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ABSTRACT
Carbon dioxide-derived polycarbonates (CO2-PCs) present a sustainable alternative to standard bisphenol A polycarbonates (BPA-
PCs), as they are synthesized from the reaction between epoxide and carbon dioxide (CO2). In fact, these eco-friendly polymers are 
less widespread and studied than BPA-PCs for electronic applications. Herein, in this work composites consisting of a CO2-derived 
poly(cyclohexene)carbonate (PCHC) polymer matrix loaded with different weight percentages of reduced graphene oxide (rGO) 
and carbon black (CB) have been prepared, and their thermoresistive (TR) characteristics have been evaluated. The prepared 
composites show enhanced thermal stability but decreased mechanical properties with the incorporation of the filler, regardless 
of its type and loading, compared to the neat polymeric matrix. With respect to the electrical conductivity, PCHC composites show 
values comparable to those of BPA-PCs, representing therefore a suitable replacement for electronic applications. TR characteri-
zation has been performed on the 5.0rGO and 4.0CB composites, reaching sensitivities (S) up to S40°C–100°C = −1.3 × 10−4°C−1 for 
5.0rGO and S40°C–100°C = 6.5 × 10−5°C−1 for the 4.0CB composite. This work demonstrates the suitability of PCHC/rGO and PCHC/
CB composites for TR sensing applications, opening a path towards environmentally friendlier electronic solutions.

1   |   Introduction

The interconnectivity provided by the Internet of Things (IoT) 
has enabled the digital transition of modern society, allowing 
the ubiquitous exchange of data through wired or wireless com-
munication [1]. The fast and large-scale production of smart 
electrical and electronic equipment (EEE) has at the same time 
shortened product lifespan. Devices are in many cases replaced 
before their actual end of life (EoL) due to programmed obsoles-
cence, accelerating the increasing generation of electronic waste 
(e-waste) [2]. E-waste has a negative environmental impact, 

since EEE is composed of a diverse range of materials (e.g., gold, 
Cu, and rare metals; Pb, As and halogenated hazardous com-
ponents and polystyrene or polycarbonate polymeric materials 
[3]). This material diversity is the core of the complicated recy-
clability of electronic components at their EoL [4].

In order to address the e-waste problem, there is a strong interest 
in the development of advanced sustainable polymeric matrices or 
binders for the manufacturing of sensors. Sustainable polymeric 
materials incorporate properties such as degradability, recyclabil-
ity, or reusability and, when loaded with electrically conductive 
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carbonaceous fillers, can be explored for the manufacturing of 
eco-friendly conducting materials for electrical applications [5].

High-performance polymers, such as bisphenol A polycarbonates 
(BPA-PCs), possess high mechanical strength, impact, and ther-
mal resistance properties which could be tuned depending on the 
synthesized PC grade or blend. These properties have permitted 
the exploration of this polymer in engineering and daily consumer 
applications. In the specific case of electronics, BPA-PCs are found 
in mobile phone casings, computers, game consoles, and DVD/CDs 
data storage devices, among others [6]. Besides, their transparency 
and conformability enable them to be explored as substrates for 
printed conformable/transparent electronics applications [7].

The downside concerning BPA-PCs is the chemicals involved in 
their synthesis. BPA-PCs are commonly synthesized by the poly-
condensation reaction between bisphenol A (BPA) and phosgene 
(COCl2) [6]. The former is a precursor used in the synthesis of 
BPA-PCs, but studies warn about its harmful effects [8] while the 
latter, phosgene, is highly toxic [9]. Literature reports alternative 
synthesis pathways for obtaining carbonate (  O  C  O  O  ) 
monomeric units by replacing phosgene gas [10] with diphenyl 
carbonate [11]. Even though the aforementioned synthesis route 
eliminates the use of phosgene, BPA is still required.

