] proposed that the quasi-
linear electrical response to temperature of armchair metallic
SWCNTs can be explained by quantum mechanics coupling of
the conduction electrons to long-wavelength torsional shape fluc-
tuations. However, although their theory may be valid for individ-
ual CNTs, their measurements were conducted for CNTs in the
form of ropes or mats (randomly oriented entangled ropes). To
date, it is known that the electrical response of individual CNTs
may significantly differ from that of bundles of CNTs, i.e., arrays,
mats, buckypaper, fibers, yarns. This is mostly because of the con-
tact and tunneling resistances among the CNTs, and the quan-
tum phenomena which occur among the CNTs when acting as a
physico-chemically interacting group. In fact, Skákalová et al.[52]

tested individual CNTs (SWCNTs and MWCNTs) and networks of
them with various thicknesses. They found that the temperature
dependence of the electrical conductivity depends on the thick-
ness of the CNT network, and can be explained by hopping con-
duction and tunneling through thin barriers separating metallic
regions. Further discussion concerning the electrical response to
temperature of groups (arrays) of carbon nanotubes will be pre-
sented in section 4.

Graphene (a single-layer) is a zero-gap semiconductor with lin-
ear energy-momentum dispersion around the Fermi energy.[25]

However, as the number of layers increases toward “few-layer
graphene”, the valence and conduction bands overlap, becoming
a semimetal.[25,53] That is, the electronic behavior of multilayer
graphenic materials approximates that of graphite (a semimetal)
as the number of layer increases. Using tight-binding calcula-
tions, Partoens and Peeters[25] found that for more than 10 lay-
ers, the difference in band overlap with bulk graphite (41 meV)
is less than 10%. Therefore, the electrical response to tempera-
ture of few-layer and multilayer graphene strongly depends on
the number of layers.

Shao et al.[54] report thermoresistive tests of single-layer and bi-
layer graphene materials obtained from mechanical exfoliation of
highly oriented pyrolytic graphite. The graphene films were sup-
ported by a thicker insulating oxide layer and two Pt electrodes
were added for thermoresistive characterization. Characteristic
Raman fingerprints proved the single-layer and bilayer character
of the graphene materials. They heated the graphene materials
from room temperature (T0 = 300 K) to 500 K and found a neg-
ative dependence of the electrical resistance to temperature, as
shown in Figure 4. When heated from 300 to 500 K, the electrical
resistance of single-layer graphene decreases about 30% (R/R0 ≈

0.7). A linear fit to the data plotted by Shao et al.[54] yields 𝛼 ≈

−0.15% per °C, according to Equation (2). For the bilayer mate-
rial, on the other hand, the decrease at 500 K is about 70% (R/R0
≈ 0.3), i.e., a significantly higher thermoresistive sensitivity. For
this case, a linear fit to the published data yields 𝛼 ≈ −0.35% per
°C. This is one order of magnitude higher than the one reported

Figure 4. Electrical response to temperature of single-layer and bilayer
graphene. Reproduced from Shao et al.[54] with permission from AIP Pub-
lishing.

by Ebbesen et al.[3] for MWCNTs (see Figure 3). The thermoresis-
tive behavior of these graphene-based materials was explained by
a quantum mechanics model on the basis of thermal generation
of carriers and electron/hole scattering with acoustic phonons.[54]

One thing to bear in mind is that in this, as in most experiments
characterizing the electrical properties of single-layer graphene,
the graphene layer is not free-standing but supported by a thicker
(electrically insulating) substrate. This could play thermal and/or
mechanically constraining roles, see, e.g., ref. [55].

For few-layer graphene (3-4 layers) grown on electrically in-
sulating ceramic substrates, Huang et al.[56] found a TCR of
−3.52 × 10−2% per °C. Several other works have also reported a
negative TCR for graphene and its few-layer derivatives.[6,10,57–59]

Depending on the application, a high or negligible TCR can
be sought for materials based on graphene and its few-layer
derivatives. On the one hand, very high TCRs are sought in
applications such as temperature sensors and bolometers, i.e.,
devices used for measuring radiant heat.[6,60–62] On the other
hand, zero or negligible TCRs are sought in sensing applications
when the transduced variable is different to temperature, but also
causes changes in electrical resistance. In those cases, the varia-
tion of electrical resistance with temperature is deemed a spu-
rious effect. For example, for strain sensing devices that work
with the piezoresistive phenomenon,[7,63–65] changes in electri-
cal resistance produced by temperature are an undesired effect
that needs to be compensated. Therefore, in such applications,
temperature-independent sensors comprising a material or com-
bination of materials with zero TCR are sought. The negative
TCR of graphene has been exploited for such an aim, by com-
bining graphene or few-layer graphene with other materials with
positive TCR such as platinum, palladium, gold, graphene oxide,
or carbon hybrids.[4,10,58,65,66]

The electrical response to temperature of graphene and its few-
layer derivatives can be affected by the synthesis method, thick-
ness, lateral size, amount, and type of functional groups, among
others. Davaji et al.[55] reported positive TCRs in a small tempera-
ture range (10 to 30 °C) for free-standing graphene and graphene
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over SiO2/Si substrates growth by chemical vapor deposition.
Boon et al.[67] reported that reduced edge-oxidized graphene ox-
ide (by using nitric acid) can change from positive to negative
TCR by introducing structural defects in its basal plane. Thus,
not only material combinations, but also functionalization may
be used to tailor the temperature dependence of the electrical re-
sistivity of graphene-based materials.

