Eng. Sci., 2020, 12 13-22

Engineered Science

DOI: https://dx.doi.org/10.30919/es8d1129

Recent Progress on Thermo-electrical Properties of Conductive
Polymer Composites and Their Application in Temperature

Sensors

Jianwen Chen,'-2 Yutian Zhu,!:* Zhanhu Guo®* and Albert G. Nasibulin*?

Abstract

Upon heating, the inner conductive pathway inside the conductive polymer composites (CPCs) changes, thus causing the
change in electrical resistance. This thermo-electrical dependence of CPCs can be utilized to design CPCs-based temperature
sensors. Herein, we systematically review the recent progress on CPCs-based temperature sensors, as well as their
mechanisms and applications in different fields. Finally, the question and challenge of CPCs-based temperature sensors are

also discussed.
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1. Introduction

Introducing electrically conductive fillers or components into
an insulated polymer matrix can fabricate the conductive
polymer composites (CPCs), which makes the insulated
polymer materials electrically conductive.['?¥! Compared to
metals, CPCs possess a lot of advantages, such as light weight,
resistance to corrosion, good processing properties, low-cost,
and so on. In general, the carbonaceous nanoparticles (e.g.
carbon black (CB),[*2® carbon fibers (CFs),l*"-? single-walled
carbon nanotubes (SWCNTSs),?>21  multi-walled carbon
nanotubes (MWCNTs),3039 - graphene (GE),1-*1  and
graphite nanosheets,**%! and metal conducting polymers27]
are used as the conductive fillers to fill into polymer matrix to
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fabricate the CPCs. Among these conductive fillers, the
carbonaceous nanoparticles are the most common fillers since
they possess both high electrical conductivity and good
processability with the polymer matrix. As the conductive
fillers are introduced into the polymer matrix, there is
normally a critical concentration of the fillers, which can
achieve an insulator/conductor transition for the CPCs. This
critical concentration is defined as the conductive percolation
threshold ( p.) based on the classic percolation theory.
For p>p., p. can be determined by Equation (1):[

o (p—p)t (D

where p is the concentration of conductive filler, p. is the
conductive percolation threshold, ¢ is the electrical
conductivity of the composites, and ¢ is a critical exponent
dominated by the dimension of the conductive network in
the composites. In other words, p. can be regarded as the
lowest concentration of the conductive fillers to build up a
percolated conductive pathway within the insulated polymer
matrix.

Since the electrical properties of CPCs are highly
dependent on the conductive pathway inside the matrix, a
slight change in the conductive pathway may result in a
remarkable change in the output electrical signals (currents
or resistances) of the CPCs. Based on this principle, CPCs
can be designed into various promising sensors, including
strain  sensor,B7871  pressure sensor,[%l temperature
sensor,[®21%41 and solvent sensorl1%15-1141 to monitor the
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external stimuli, such as strain, pressure, temperature, solvent,
and so on. Until now, there are already some published review
articles, > which mainly focus on the electrical properties
of CPCs and their applications as strain/pressure sensors. For
example, Li and coworkersi**®! systematically reviewed the
dependence of the electrical properties of CPCs on the filler
type, host polymer, dispersion and phase structure of the
composites. Recently, we summarized the advances of strain
sensors based on flexible CPCs.[*®l In that review article, the
sensing mechanisms of different types’ strain sensors as well
as the influence factors to the sensing properties were
discussed. Up to now, however, there are still no specialized
review articles that focus on the temperature sensors based on
the CPCs. In the current review article, we systematically
review the mechanisms of CPCs-based temperature sensors as
well as their progress on temperature sensors.

2. Sensing mechanisms of CPCs-based temperature
sensors

For the filling-type CPCs, the conductive fillers are randomly
filled into the polymer matrix, the current or resistance
changes with the increase of temperature, which is called
thermoelectric phenomenon. Based on this characteristic, the
filling-type CPCs can be utilized to design sensors to monitor
the temperature. The intrinsic nature of the thermo-electrical
dependence is the change of the electrically conductive
pathway formed by the fillers as the temperature is changed.
When the CPCs are heated, the expansion of the host polymer
will cause the destruction of the conductive pathway inside
the polymer matrix, thus resulting in an increase in the
resistance of CPCs. The increase of resistance of CPCs with
temperature is defined as the positive temperature coefficient
(PTC) effect.[t?11221 PTC effect is a universal phenomenon of
CPCs. Since the increase of resistance is mainly caused by the
expansion of the host polymer during heating, the coefficient
of thermal expansion of the polymer matrix plays a critical
role in the PTC effect of CPCs.['31241 For example, Rybak et
al.?4 filled silver (Ag) nanoparticles into different polymer
matrixes and compared their PTC effects. They observed that
high-density polyethylene (HDPE)/Ag composites exhibited
the most significant PTC effect. The resistivity was increased
by more than 10 orders of the magnitude as the temperature
was increased from 25 to 75 °C. On the contrary, there was
almost no PTC effect for the poly (m-xylene adipamide)
(MXD6)/Ag composites because of the low thermal expansion
of the MXD6 matrix.