The carbonate moiety could be achieved following a BPA free 
synthesis based on the reaction between epoxides and carbon 
dioxide (CO2), producing carbon dioxide derived polycarbonate 
(CO2-PCs) [12]. Environmental problems associated with CO2 
emissions have been reported for several years, and their impact 
is expected to increase in the coming years. To mitigate the im-
pact of greenhouse gases, significant efforts have been directed 
towards decoupling polymer production from petrochemical re-
sources [13]. Upcycling CO2 feedstock and incorporating it as a 
chemical reagent promotes polymer green synthesis and pres-
ents advantages by reducing the environmental impact of this 
gas and avoiding the use of hazardous chemicals. It should be 
mentioned that CO2-PCs are aliphatic, whereas BPA-PCs are ar-
omatic. This fact has an impact on the physical–chemical prop-
erties of the polymer and, therefore, on its functional response.

BPA-PCs have been studied as active materials combined with 
electrically conductive carbonaceous fillers for the production 
of sensors, such as piezoresistive sensors [14, 15]. Different 
strategies could be followed to promote low environmental im-
pact digitalization, such as producing composites using green 
solvents, low-impact binders, or reused fillers among other op-
tions. In the present case, the use of a more sustainable PCHC 

binder has been explored. PCHC has been loaded with carbona-
ceous nanofillers, commonly studied such as carbon nanotubes 
(CNTs), graphene (G), or carbon black (CB) [16]. CNTs are 1D 
materials usually used due to their high aspect ratio, meaning 
that an electrically conductive composite can be achieved at a 
low filler loading [17]. In contrast, 2D or 3D materials like re-
duced graphene oxide (rGO) or CB typically require higher 
loadings, with the latter requiring the highest. The effect of in-
creasing the dimension of the filler also affects the functional 
response of the composite.

The percolation threshold (Pc), defined as the concentration at 
which the composite experiences an increase of several orders of 
magnitude in the electrical conductivity [18], is studied through 
percolation theory. The transition from an insulating matrix to a 
conductive composite can be divided into three zones. The first 
zone consists of the insulating region, where the amount of filler 
incorporated into the matrix is too low. Even though the electrical 
conductivity is slightly higher than that of the neat polymer, the 
amount of filler is not enough to produce interconnected conduc-
tive paths. In the second zone, an “S-shape” graph is obtained. 
The continuous inclusion of filler induces an increase of several 
orders of magnitude in the electrical conductivity as connected 
paths are formed, meaning that the Pc is reached. The final, third 
zone is the conductive zone, characterized by a plateau. In this 
saturation zone, further addition of filler does not induce signifi-
cant changes in the electrical conductivity of the composite [19].

Thermoresistive sensors evaluate temperature variations 
through changes in the electrical resistance of the material [20]. 
In this sense, the thermal properties of the composites, such as 
those measured by TGA or DSC, as well as their electrical proper-
ties, are required to select the most promising sample. Also, SEM 
and FTIR techniques are required, as the nanofiller distribution 
within the matrix could alter the electrical properties. Overall, 
these types of temperature sensors are classified into resistance 
temperature detectors (RTDs) or thermoresistors. In the first 
case, devices are composed of metals such as platinum (Pt), while 
the latter rely on ceramic materials [21]. Even though there is a 
broad range of sensors in this field, their fabrication is generally 
energetically demanding and involves toxic materials [22]. The 
exploration of carbon dioxide derived poly(cyclohexene)carbon-
ate (PCHC) as a binder offers a sustainable alternative to conven-
tional rigid temperature sensors by reducing the use of metals 
and ceramics associated with mining and refining [7].

In this research, a PCHC matrix has been loaded with varying 
weight percentages of two electrically conductive fillers, rGO and 
CB, in order to obtain thermoresistive sensors. Physicochemical 
characterizations of the prepared films have been conducted, 
and the most promising samples were subsequently evaluated in 
terms of their functional performance.

2   |   Experimental Section

2.1   |   Reagents

Commercial PCHC with the reference QPAC 130 was purchased 
as pellets from Empower Materials, New Castle USA. The chem-
ical properties of the polymer include a molecular weight in the 

Highlights

•	 Green PCHC polymer was loaded with rGO and CB 
for thermosensitive applications.

•	 PCHC composites show comparable electrical results 
to conventional BPA-PCs.

•	 Percolation threshold values ≈2.3 wt.% rGO and 
1.5 wt.% CB were obtained.

•	 Thermoresistive sensors were developed for sustaina-
ble electronics.
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range of 150.00–200.00, a density of 1.10 g cm−3, an estimated 
decomposition onset temperature of 250°C, and a glass transi-
tion temperature of Tg = 120°C–130°C.