4. Thermoresistivity of Carbon Nanotube and
Multilayer Graphene Arrays and Films

Since individual CNTs and single-layer graphene are very difficult
to handle, the vast majority of publications dealing with the sci-
ence and engineering of carbon nanomaterials have used some
form of multi-layer graphene films, entangled arrays, bundles, or
buckypapers, either free-standing, deposited over a thicker sub-
strate or as an integral part of a multi-layered material.[63,66,68–74]

The mechanisms governing thermoresistivity in these entangled
materials may differ significantly from those of individual CNTs
or graphene. This is because in these arrays electrical charge
flow occurs through a network, and not only within individual
carbon nanostructures. Thus, the mean free path changes and
electrical conduction is no longer confined to quantum (through-
thickness) or micro-size (lateral dimensions for graphene or CNT
length) paths. Collective (interacting) mechanisms arise, which
may yield nonlinearities and trigger new phenomena not ob-
served for individual nanostructures, see, e.g., ref. [52,69,75]. For
example, Skákalová et al.[52] conducted electrical measurements
of SWCNT buckypapers (≈35 μm) and SWCNT networks of dif-
ferent thickness on a SiO2 substrate, characterized by an optical
transparency ranging from 30% to 90%. They found that the tem-
perature response of the electrical conductivity depends on the
network thickness (i.e., transparency). They argue that the elec-
trical response of the thinner networks is consistent with hop-
ping conduction, while that of the thickest ones obeys tunneling
through thin barriers separating metallic regions.

The mechanisms governing the thermoresistivity of carbon-
nanostructured arrays may be viewed as analogous to those of
piezoresistivity.[76] However, in the case of thermoresistivity, the
mechanisms are driven by temperature, instead of strain. As a
general classification, it is proposed here that the thermoresis-
tive mechanisms occurring in arrays of carbon nanostructures
can be broadly classified into three groups of mechanisms, as
schematically depicted in Figure 5 for graphenic sheets (GS, left)
and CNTs (right). The generic term “graphenic sheets” is used
herein to broadly encompass the single-, few-, and multilayer-
graphene derivatives.

The first mechanism (indicated by a straight double-ended
arrow) is the inherent electrical response of the individual
carbon nanostructure to temperature. This comprises classi-
cal electrodynamics and quantum electroconduction phenom-
ena at the graphene (or CNT) level.[3,24,53] The second and third
mechanisms refer to collective (group) phenomena triggered by
particle-to-particle physico-chemical interactions upon heating
or cooling. If there is physical contact or overlapping between
nanostructures, a contact resistance develops, which is depicted
in Figure 5 by a small (blue) resistor. The particle-to-particle con-
tact resistance is a function of temperature, and also of the geom-
etry of the contacting particles, contact area, free charge carrier

Figure 5. Thermoresistive mechanisms occurring in groups (arrays) of
carbon nanostructures.

concentration, and density of functional groups, among others,
see, e.g., ref. [77,78]. Finally, the (red) bent double-ended arrows
represent non-contact interactions among groups of nanostruc-
tures. Assisted by temperature, free electrons of the conductive
nanostructures separated by a nanometric thin electrically insu-
lating layer may hop or tunnel.[26,31,52,79] The tunnel current is ex-
pected to vary exponentially with the thickness of the insulating
layer,[80] i.e., air in the case of porous arrays of carbon nanostruc-
tures. Although the maximum distance that electrons in these
conditions could quantumly tunnel is yet uncertain, tunneling
distances up to a few nanometers are commonly accepted and
used in computational models.[79–82] Other quantum phenom-
ena assisted by temperature such as variable range hopping and
fluctuation-induced tunneling (see section 2) also fall into this
third category, and are expected to strongly influence the ther-
moresistive response of carbon-nanostructured arrays.[26,27,31] All
three thermoresistive mechanisms simultaneously coexist for ar-
rays, films, buckypapers or groups of carbon nanostructures. The
relative contribution of each one varies depending on factors in-
herent to the nanostructures themselves (size, functional groups,
etc.) and on factors related to the dispersion, distribution, orien-
tation and concentration of the network of nanostructures. For
dense arrays, buckypapers, films or carbon nanostructures de-
posited over thicker substrates, the collective mechanisms may
dominate over the inherent response of the individual nanos-
tructures. Evidence of these can be inferred from the distinctive
change in thermoresistive response of individual nanostructures
compared to that of networks comprising thousands of the same
carbon nanostructures, see, e.g., Skákalová et al.[52]

Given the above-mentioned factors, the thermoresistive re-
sponse of carbon-nanostructured arrays and films presents large
variability, reporting positive and negative TCRs. A summary of
published TCRs for carbon nanotube arrays (bundles, buckypa-
pers, etc.) and films is listed in Table 1. All TCRs (𝛼) listed in
the Table 1 and in the subsequent tables are reported in units
of %°C−1, i.e., 10−2 per °C. In this regard, published data in K−1

were simply transcribed as °C−1, without adding or subtracting
any quantity related to unit conversion. This is because 𝛼 oper-
ates over a difference in temperature (ΔT), and ΔT remains the
same regardless of whether the Kelvin or Celsius scale is used.
Unless indicated with a letter “c”, the actual TCR number was
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Table 1. Temperature coefficient of resistance of carbon nanotube arrays
and films.

Description Temperature
Interval [°C]

𝛼 [% per °C] Ref.