When the temperature is higher than melting temperature
(Tw) of the crystalline polymer matrix or glass transition
temperature (7¢) of the amorphous polymer matrix, however,
the resistance of the CPCs is normally decreased with
increasing the temperature, which is attributed to the
reconstitution of the conductive network. The phenomenon
that the resistivity decreases with increasing the temperature
is defined as the negative temperature coefficient (NTC)
effect.!1%81 For most of CPCs composed of randomly
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dispersed conductive fillers and polymer hosts, the NTC effect
is always accompanied by PTC effect upon heating.[2"-12%1 This
non-monotonic resistance-temperature dependence causes the
common CPCs hard to be designed into the temperature
sensors. To generate CPCs with monotonic PTC or NTC effect,
it needs to design more complex conductive structures instead
of random conductive networks inside the polymer matrix. For
example, it was found in our previous work that the foamed
CPCs exhibited an almost linear NTC effect of resistance upon
heating.* In that work, we fabricated the CB/chlorinated
poly(propylene carbonate) (CPPC) foam and cross-linked
CPPC phase. During the heating (Fig. 1), the gas expansion
induced the thinning of foam walls, thereby caused a decrease
in the distance between the CB particles. As a result, the
resistance of the CB/CPPC foams was decreased upon heating.
In the subsequent cooling process, gas shrinking caused the
recovery of the cross-linked CPPC walls to their initial state,
thus resulting in the increase of resistance.

Polymer
expansion

Crosslinke
CPPC

\‘.:

CB °

Polymer
shrinkage

Gas
shrinkage

Fig. 1 Schematic illustration of inner structure of crosslinked
CB/CPPC foams during a heating-cooling cycle. Reprinted with
permission from Ref. 130. Copyright (2018) Royal Society of
Chemistry.

Another strategy to fabricate the temperature sensor is to
embed the thermistor materials, normally the conductive
nanoparticles or polymers, inside the flexible polymer
substrate.[**:-1% This strategy is often used to combine with
other sensors (strain or pressure sensors) to fabricate the
multifunctional sensors. For instance, Bae et al.['%d used the
reduced graphene oxide (RGO) as the temperature sensor and
combined it with the flexible capacitive pressure sensor to
fabricate the pressure/temperature multifunctional sensors, as
shown in Fig. 2(a). Moreover, Hong et al.'*3 prepared a
resistor-type temperature sensing film (layer 4, 1 x 1 cm?) by
embedding the conductive polyaniline nanofibers in the
polydimethylsiloxane (PDMS) substrates, which was used to
fabricate the stretchable temperature sensors (Fig. 2(b)).
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Fig. 2 (a) Schematic illustration of a multifunctional sensor
composed of spray-coated RGO thermistor as the temperature
sensor and the conductive truncated pyramidal layer as the
pressure sensor. Reprinted with permission from Ref. 132.
Copyright (2018) Wiley-VCH. (b) Schematic illustration of the
structure of a stretchable temperature sensor embedded with a
resistor-type temperature sensing film. Reprinted with permission
from Ref. 133. Copyright (2016) Wiley-VCH.