Two conductive carbon nanofillers have been selected for com-
posite preparation: rGO and CB. The former has been acquired 
from LayerOne, with a thickness of 1 nm per layer, a flake size 
of 5 μm, a surface area of 300–350 m2 g−1, annealed at 1100°C, 
an apparent density of 0.038–0.041 g cm−3, and a powder com-
pact electrical conductivity of 7 S cm−1. CB Vulcan XC 72R, with 
a particle diameter of 20–30 nm, bulk density of ≈0.0961 g cm−3, 
and a specific surface area of 18–550 m2 g−1, was purchased from 
Delta Tecnic S.A. The polymer and nanofillers were prepared by 
solvent casting using dichloromethane (DCM) which was sup-
plied by Sigma Aldrich.

2.2   |   Composite Film Processing

PCHC polymer and the nanocomposites were prepared by the 
solution casting method. A 16 wt.% PCHC solution (2 g of poly-
mer in 8 mL of solvent) was magnetically stirred in DCM for 1 h 
at room temperature (RT). Composites were prepared by first dis-
solving 2 g of PCHC in 4 mL of DCM solvent. Then, in a separate 
vial, different wt.% amounts of rGO or CB were dispersed in 4 mL 
of DCM. The solution was bath ultrasonicated using an ATU se-
ries ATM ultrasonic bath with a power of 220 W for 3 h at a con-
trolled temperature between 25°C and 30°C before being added 
to the previously prepared polymeric solution. The resulting 
PCHC-filler solution was magnetically stirred for an additional 
hour at RT. Finally, the solution was poured onto a glass surface, 
and films were prepared using the Dr. Blade equipment. Films 
were dried overnight at RT to ensure complete solvent evapora-
tion, obtaining an average thickness of ≈0.137 ± 0.04 mm. The 
wt.% of each filler added to the polymers, as well as the nomen-
clature that will be used throughout this work, is listed in Table 1.

2.3   |   Sample Characterization

Morphological characterization of rGO and CB was exam-
ined using a Hitachi S-4800 SEM instrument, obtaining the 
images at an accelerating voltage of 5.0 kV. Additionally, CB 
was analyzed with transmission electron microscopy (TEM) 
using a JEOL JEM 1400 Plus (JEOL, Japan) instrument at an 

accelerating voltage of 100 kV. Filler sizes were analyzed with 
ImageJ software.

Infrared spectra were collected with a Nicolet Nexus FTIR spec-
trophotometer (Thermo Electron Corporation). The FTIR spec-
tra were obtained using an ATR accessory in the range of 400 to 
4000 cm−1 at a resolution of 4 cm−1 and 32 scans per spectrum.

The thermal stability of the composites was evaluated twice for 
the same sample using thermogravimetric analysis (TGA) in an 
SDT Q 600 TA instruments thermobalance. Five milligrams of 
the samples were subjected to heating from 25°C to 800°C at a 
heating rate of 10°C min−1 under a nitrogen atmosphere. The 
maximum degradation temperature (TDmax) was calculated from 
the minimum of the first derivative curves. Thermal transitions 
were determined using a Water TA DSC25 discovery Differential 
scanning calorimeter (DSC). Ten milligrams of each sample were 
sealed in aluminium pans and subjected to a heating run from 
−70°C to 150°C at a scanning rate of 10°C min−1 under a constant 
nitrogen flow (20 mL min−1). For each composite, glass transition 
temperatures (Tg-onset, Tg-endset) were identified. In both tech-
niques, the average values of two measurements are presented.

Mechanical properties were tested in tensile mode using a 
Shimadzu model AG-IS universal testing machine with a load 
cell of 500 N. Samples with rectangular dimensions of approxi-
mately 10 mm × 50 mm ×≈0.14 mm were measured at a test ve-
locity of 1 mm min−1. The shown results are the average values 
of three measurements for each sample.