Thymine functionalized
MWCNT bundles over
silicon

25 to 35 −5.6
(nl)

[62]

MWCNT-coated PDMS N/A −0.52 [83]

MWCNT array on PET film −40 to 100 −0.4 [84]

MWCNT bundles on paper 25 to 100 −0.31 to
−0.49

[85]

MWCNT array assembled on
paper

20 to 75 − 0.27
(c, nl)

[68]

MWCNT bundles 25 to 80 −0.125 to
−0.155

[92]

MWCNT film −5 to 45 −0.1 [93]

MWCNT bundles on PET 25 to 50 −8.92 × 10−2 [94]

MWCNT bundles between
silver

26 to 67 −8.81 × 10−2 [95]

MWCNT film −63 to 17 −8 × 10−2 [89]

Aligned MWCNT arrays over
glass

25 to 160 −8 × 10−2 [88]

MWCNT buckypaper 30 to 120 −7.53 × 10−2 [96]

MWCNT buckypaper within a
glass/epoxy composite

25 to 150 −7.18 × 10−2 [72]

Free-standing MWCNT film −270 to 147 −7 × 10−2 [97]

MWCNT vertical arrays 35 to 125 −4.73 × 10−2 [98]

MWCNT array 25 to 190 −4.62 × 10−2 [99]

MWCNT array 0 to 100 −3.6 × 10−2 to
−0.27

[91]

MWCNT assembly ≈25 0.3 [70]

MWCNT array ≈25 0.27 [86]

MWCNT films 30 to 400 2.8 × 10−2 [87]

SWCNT vertical assembly 65 to 25 −0.16 to
−0.78

[69]

SWCNT film −63 to 17 −0.17 [89]

SWCNT buckypaper −270 to
−153

Negative [90]

SWCNT array 0 to 100 0.539 to 0.849 [91]

(c): Calculated (estimated) from published plot or numerical data. (nl): Curve is non-
linear, a linear estimate was carried out. PET: polyethylene terephthalate. PDMS: Poly-
dimethylsiloxane. N/A: Not available.

published in the original reference. In a few cases where only a
curve or numerical data is provided, a linear estimation was con-
ducted, and such an estimation is indicated in the table with the
letter “c” (for “calculated”). Reading numerical data points from
reported plots was electronically conducted aided by the free on-
line software “Plot Digitizer” (pOrbital, 2023). A few curves are
also nonlinear, and this is indicated in the table with the letters
“nl”. In such nonlinear cases, curve fitting was conducted using
the first and last data points of the curve. For MWCNT arrays the
large majority of the published TCR data is negative, and the large
majority of the data reported in Table 1 ranges from −0.04 to
−0.15. A few outliers are observed with higher (negative) abso-
lute values.[62,68,83–85] These works with significantly higher neg-

Figure 6. Effect of nitrogen concentration on TCR of MWCNT films. Re-
produced from Iionescu et al.[98] with permission from Elsevier.

ative value of TCR have in common that the MWCNTs are not
free-standing but deposited over a substrate (mostly polymeric),
which is expected to play a role. A few works have also reported
positive TCRs for MWCNT arrays,[70,86,87] see Table 1. As a ref-
erence, Platinum, which is commonly used for commercial ther-
mistors, has a (positive) TCR of 0.393% per °C.[88] Arrays of SWC-
NTs have also reported negative[69,89,90] and positive[91] TCRs,
of magnitudes that fall within the range of those reported for
MWCNT arrays.

The variability observed in the TCRs listed in Table 1 is because
the electrical response to temperature of carbon-nanostructured
arrays depends on several factors, such as the length and physi-
cal properties of the CNTs, their packing density (porosity), CNT
functionalization, and if they are truly free-standing or supported
by a substrate. Even when the substrate is electrically insulating,
the thermomechanical properties of the substrate can play a role,
especially for polymers with a high coefficient of thermal expan-
sion.

The synthesis conditions can also affect the TCR. Using spray
pyrolysis chemical vapor deposition, Ionescu et al.[98] grew ver-
tically aligned MWCNTs using xylene as the carbon feedstock
and acetonitrile as the nitrogen feedstock. They found that
the amount of nitrogen incorporation significantly influences
the growth rate, morphology and structure of the nanotubes,
and consequently their electrical response to temperature, see
Figure 6. The TCR was −4.72 × 10−2% per °C for MWCNT
films produced using only xylene, decreased 22% (−5.78 ×
10−2% per °C) for MWCNT films obtained from 50 vol.% xy-
lene:acetonitrile (2.3 at.% N in Figure 6), and further decreased
to −6.69% per °C (42%) for the MWCNT films synthesized using
pure acetonitrile (4.0 at.% N in Figure 6).

Functionalization is also a factor that affects the electrical re-
sponse to temperature of carbon nanostructures. Kumar et al.[95]

found an increase in TCR from −8.81 × 10−2 to −0.13% per °C
when MWCNT arrays were functionalized with nitrogen. They
hypothesize that the higher TCR may be due to the creation
of donor states by the nitrogen functionalization, which yields
higher electron density near the Fermi level.

Numerically similar negative values of TCRs have been re-
ported for films or buckypapers made of few-layer or multilayer

Adv. Mater. Interfaces 2023, 10, 2300218 2300218 (7 of 17) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Table 2. Temperature coefficient of resistance of graphenic films.

Description Temperature
Interval [°C]

𝛼 [% per °C] Ref.

RGO film on SiO2 10 to 40 −0.95 to −0.68 [100]

GS layer over alumina 0 to 100 −0.52 [74]

RGO layer over Kapton −43 to 100 −0.209 [65]

GS buckypaper over a
dielectric layer

−60 to 60 −0.155 [73]

Few layer graphene film on
ceramic

25 to 350 −3.52 × 10−2 [56]

Graphene/RGO film −70 to 120 −3.25 × 10−2 [4]

RGO film −263 to 2726 Negative (nl) [61]

Graphene films on SiO2 25 to 200 0.168 to 0.27 [5]

GS ink (in acrylic polymer) on
a plastic substrate

−5 to 57 0.15 [71]

Graphite film over paper 40 to 100 0.12 (c,nl) [66]

(c): Calculated (estimated) from published plot or numerical data. (nl): Curve is non-
linear, a linear estimate was carried out. RGO: Reduced (few or multilayer) graphene
oxide.

graphene and reduced graphene oxide (RGO), as observed from
Table 2. As seen from this table, positive values are far less com-
mon than negative ones. Notice that the last three rows in Table 2
report positive TCRs, and they have in common being deposited
over a substrate.