3. Application of CPCs-based temperature sensors

Based on the thermal expansion of the polymer matrix, the
conductive network inside the host polymer will be destroyed,
thus causing the increase of resistance of CPCs upon heating
(i.e. PTC eftfect). Although the PTC effect is a universal
phenomenon during the heating of CPCs, it is hard to be
directly utilized to design into temperature sensors. First, the
resistance of CPCs always exhibits a nonlinear increase with
increasing the temperature. Second, it is observed that the
NTC effect accompanies with the PTC effect, which makes a
non-monotonic resistance-temperature dependence of CPCs.
Those deficiencies limit the practical applications of
traditional CPCs in the temperature sensors. In our previous
work, we fabricated the crosslinked CB/CPPC foams and
utilized them to design the temperature sensors. Attributed to
the gas expansion-induced thinning of cell walls, the foamed
CB/CPPC composites show the linear NTC effect of
resistance with increasing temperature from 25 to 70°C, as
shown in Fig. 3(b). From the demonstration experiment shown
in Fig. 3(a-c), it is clearly observed that the connected LED
lamp becomes brighter and brighter as the temperature is
increased from 25 to 70 °C because of the NTC effect of
crosslinked CB/CPPC foams. Moreover, the crosslinked
CB/CPPC foams exhibit good reproducibility of the NTC
effect by the recovery of the cell during cooling, which can be
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observed in the heating-cooling cycles (Fig.4 (d)). Besides the
foamed structure of CPCs, some other structures were also
utilized to fabricate polymer-based NTC thermistors. For
example, Zhao et al.[** designed the segregated and double-
percolated structure to inhibit the polymer volume expansion
effect, while graphene nanosheets construct a conductive
network simultaneously, which obtained the NTC temperature
sensing materials.
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Fig. 3 (a) A simple circuit connected a LED lamp with a

crosslinked CB/CPPC foam (0.35 vol% CB) (in an oil bath). (b)

Dependence of the resistance of the crosslinked CB/CPPC foam

on temperature. (c) The brightness of the LED lamp is enhanced

as heating the crosslinked CB/CPPC foam from 25 °C to 70 °C.

(d) The dependence of the resistance of the crosslinked CB/CPPC

foam on time in heating-cooling cycles from room temperature to

60 °C. Reprinted with permission from Ref. 130. Copyright (2018)
Royal Society of Chemistry.

As we have described above, another effective strategy for
the fabrication of polymer-based temperature sensor is to
encapsulate a prefabricated temperature sensing layer between
the flexible substrates. The encapsulated temperature sensing
layer is normally composed of some conductive components,
such as inorganic conductive nanoparticles and conductive
polymers, which exhibit a thermoelectric behavior. For
instance, Oh et al.l'* fabricated a temperature sensing layer
containing a composite of poly(N-isopropylacrylamide) (pNI-
PAM)-temperature sensitive hydrogel, poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate, and carbon
nanotubes (CNTSs), which is encapsulated between two PDMS
thin films to assemble into a high-sensitive and skin-attachable
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Fig. 4 (a-b) Schematic diagrams showing the fabrication of a temperature sensing layer composed of a composite of pNI-PAM-
hydrogel, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate, and CNTs and encapsulated it between two PDMS thin films to
fabricate a temperature sensor. (c) Dependence of relative resistance of the resulting temperature sensor on temperature. (d) Cycled
measurement of the relative resistance changes of the resulting temperature sensor between 25 and 35 <C. Reprinted with permission
from Ref. 135. Copyright (2018) American Chemical Society.
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Fig. 5 (a) Schematic diagram showing the fabrication process of 1,2-ethanedithiol (EDT) ligand-treated Ag nanoparticle films on a
PDMS substrate to design the temperature sensor. (b) Dependence of the relative resistance of Ag nanoparticle films treated with
EDT on PDMS (blue) and glass (black) at 303, 308, 313, 318, and 323 K. (c) Changes of the relative resistance of Ag nanoparticle
films treated with EDT on PDMS (blue) and glass (black) when 303-323 K temperature cycles are applied. Reprinted with
permission from Ref. 136. Copyright (2019) Wiley-VCH.
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temperature sensor, as shown in Fig. 4(a)-(b). This sensor
shows a sensitivity of 2.6%-°C~! between 25 and 40 °C, which
can even perceive a change in skin temperature of 0.5 < (Fig.
4(c)). Moreover, it is observed that the sensor outputs a stable
change in resistance during the repeated cycles in temperature
between 25 and 35 <T (Fig. 4(d)), indicating that it has good
reproducibility and stability in temperature sensing. In
addition, Bang et al.'*8 embedded a layer of organic ligand-
treated Ag nanoparticle thin film between two PDMS
substrates to design the highly-sensitive temperature sensor
(Fig. 5(a)), which exhibited a high temperature coefficient of
resistance up to 0.5 K. It is observed that the relative
resistance of the resulting temperature sensor is linearly
increased as the temperature is increased from 303 to 323 K.
When the temperature changes from 303 to 323 K, it is noted
that the resistance is greatly increased ca. 10 times, as shown
in Fig. 5(b). This sensor also exhibits excellent stability and
reliability when 303-323 K temperature cycles are applied
(Fig. 5(c)). Moreover, Bae et al [ used the reduced graphene
oxide (RGO) with an optimized degree of reduction as the
thermistor to be embedded inside the parylene substrate,

(a)

Fig. 6 (a) Schematic diagrams for the directly knitting a freestand

(b)

which exhibited a linear and reproducible temperature
coefficient of resistance of 0.83% K™ in the temperature range
22-70 <C.