RT DC electrical conductivity was measured with a Keithley 487 
picoammeter/voltage source. Measurements were performed at 
different points on the sample from −10 V to +10 V with a step 
of 1 V. Before the measurement, 5 mm diameter gold round 
electrodes were sputtered on both sides of the samples using a 
Quorum Q150T S sputter coater. The electrical conductivity of 
the composites was calculated as the inverse of the resistivity 
(ρ), obtained from the resistance (R) determined from the I–V 
results, following Equation (1), where L is the thickness of the 
sample, and A is the area of the electrodes.

2.4   |   Thermoresistive Functional Characterization

The thermoresistive response was evaluated in the 4.0CB and 
5.0rGO composites using an Agilent 34401A multimeter syn-
chronized with a Linkam THMSE600 temperature oven. Silver 
ink (Agar Scientific, reference AGG3790) was used as a paral-
lel conductive electrode in surface mode (10 × 10 mm, electrode 
length × distance between them). Electrical contact with the 
multimeter was achieved with copper wires.

The heating–cooling cycles were divided into cycles ranging 
from 30°C to 45°C at 5°C min−1 and from 40°C to 100°C at 
10°C min−1 for both composites. The thermoresistive sensitivity 
(S) was determined according to Equation (2):

(1)� =
1

�
=

L

RA

(2)S =
ΔR∕R0
ΔT

TABLE 1    |    List of the prepared composites indicating the 
nomenclature and wt.% of filler added to the PCHC polymeric matrix.

Carbonaceous 
fillers Wt.% Nomenclature

Reduced graphene 
oxide (rGO)

0.5; 1.0; 1.5; 2.5; 
3.0; 4.0; 5.0

0.5rGO; 1.0rGO; 
1.5rGO; 2.5rGO; 
3.0rGO; 4.0rGO; 

5.0rGO

Carbon black (CB) 1.0; 1.5; 2.0; 
2.5; 3.0; 4.0

1.0CB; 1.5CB; 
2.0CB; 2.5CB; 
3.0CB; 4.0CB
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where ΔR and R0 are the electrical resistance variation and the ini-
tial resistance (in Ω), respectively, and ΔT is the temperature vari-
ation (in °C).

3   |   Results and Discussion

3.1   |   Morphological and Chemical Characteristics

Nanofillers distribution within the PCHC polymer matrix was 
analyzed by SEM, using both surface and cross-section (insets) 
images, as shown in Figure  1. Pure PCHC polymeric matrix 
(Figure 1A) exhibits a flat and compact morphology even though 
some voids and loose areas appear due to solvent evaporation. 

Filler distribution within the polymeric matrix was analyzed in 
composites with wt.% below and above the percolation threshold 
(Pc), as discussed below.

The presence of rGO, a 2D nanofiller, is associated with white 
platelet-like structures. Increasing the amount of filler from 
1.5rGO (Figure 1B) to 3.0rGO (Figure 1C) results in a flatter and 
more compact surface [23]. The distribution of CB, a 3D nano-
filler, is associated with its spherical geometry [24]. At 0.5CB 
Figure 1D, several spheres are observed forming small agglom-
erates, while at 3.0CB, interconnected agglomerates are distrib-
uted throughout the polymeric matrix.

FTIR analysis, Figure 2, allows us to evaluate the characteristic 
bands of the polymer and possible polymer/nanofiller interac-
tions. The characteristic PC bands are observed at 1756 cm−1 
(carbonyl [C  O] peak) [25], at 1015 cm−1 (  C  O  C   sym-
metric stretching); at 1158 and 1220 cm−1 (  C  O  C asymmet-
ric stretching); at 1079 cm−1 (  CH3 bending) and at 2871 and 
2953 cm−1 (C  H stretching) [14, 26]. In addition, the bands 
corresponding to rGO have been reported at 1178–1073 cm−1 
for C  O epoxide groups, 1620 cm−1 for skeletal C  C stretching 
of alkene groups, and 1723 cm−1 for the C  O carbonyl group 
[27], while for CB the characteristic bands appear at 1739 cm−1 
(C  O), 1578 cm−1 (C  O), and 1365 cm−1 [28]. Possible shifts 
in the spectra due to filler incorporation were analyzed in 
composites loaded with the lowest and highest filler contents, 
which were considered representative of all prepared samples. 
No new peaks or peak shifts were observed, concluding that 
there is no chemical bonding between the polymer and the 
fillers.