For graphene, the size of the graphene sheet could also play
a role in its electrical response to temperature. Debroy et al.[5]

reported that the TCR of graphene interconnections on SiO2/Si
substrates decrease with decreasing the ribbon’s width. A 38%
decrease in TCR was reported when decreasing the graphene
width from 1 μm to 300 nm.

Another field of interest for graphenic materials is the develop-
ment of zero-TCR materials. Zero-TCR materials are of great in-
terest for the development of temperature-independent sensors,
such as strain or moisture sensors. By using a hybrid combina-
tion of graphene, carbon nanotubes or graphenic arrays with neg-
ative TCR and another material such as metallic or graphite parti-
cles with positive TCR, zero TCR can be targeted.[4,10,11,58,101] For
example, Nuthalapati et al.[65] found that by tunning the multi-
layer RGO:Paladium ratio the TCR can be tunned from negative
(RGO) to postive. Amjadi and Sitti,[66] Figure 7, proposed a hybrid
combination of graphite microparticles (positive TCR) and CNTs
(negative TCR) to produce hybrid films with nearly zero TCR. The
film named “Hybrid 1” had a CNT-to-graphite mass ratio of 0.08,
hybrid 2 of 0.10, and hybrid 3 of 0.12. In Figure 7, it is seen that
the positive TCR of graphite can be tuned by the introduction of
CNTs, forming hybrid films (hybrids 1 to 3) with near zero TCR.

5. Thermoresistivity of Carbon Nanotube Fibers
and Yarns

Carbon nanotube fibers either in the form of aligned networks or
twisted yarns are extraordinary hierarchical materials that aim to
translate the superior properties of carbon nanotubes to macro-
scopic structural fibers, see, e.g., ref. [102,103]. CNT aligned
fibers and CNT yarns (CNTYs) are hierarchical structures com-
prising CNTs as building blocks at the fundamental (nanomet-

Figure 7. Electrical response to temperature of graphite, CNT and
graphite-CNT hybrid films. Reproduced from Amjadi and Sitti.[66]

ric) level, bundles of CNTs held together by friction, twist (in the
case of yarns) and van der Waals forces at the microscopic level,
and thicker fibrils (made of thinner bundles) at the mesoscopic
level. They are continuously long fibers with extraordinary elec-
trical conductivity and toughness, which can be exploited for the
development of smart structural materials.[104,105] Understanding
their thermoresistive response may be more challenging than for
individual carbon nanotubes or conventional carbon fibers, given
their hierarchical structure and collaborative response. Conven-
tional pitch-based carbon fibers typically present a negative TCR,
which is attributed to the increase in the density of electrical
charge carriers with increased temperature.[106] The situation,
however, is more complex for CNT fibers and twisted yarns, given
their high porosity and very strong structure-property relation-
ship. The density of CNT-to-CNT and bundle-to-bundle contacts
and the spacing among them (for hopping or tunneling) strongly
influences the electrical response of such fibers, and thus is ex-
pected to govern their thermoresistive response. Lekawa-Raus
et al.[107] proved that the synthesis conditions strongly affect
the thermoresistive response of CNT fibers, showing a strong
structural-electrical dependence. Using CNT fibers spun from a
floating catalyst process, they reported thermoresistive responses
which are strongly nonlinear, nonmonotonic, and negative for
the large majority of the temperature range investigated. Niven
et al.[108] also found nonlinear negative thermoresistive responses
for dry-spun MWCNT yarns. They annealed the CNTYs up to
2700 °C in argon and showed that the thermoresistive response
and hysteresis under heating-cooling cycles can be affected by the
annealing temperature and presence of adsorbed species.

The most accepted mechanisms governing the thermoresis-
tive response of CNT fibers and yarns are the VRH and FIT ones,
described in Section 2 and represented by Equations (4) and (5).
Zhang et al.[29] investigated the electrical response to tempera-
ture of direct spun CNT fibers from 25 to 1100 °C in nitrogen
atmosphere. The authors observed a nonmonotonic thermore-
sistive response, which they classified into two zones (I and II in
Figure 8). From 25 to 250 °C (zone I, Tc ≈ 250 °C) the behavior
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Figure 8. Electrical conductivity as a function of temperature for direct-
spun CNT fibers. Reproduced from Zhang et al.[29] with permission from
AIP Publishing.

was explained by the VRH model, Equation (4), consistent with
a three-dimensional hopping mechanism.

Curve fitting of the experimental data within this range to
Equation (4) yielded 𝜎0 = 1370 S cm−1, TM = 1.2 K and 𝛽 = 1/4.
The authors suggest that the 𝛽 = 1/4 exponent correlates with
three-dimensional hopping among defective CNTs and their bun-
dles. Above Tc = 250 °C (zone II in Figure 8) the experimental
data fits well to what they called a “heterogeneous model”, which
is the sum of the FIT model of Equation (5) and an exponential
term due to electron-phonon scattering.

Other authors have also used either the VRH[30,109,110] or the
FIT[110] models to describe the thermoresistive response of CNT
fibers and twisted yarns.

For CNT fibers and yarns, it is not rare that within a given tem-
perature interval the experimental data can be approximated as
linear, so a TCR can be calculated. A summary of TCRs reported
in the literature for CNTYs is shown in Table 3.