Beside layer-based temperature sensors, fiber-based
temperature sensors were also recently developed to integrate
on textiles or clothing systems to design wearable temperature
sensors. For instance, Trunget al.**1used the wet-  spinning
method and in-situ reduction process to fabricate the free-
standing single RGO fiber with a diameter of ~40 um. The
RGO fiber served as a temperature sensor and was directly
knitted on fabric to fabricate a wearable temperature sensor.
This sensor can be worn on an arm to monitor body
temperature, as shown in Fig. 6(a). From Fig. 6(b), the fabric
containing the RGO fiber-based temperature sensor can be
used to monitor the human body temperature. It is calculated
that the response time and recovery time of the RGO fiber-
based temperature sensor are 7 and 20 s, respectively.
Moreover, Fig. 6(c) shows that the sensor exhibits good
repeatability and stability during the cycles of touching-
removal of a human finger.
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ing single RGO fiber into fabric and wearing on an arm; (b) Time-

dependent response current of the temperature sensor when touch a human body and remove from the body. The extracted values
of response time (7 s) and recovery time (20 s), respectively; (c) Time-dependent response current of fabricated temperature sensor
under three cycles of exposure to human body. Reprinted with permission from Ref. 137. Copyright (2018) Wiley-VCH.

4. Current challenges of CPCs-based temperature sensor

Up to now, some high-performance CPCs-based temperature
sensors were prepared and exhibited outstanding flexibility,
high sensitivity and good stability. Despite great progress on
thermo-electrical properties of CPCs has been achieved in
recent years, there are still many challenges for the CPCs-

© Engineered Science Publisher LLC

based temperature sensors to meet practical applications. First
of all, it is a tremendous problem to design a CPCs-based
temperature sensor without sensitivity to strain, pressure,
solvents or other external stimuli. In application, the responses
of temperature sensors to other external stimuli will no doubt
affect the temperature detection and display. Secondly, a
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linear and reproducible temperature coefficient of resistance is
necessary for CPCs-based temperature sensors. Nonlinear and
irreversible resistance responses seriously hinder the
application of most CPCs-based temperature sensors. Finally,
the self-healing performance of CPCs-based temperature
sensors is also worthy of exploration, which is conducive to
improve the durability of CPCs. However, it is still a challenge
to endow CPCs-based temperature sensors with excellent self-
healing performance for the moment.

5. Conclusions and outlook

Conductive polymer composites (CPCs) are composed of
conductive fillers or components and host polymer. These
CPCs will exhibit thermo-electrical behavior under the
stimulus of temperature. Utilizing this feature, CPCs can be
designed into temperature sensors applied in various fields.
For the classic filling-type CPCs, the conductive fillers are
randomly distributed in the polymer matrix. Therefore, both
PTC and NTC effects are observed upon heating. This hinders
the filling-type CPCs in practical applications as temperature
sensors. Some more complex structures, such as segregated
structure and foamed structure, are utilized to fabricate filling-
type CPCs with only PTC or NTC effect upon heating.
Attributed to the structural design, these CPCs can be designed
into temperature sensors.

Beside the filling-type CPCs-based temperature sensors, it
is another strategy to embed a layer of conductive components
(e.g. conductive nanoparticles, nanofibers, and conductive
polymers) inside the flexible polymer substrate, which can
provide more sensitive and stable temperature sensing
function. Moreover, the conductive components are also made
into fibers and knitted on fabric to fabricate a wearable
temperature sensor.

After years of development, different types of CPCs-based
temperature sensors were developed. Both the sensitivity and
stability of the resulting sensors have been significantly
improved. Attributed to the outstanding flexibility of CPCs-
based temperature sensors, their major application scenarios
are the electronic skins (e-skins) and health monitoring, which
need the CPCs-based temperature sensors to possess some
characteristics, such as only responding to temperature, a
linear and reproducible temperature coefficient of resistance,
self-repairing performance, and so on. Therefore, in-depth
exploration of thermo-electrical properties of CPCs is
imperative to promote their practical application as
temperature sensors.
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