Petrochemical BPA-PCs possess two aromatic benzene rings, 
whose presence is reflected in the FTIR spectra by the C  C stretch-
ing band at around 1242 cm−1 [29]. In contrast, the absence of this 

FIGURE 1    |    SEM images of the surface and cross-section (inset) of (A) PCHC matrix and composites containing different wt.% of carbonaceous 
filler: (B) 1.5rGO, (C) 3.0rGO, (D) 0.5CB and (E) 3.0CB.

FIGURE 2    |    ATR-FTIR spectra of PCHC (black) and corresponding 
composites prepared at the lowest and highest filler concentrations.
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peak in PCHC confirms its aliphatic nature. These structural dif-
ferences could influence the thermal and mechanical properties of 
each polymer.

3.2   |   Thermal Properties

Thermal properties have been analyzed to select an appropriate 
working temperature range for the subsequent thermoresistive 
analysis. The results obtained from the thermal analysis have 
been collected in Table 2.

The TGA thermograms are presented in Figure 3. The PCHC ma-
trix exhibits a pronounced degradation step of approximately 70% 
and a maximum degradation temperature of ≈283.7°C ± 0.2°C, 
which has been attributed to the rupture of carbonyl groups [30]. 
The composites, Figure  3A for rGO and Figure  3B for CB, also 
display a single degradation step. In addition, the Tdmax values of 
the composites shifted to slightly higher temperatures compared 
with those of the PCHC matrix, indicating that filler incorporation 
enhances thermal stability [31] due to electrostatic surface interac-
tions between the polymer and the fillers.

DSC results are shown in Figure 4A,B. In all cases, the DSC 
thermograms are characterized by a single thermal event: the 
glass transition of the polymer. PCHC exhibits a glass tran-
sition (Tg) at 91.4°C ± 12.6°C and 97.4°C ± 13.7°C, identified 
as Tg-onset and Tg-endset respectively, which are consistent with 
the published literature [32]. Analogously to the TGA mea-
surements, increasing the CB filler content (Figure 4B) leads 
to a shift in Tg towards higher temperatures, as reported in 
the literature [33]. The increase in the Tg with filler addition 
may be attributed to polymer–filler interactions, which reduce 
segmental mobility. An increase in conductive filler content 
in polymer matrices decreases their chain mobility and pro-
motes a conductive network in composites, leading to an in-
crease in the Tg of the composites. Nevertheless, for the rGO 
composites (Figure 4A), there is no significant Tg shift com-
pared to PCHC due to their larger size and smaller surface 
area (flake size of 5 μm, surface area of 300–350 m2g−1) com-
pared to CB (particle diameter of 20–30 nm, specific surface 
area: 18–550 m2 g−1).

TABLE 2    |    Average thermal characteristics of the pure matrix and 
the composites.

Composite 
wt.%

TGA DSC

Tdmax (°C) Tg-onset (°C) Tg-endset (°C)

0 283.7 ± 0.2 91.4 ± 12.6 97.4 ± 13.7

1.5rGO 309.2 ± 18.1 91.7 ± 4.9 98.7 ± 1.0

3.0rGO 315.8 ± 5.4 90.5 ± 13.6 94.6 ± 11.0

5.0rGO 325.8 ± 1.9 99.6 ± 8.6 106.4 ± 9.0

1.5CB 295.5 ± 12.2 97.8 ± 2.7 104.6 ± 5.1

3.0CB 298.0 ± 4.7 96.8 ± 6.9 101.7 ± 7.0

4.0CB 319.0 ± 12.6 105.3 ± 1.6 111.6 ± 4.1

Note: Tdmax has been determined from the first derivative and Tg from the initial 
(Tg-onset) and final (Tg-endset) transition temperatures.

FIGURE 3    |    TGA thermograms representing mass percentage (solid line, left axis) and the first derivative (dashed lines, right axis) for (A) rGO 
and (B) CB filler loaded composites.