From Table 3, it is seen that the collected data evidence a nega-
tive thermoresistive response for CNTYs, with TCRs ranging ap-
proximately from −0.12 to −0.06% per °C. Notice that most of
the data in Table 3 are close to −0.1% per °C, which may be taken
as a quick reference value. This number falls within the range
of the TCRs reported in Table 1 for CNT arrays, but the absolute

Table 3. Temperature coefficient of resistance of CNTYs.

Temperature Interval [°C] 𝛼[% per °C] Ref.

20 to 75 0.12 [111]

196 to 25 0.1 [102]

25 to 30 9.54 × 10−2 [110]

25 to 100 9.46 × 10−2 [110]

≈22 0.075 TO 0.13 [112]

25 to 80 7.5 × 10−2 [113]

256 to 27 6.8 × 10−2 [109]

30 to 103 5.7 × 10−2 (c) [114]

(c): Calculated (estimated) from published plot or numerical data.

value is a bit smaller than some of the negative data in such a
table. This may be due to the increased number of contact points
in continuous and twisted CNTYs. Comparison with individual
CNTs is more challenging, given the strong structure-property
relationships of these materials. As pointed out in section 3, for
individual MWCNTs growth by carbon-arc and annealed in ar-
gon, Ebbesen et al.[3] reported TCRs of ≈ −3.38 × 10−2% per °C,
which is smaller than those reported in Table 3 for CNTYs. How-
ever, a fair comparison would require the use of the same indi-
vidual CNTs comprising the yarn, and reports of such kind of
hierarchical experiments are not found in the literature.

Balam et al.[110] reported cyclic heating-cooling thermoresistive
tests of individual dry-spun CNTYs in two regimes, above (from
25 to 100 °C, Figure 9a) and below (from 25 to −30 °C, Figure 9b)
room temperature.

They found similar (negative) TCRs in both regimes, above
(−9.46 × 10-2% per °C) and below (−9.54 × 10-2% per °C) room
temperature, supported by the VRH and FIT mechanisms. The
hysteresis loop between the heating and cooling curves was sig-
nificantly lower for experiments below room temperature, as
seen in Figure 9a,b. The hysteresis also greatly increased when
the individual CNTY was embedded into a thermosetting poly-
mer.

Given the high porosity of the yarns, the electrical response of
CNTYs is sensitive to the ingress of fluids and polymeric resins.
This can be exploited to develop resin flow sensors and sensors
that assist in online monitoring of the curing kinetics of ther-
mosetting resins.[115,116]

6. Polymer Nanocomposites Filled with Carbon
Nanotubes and Graphenic Sheets

Polymer nanocomposites filled with carbon nanostructures share
with arrays of carbon nanostructures (films or buckypapers) the
thermoresistive mechanisms described in Section 4 (Figure 5).
However, these materials exhibit unique mechanisms that are
absent in arrays, which stem from the host polymer matrix. Two
major contributions that arise from the polymer matrix are the
thermal expansion/contraction of the polymer and the modifica-
tion of the tunneling and hopping electrical resistances.[35–37,117]

The simulations of Gong et al.[36] propose three major mech-
anisms governing the thermoresistivity of CNT polymer com-
posites, viz., thermal expansion of the matrix, thermally assisted
tunneling, and thermally activated hopping. These mechanisms
have also been recognized by other authors, supported by sim-
ulations and experiments.[37,42,117,118] In this case, the tunneling
barrier existent between arrays of carbon nanostructures is no
longer filled with air, but with a dielectric polymer. This modifies
the dielectric permittivity of the insulating medium and hence
modifies the value of the height of the tunneling barrier. Since
the tunneling resistance depends exponentially on the square
root of the tunneling barrier height,[37,82] this significantly mod-
ifies the tunneling electrical resistances and their response to
temperature.[35,118]

The coefficient of thermal expansion of the polymer plays
a paramount role in the thermoresistive response of carbon-
nanostructured polymer composites upon heating/cooling. The
relative contribution of the thermal expansion/contraction of the
polymer to the global thermoresistive response is particularly
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Figure 9. Thermoresistive response of individual CNTYs tested in two temperature intervals. a) Above room temperature, b) below room temperature.
Reproduced from Balam et al.[110] with permission from John Wiley & Sons.

important for carbon-nanostructured polymer composites with
low filler content.[37,42,117] The glass transition temperature of the
polymer must be also taken into account. Gong et al.[36] argue
that above the glass transition temperature of the polymer, the
transport mechanism experiences a transition from tunneling to
hopping, which increases the thermoresistive sensitivity. How-
ever, one must bear in mind that thermoresistivity must be re-
versible, and above the glass transition temperature its practical
application may be compromised by irreversibility and hystere-
sis.

Higher TCRs are typically achieved at lower carbon nanofiller
concentrations, i.e., for sparser GS or CNT networks just above
the electrical percolation threshold.[35,42,119] In fact, Cen-Puc
et al.[42] reported that for MWCNT/polysulfone films, the elec-
trical response to temperature switches from positive TCR at
low filler concentrations (0.5 to 10 wt%) to negative TCR at high
filler concentrations (≥40 wt%), Figure 10. Near-zero TCRs can
be achieved by tuning the nanostructured carbon filler concen-
tration, as shown by the 25 wt% curve in Figure 10. In this
case, the higher (positive) TCRs obtained for the composites with
lower MWCNT concentrations are attributed to the dominance of
the thermal expansion of the matrix, which drives the MWCNTs
apart upon heating.

This trend, from positive TCR at low MWCNT concentrations
to negative TCR at higher filler concentrations, has also been ex-
perimentally observed by other authors using a different polymer
matrix,[120] as well as predicted by Monte Carlo simulations.[117]

Gao et al.[121] reported that thermally treating SWCNT/polyimide
films is another possible way to tune their TCR.

Table A1 in Appendix A summarizes TCRs collected for poly-
mer composites filled with either carbon nanotubes or graphenic
sheets (GSs). The majority of the TCR values reported in Table
A1 were directly reported as numerical data in the original publi-
cations. Reading numerical data points from reported plots was
electronically conducted aided by the free online software “Plot

Digitizer” (pOrbital, 2023). For those publications where the ac-
tual TCR was not directly reported, and the available data made it
possible, the TCR was estimated through linear curve fittings in
the temperature intervals reported in the table. Nonlinear ther-
moresistive ((ΔR/R0) vs ΔT) response curves are not rare, and
in such cases the definition of the TCR through Equation (2) is
compromised. For such cases, the TCR may be reported as a func-
tion of temperature,[9,119] by approximating one or various linear
fittings within selected temperature intervals,[110] or simply by re-
porting the full thermoresistive response curves.[33,40,122–124]

There is significantly more data published on CNT/polymer
composites than on GS/polymer ones. For GS/polymer com-
posites, the morphology (lateral size, number of layers) and

Figure 10. Thermoresistive response of MWCNT/polysulfone composites
at different MWCNT concentrations. Reproduced from Cen-Puc et al.[42]

with permission from Elsevier.
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Figure 11. Influence of filler type (a), reproduced from Li et al.[46] with permission from Elsevier, and hybrid filler relative concentration (b), reproduced
from Pech-Pisté et al.[43] with permission from Elsevier, on the thermoresistive response of carbon-nanostructured polymer composites.

physicochemical properties (surface area, functional groups)
of the graphenic sheets is of paramount importance for the
formation of the electroconductive network, see, e.g., ref.
[125]. However, the physicochemical properties of the GSs are
rarely provided in publications reporting the thermoresistive
response of polymer composites, so reliable structure-property
relationships which drive fundamental conclusions are hard to
construct.

Both, negative (e.g., ref. [46,122,126–130]) and positive (e.g.,
ref. [9,33,34,123,131,132]) TCRs have been reported, as evidenced
in Table A1. The sign of the TCR (positive or negative) depends
on many factors, such as the filler type and their physicochemi-
cal properties, the thermo-mechanical properties of the polymer
matrix, and the temperature interval. As for the magnitude, most
of the data collected in Table A1 is on the order of 10−1% per °C
(either positive or negative) and all data falls between −9.76% per
°C and 6.74% per °C. With the current information available, it
is unclear if GSs or CNTs may provide enhanced thermoresistive
sensitivity. The current scientific evidence suggests that factors
such as the in-plane dimensions (lateral size) of the GS (or length
in the case of CNTs), their physicochemical properties, and their
state of functionalization may be more relevant than the actual
filler type (GS vs CNT). In any case, for polymer composites at rel-
atively low filler concentrations, the thermomechanical proper-
ties of the matrix and the state of dispersion of the filler within the
matrix may be more relevant than the intrinsic thermoresistivity
of the filler. More systematic investigations are needed to shed
light on this issue. As an example, Li et al.[46] compared the TCRs
of films made of a polyimide matrix and either MWCNTs or GSs.
According to their findings (Figure 11a), the absolute value of the
TCR was slightly higher for nanocomposites using GSs as fillers.
However, no information on the structural and physicochemi-
cal properties of the carbon fillers used was provided in such a

publication, so the actual reasons for this difference are hard to
assess.

An alternative that has been recently explored is the
use of hybrid carbon-nanostructured networks of different
dimensionality.[43,133] The hypothesis here is that the one-
dimensional morphology of CNTs and the two-dimensional mor-
phology of GSs could form charge-transport efficient percolated
networks if combined at the right proportions. Figure 11b shows
the results of Pech-Pisté et al.[43] on 1 wt% GS-CNT hybrid poly-
sulfone nanocomposites. The CNTs used were as-received (not
functionalized) MWCNTs of 1–6 μm length (mean 2.6 μm) and
≈110 m2 g−1 specific surface area (measured by the Brunauer-
Emmett-Teller, BET, method). The GSs are multilayer graphene
sheets of 1–2.5 μm length (in-plane lateral size), not function-
alized, and with a BET surface area of ≈183 m2 g−1. ϕR in
Figure 11b represents the ratio of the GS mass over the total filler
(GS+CNT) mass. Thus ϕR = 0 represents a nanocomposite with
only CNTs. Composites with only GSs (ϕR = 1) did not reach the
required electrical conductivity for thermoresistive testing. This
indicates that CNTs form a percolated network at lower filler con-
centrations than GSs, and reach higher conductivities at the same
weight concentration. As seen from this figure, for this mate-
rial system a hybrid made of 50% GSs and 50% CNTs by weight
(ϕR = 0.50) yields the highest thermoresistive sensitivity, but also
higher hysteresis. On the other hand, including a smaller amount
of GSs (ϕR = 0.25, i.e., 25% GS and 75% CNTs) yields more
modest increments of thermoresistive sensitivity, but without
compromising the hysteresis.

7. Issues, Perspectives, and Concluding Remarks

The electrical response to temperature of a solid-state material
serves as a unique fingerprint, offering insights into the charge
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transport mechanisms taking place at the fundamental molecu-
lar level, with important applications in the sensing area. Smart
materials can be designed and their sensitivity tailored by know-
ing the transduction function between the changes in electrical
resistance and temperature, i.e., their thermoresistive response.
The study of this thermoresistive response should include not
only a broad range of temperatures (heating and cooling), but
also its heating-cooling cyclic response. The study of the cyclic re-
sponse would enable the assessment of hysteretic effects, which
are crucial for accurately designing nanostructured sensors. In-
dividual carbon nanostructures are the fundamental building
blocks of engineering materials of larger scales (fibers, polymer
composites), and their thermoresistive response needs to be fur-
ther investigated. The study of the response of individual car-
bon nanostructures is technologically challenging, but it must be
further pursued for a proper understanding of the fundamental
quantum phenomena governing at such scale. For example, to
fully understand the behavior of carbon nanotube (CNT) fibers
and yarns, systematic hierarchical studies that cover individual
CNTs, bundles, and fibers are necessary. Theoretical studies and
computational modeling should of course aid in this task. The
large majority of the thermoresistivity studies published focus
on the application of a direct current electric field. It is expected
that the electrical response to temperature under alternating cur-
rent (AC) electric fields (thermoimpedance) provides valuable
complementary information to further understand the govern-
ing phenomena. The AC alternative, however, has been only shal-
lowly explored.