FIGURE 4    |    DSC thermograms of the pristine PCHC matrix and composites loaded with different amounts of (A) rGO and (B) CB.
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The synthesis of PCs, whether based on BPA or CO2, leads to 
different thermal properties. The thermal degradation of BPA-
PCs is reported at 400°C, whereas Tg values range from 140°C 
to 150°C [34–36]. Furthermore, literature reports Tg≈11°C and 
22°C and thermal degradation ≈210°C and 253.9°C for the 
linear CO2-PCs poly(ethylene)carbonate (PEC) and poly(pro-
pylene)carbonate (PPC), respectively [37, 38]. Therefore, the 
chemical structure impacts the thermal properties, which are 
lower for cyclic PCHC than for BPA-based polycarbonates, but 
improved compared with linear aliphatic CO2-PCs.

3.3   |   Mechanical Properties

Representative uniaxial mechanical stress–strain curves for 
PCHC and the corresponding composites with rGO and CB 
are shown in Figure 5A,B. From each stress–strain curve, the 
Young's modulus (E) and maximum strain (εmax) have been de-
termined. The overall mechanical properties of PCHC critically 
depend on the block composition [39], polymerization condi-
tions [40] or catalyst processes [41] as well as on the filler type 
and content in the composites.

PCHC exhibits brittle behavior with εmax≈2.3% and 
E≈1521.8 ± 850.0 MPa, which are values within the range re-
ported in the literature [42]. Comparing the measured me-
chanical properties of this work with bibliography results for 
BPA-PCs [43, 44], Young's modulus values above 2000 MPa have 
been measured for standard petrochemical PCs. The developed 
PCHC matrix shows overall lower mechanical properties than 
BPA-PCs due to the different chemical structure. Nevertheless, 

the obtained values are suitable for a large range of applications, 
including electronics.

Independently of the filler type, the same tendency is preserved 
in the composites, as shown in Figure 5C,D. As the filler content 
increases, both Young's modulus (E) and elongation at break (εb) 
decrease compared to the pure PCHC matrix. These results are 
consistent with the chemical analyses, as no chemical interac-
tions exist between the filler and the polymer matrix. Thus, at 
low filler contents, the filler first acts as reinforcements of the 
polymer matrix, whereas at higher filler contents, they act as de-
fect sites that promote mechanical failure. Finally, the measured 
behavior and the differences observed among the composites 
have been attributed to variations in filler aspect ratio, agglom-
erates, voids/breakages, and filler dispersion inside the matrix, 
which act as defects.

3.4   |   Electrical Properties

Electrical conductivity was calculated from the slope of the lin-
ear I-V curves (Figure 6A,B) following Equation (1). PCHC is an 
insulating matrix with an electrical conductivity in the order of 
≈10−11 S m−1. The incorporation of electrically conductive carbo-
naceous nanofillers, such as rGO or CB, is a well-known strat-
egy to transform an insulating polymeric matrix into electrically 
conductive composites, opening the possibility of studying these 
materials as thermoresistive sensors. In most samples, a linear 
ohmic behavior was observed, with a slight loss of linearity at 
filler wt.% near and above the percolation threshold (Pc) due to 
interfacial polymer–filler contributions [45].

FIGURE 5    |    Average stress–strain curves for (A) rGO and (B) CB composites. Mechanical parameters extracted from the previous curves: (C) 
maximum strain and (D) Young's modulus.
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Beginning with the rGO loaded composites shown in Figure 7A 
(blue line), an electrical conductivity variation of two orders of 
magnitude was calculated from the pure PCHC matrix to the 
2.5rGO composite (σ≈5.94 × 10−9 S m−1), followed by a sharp in-
crease of approximately 7 orders of magnitude for the 3.0rGO 
composite (σ≈0.07 S m−1). A similar behavior is observed for the 
CB composites shown in Figure 7A (green line), with an electri-
cal conductivity variation of one order of magnitude for the 1.5CB 
composite (σ≈9.71 × 10−10 S m−1) with respect to the pure PCHC 
polymer and an increase of about 8 orders of magnitude for the 
2.0CB (σ≈0.078 S m−1) composite. Films loaded with the highest 
filler concentrations, 5rGO and 4.0CB, show similar maximum 
electrical conductivities of σ≈0.22 S m−1 and σ≈0.18 S m−1, respec-
tively, which are comparable to those reported for multiwalled 
carbon nanotubes (MWCNTs)-reinforced PCHC composites [46].