For polymer composites filled with carbon nanostructures, an
important challenge to overcome is to build structure-property re-
lationships between the micro- and nanostructure of the individ-
ual fillers (GS, CNTs) and the resulting thermoresistive response
of the composite. Scientists need to be aware that to make this
possible, detailed and reliable information on the physicochem-
ical properties of the nanostructures needs to be included in the
publications. For GSs and CNTs, the size distribution, number
of layers, concentration and type of functional groups, interlayer
spacing, and other relevant properties need to be accurately char-
acterized and provided to build such structure-property relation-
ships. Making a clear distinction between the different thermore-
sistive responses of materials of the graphene family requires
their accurate identification and characterization at the nanos-
tructure level. A major persisting issue is that many authors tend
to ascribe the name “graphene” to any member of this broad fam-
ily. Thus, adopting a proper and standardized nomenclature for
members of the family of graphene (oxidized graphene, reduced
graphene, few-layer graphene, multi-layer graphene, etc.) would
greatly help the community to succeed in this task.

The use of hybrid fillers is an interesting path that demands
further investigation. The intended use of hybrid fillers may be
twofold, viz., to increase the thermoresistive sensitivity in tem-
perature sensing applications, or to tailor the hybrid network for
zero temperature sensitivity. On the one hand, an efficient ther-
moresistive network with sparse connections that readily reorga-
nize under temperature is expected to increase the thermoresis-
tive sensitivity. On the other hand, zero temperature coefficient
of resistance materials are sought for non-temperature physical
and chemical sensors, such as those for strain or moisture.

The primary applications of these carbon-nanostructured ther-
moresistive materials lie in the field of smart materials for sens-
ing applications. They are expected to gear the next generation
of temperature sensors, key components of soft robotics, tactile
sensing, smart textiles, and wearable gadgets, among many oth-
ers. In the form of fiber assemblies, they could be potentially
used as an integral part of smart structural composites capa-
ble of self-sensing their temperature, and also for online poly-
mer curing monitoring. In the field of robotics and automation,
complex shapes of carbon-nanostructured polymer composites
can be achieved by additive manufacturing, advancing toward a
rapidly growing field known as “4D” printing. Combined with
data-driven decision-making by machine learning strategies, and
integrated with the internet of things, these smart materials are
expected to confront the current and future challenges of sensory
materials.

Appendix A

Table A1. Temperature coefficient of resistance of polymer composites
filled with carbon nanotubes or graphenic sheets.

Filler Matrix Filler weight
concentra-

tion
[wt%]

Temperature
Interval [°C]

𝛼 [% per °C] Ref.

MWCNT Epoxy 0.12 −40 to 110 0.97(@−40 °C)
−0.91(@110 °C)

(nl)

[35]

3 −40 to 110 0.005(@−40 °C)
−0.05(@110 °C)

(nl)

5 −40 to 110 −0.35(@−40 °C)
0.49(@110 °C)

(nl)

MWCNT Epoxy 0.1 50 to 200 −2.89 @50 °C
(nl)

[119]

−5.13 @80 °C
(nl)

−8.98 @110 °C
(nl)

−9.76@140 °C
(nl)

−7.56@170 °C
(nl)

3.3 × 10−2@
200 °C

(nl)

5.0 50 to 200 0.66@50 °C
(nl)

−0.33@80 °C
(nl)

−2.14@110 °C
(nl)

−2.83@140 °C
(nl)

(Continued)
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Table A1. (Continued).

Filler Matrix Filler weight
concentra-

tion
[wt%]

Temperature
Interval [°C]

𝛼 [% per °C] Ref.

−1.97@170 °C
(nl)

32.9 × 10−3@
200 °C

(nl)

MWCNT Epoxy 1 57 to 102 0.18
(c)

[34]

3 1.40
(c)

5 2.6
(c)

MWCNT Epoxy 0.25 25 to 145 0.087(@104 °C)
0.35(@110 °C)

(nl)

[9]

0.50 25 to 145 0.045(@122 °C)
(nl)

MWCNT Epoxy 0.05, 0.1,
0.3, 0.5

−130 to 75
(Fitting

from −75
to 0)

−0.16
(c, nl)

[126]

MWCNT Epoxy 0.5 0 to 80 −0.13 [127]

MWCNT Epoxy 1.0 −20 to 80
(Fitting

from −20
to 20 °C)

0.35
(c, nl)

[41]

1.25 0.30
(c, nl)

1.75 0.14
(c, nl)

2.0 0.096
(c, nl)

MWCNT Epoxy 0.63 −20 to 60 −0.124 [130]

1.25 −0.081

2.5 −0.070

5.0 −0.066

MWCNT
(aligned)

Epoxy 12 −95 to 100 −0.08 to −0.085 [134]

57 to 60 −95 to 100 −0.135 to
−0.154

MWCNT Polyester
resin

0.1 −193 to 27
(Fitting

from
−173 °C to
−73 °C)

−0.22
(c, nl)

[135]

0.3 −0.20
(c)

0.5 −0.20
(c, nl)

DWCNT Polyester
resin

0.1 −193 to 27
(Fitting

from
−173°C to
−73 °C)

−0.42
(c, nl)

0.3 −0.50
(c, nl)

0.5 −0.31
(c, nl)

MWCNT VER 0.1 40 to 160 −1.80 × 10−4

(@ 40 °C)
−0.68 × 10−4

(@160 °C)
(nl)

[47]

(Continued)

Table A1. (Continued).

Filler Matrix Filler weight
concentra-

tion
[wt%]

Temperature
Interval [°C]

𝛼 [% per °C] Ref.

0.5 3.32 × 10−2

(@ 40 °C)
−1.68 × 10−2

(@ 91 °C)
8.24 × 10−2

(@ 131 °C)
(nl)

0.75 0.24
(@ 40 °C)
−6.5 × 10−2

(@ 101 °C)
0.126

(@ 129 °C)
(nl)

1.0 3.4 × 10−2

(@ 40 °C)
−4.3 × 10−2

(@ 105 °C)
5.4 × 10−2

(@ 128 °C)
(nl)

MWCNT VER 0.3 25 to 100 0.16 (nl) [132]

25 to −30 0.043 (nl)

PSF 1.0 25 to 100 0.29 (nl)

25 to −30 0.066 (nl)

PP 2.9 25 to 100 2.12 (nl)

25 to −30 0.159 (nl)

MWCNT PDMS 12 25 to 200
(Fitting

from 79 to
200)

−0.17
(c, nl)

[136]

MWCNT PDMS 2.0 25 to 50 7 × 10−4 [137]

MWCNT PEEK 10 20 to 140
(Fitting

from 20 to
65)

−0.506
(c, nl)

[44]

MWCNT PPR 4 37 to 100
(uncon-
strained)

−1.28 [138]

4 37 to 100
(con-

strained)

−1.18

6 37 to 100
(uncon-
strained)

−0.66

6 37 to 100
(con-

strained)

−0.23

8 37 to 100
(uncon-
strained)

−1.07

8 37 to 100
(con-

strained)

−0.05

(Continued)
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Table A1. (Continued).

Filler Matrix Filler weight
concentra-

tion
[wt%]

Temperature
Interval [°C]

𝛼 [% per °C] Ref.

MWCNT SEBS 16 20 to 60 −0.7 [139]

MWCNT PI 1.2 0 to 125 −0.263 [46]

1.4 −0.151

1.6 −0.175

1.8 −0.103

2.0 −0.147

MWCNT PSF 0.5 25 to 100 0.414 [42]

1.0 0.191

5.0 0.213

10 0.194

25 0.06

40 −0.126

50 −0.304

MWCNT DAST 1.0 25 to 60 0.11 [120]

6.7 −0.09

SWCNT PC 2.0 −73 to 73 −0.184
(c)

[140]

GS PI 1.0 0 to 135 −0.366 [46]

1.2 −0.313

1.4 −0.407

1.6 −0.207

1.8 −0.214

GS PI 4.0 25 to 80 −0.147 to −0.194 [129]

GS PMMA 3.3 vol%
3.85 wt%*
(𝜌PMMA =
1.79 g/cm3)

25 to 140 1.23
(@60 °C)

6.74
(@105 °C)

(nl)

[48]

3.8 vol.%
4.43 wt%*
(𝜌PMMA =
1.79 g/cm3)

0.35
(@60 °C)

1.10
(@105 °C)

(nl)

8.0 vol.%
9.26 wt%*
(𝜌PMMA =
1.79 g/cm3)

0.11
(@60 °C)

0.54
(@105 °C)

(nl)

RGO PCL 3.0 17 to 57 5.22 to 5.55
(nl)

[141]

5.0 17 to 57 5.22 to 5.61
(nl)

7.0 17 to 57 5.26 to 5.63
(nl)

RGO CEL 5.0 7 to 107 −0.049 [142]

GS/
MWCNT
(Hybrid)

PSF 1.0
(25%GS/
75%CNT)

25 to 100 0.09 [43]

1.0
(50%GS/
50%CNT)

25 to 100 0.166

(Continued)

Table A1. (Continued).

Filler Matrix Filler weight
concentra-

tion
[wt%]

Temperature
Interval [°C]

𝛼 [% per °C] Ref.

GS PEVA
(threads)

NR 25 to 40 0.368
(nl)

[143]

20 to 40 −0.057 (annealed)
(nl)

Graphene
nanowalls
(380 nm
height)

on a
polymer
substrate

PDMS N/A 25 to 45 1.14
(@25 °C)

20.0
(@45 °C)

[144]

PET −0.20
(@25 °C)
−0.03

(@45 °C)

CEL: Cellulose. DAST: 4-N,N-Dimethylamino-4′-N’-methyl-stilbazolium tosy-
late. DWCNT: Doublewall carbon nanotube. PC: Polycarbonate. PCL: Poly(e-
caprolactone). PDMS: Polydimethylsiloxane. PEEK: Poly ether ether ketone. PET:
Poly(ethylene terephthalate). PEVA: Poly(ethylene-co-vinylacetate). PI: Polyimide.
PMMA: Poly(methyl methacrylate). PP: Polypropylene. PPR: Polypropylene random
copolymer. PSF: Polysulfone. RGO: Reduced graphene oxide. SEBS: Poly(styrene-
b-(ethylene-co-butylene)-b-styrene). VER: Vinyl ester resin.N/A: Not applicable.
NR: Not reported. 𝜌:density. (c): Calculated (estimated) from published plot or
numerical data. (nl): Curve is nonlinear, a linear estimate was carried out. *Vol.% to
wt% assumed 𝜌GS = 2.1 g/cm3.
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