The observed electrical conductivity variations of several orders 
of magnitude at a given filler concentration are associated with a 
percolative behavior. The percolation threshold (Pc) and critical 
exponent (t) were determined using Equation (3), where P corre-
sponds to the filler loading in wt.% and t depends on filler type 
and geometry. In Figure  7B, a linear relationship is observed, 
from which Pc and t values are extracted.

For rGO, Pc = 2.3 wt.% and t = 0.7, whereas for CB, Pc≈1.5 wt.% and 
t≈0.5 have been obtained. Despite the critical exponent t being 

1.30 for 2D and 2.0 for 3D networks, deviations from these val-
ues have also been reported [47]. The obtained Pc and t values are 
similar to those reported for BPA-PC/carbonaceous filler compos-
ites. For rGO, a 2D filler, different Pc values have been reported de-
pending on the graphene type and composite processing methods. 
For example, polycarbonate/expanded graphite composites show 
Pc≈1.08 wt.% and t≈2.2, while polycarbonate/graphene nanoplate-
let composites show Pc≈4 wt.% [48, 49]. In the case of CB, at least 
14 wt.% of CB has to be added (critical t exponent value of ≈2.9) to 
BPA-PCs to obtain a conductive composite [36].

In general, 2D carbonaceous fillers require lower addition of 
material compared to 3D fillers to reach the percolation thresh-
old [50]. The electrical properties of the composites depend on 
the filler aspect ratio, dispersion, geometry, distribution, and 
agglomeration [50], among others. These parameters influence 
both the maximum electrical conductivity and the Pc value. The 
distribution of the filler within the polymer matrix can result in 
lower Pc values for PC/CB composites, such as 3.6 or 1.38 wt.% 
with t = 0.33 for CB [51, 52] as reported in this work. In order 
to support our results, TEM images of CB filler are presented 
in Figure S1, where the measured Pc values could be attributed 
to the presence of agglomerates and the observed anisotropic 
filler structures. This effect is also observed in the previously 
described SEM images (Figure 1D,E).

Based on these results, PCHC composites (whether loaded with 
rGO or CB) exhibit Pc and maximum electrical conductivities 

(3)� = �0

(

P−Pc
)t

FIGURE 6    |    Representative I–V curves for the pristine polymer and composites with different filler contents of (A) rGO and (B) CB.

FIGURE 7    |    (A) Electrically conductivity as a function of filler concentration for both rGO and CB composites and (B) calculation of Pc and t pa-
rameters based on previous electrical conductivity data.
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comparable to those reported for BPA-PC/carbonaceous filler 
composites. In other words, when only electrical conductivity 
is considered, the choice of polymer could be guided by its more 
sustainable profile. However, when specific functionality is re-
quired, additional physical properties must be considered. In the 
specific case of thermoresistive applications, the thermal prop-
erties of the composites are particularly relevant.

3.5   |   Thermoresistive Response

In the scope of sustainable digitalization, CO2-PCHC compos-
ites could serve not only as conductive tracks due to their high 
electrical conductivity, but also as sustainable thermoresistive 
sensing materials. The performance of a thermoresistive sensor 
is quantified by its sensitivity (S), which, in the present case, de-
pends on filler concentration, polymer/filler interactions, filler 
dispersion/agglomeration, and the temperature range, among 
other parameters [53, 54]. In fact, the possibility of obtaining 
both positive and negative sensitivity values with electrically 
conductive fillers such as CNTs, G, or CB has already been re-
ported [55, 56].

The incorporation of CNTs into a PCHC matrix for thermoresis-
tive applications has been reported. PCHC composites containing 
3.0 wt.% MWCNTs exhibited sensitivities of S≈−1.3 × 10−4 °C−1 
within 40°C–100°C and 30°C–45°C temperature ranges [46]. In 
the present work, the 5.0rGO and 4.0CB samples have been se-
lected owing to their improved thermal and electrical properties 
among the prepared samples. In the case of the 5.0rGO sample, 
the electrical resistance during temperature cycling (Figure 8A) 
varies inversely to temperature variation for the low and high 

temperature intervals (35°C to 40°C, representative of human 
body temperature, and 40°C to 100°C for higher temperature 
applications). Although a suitable thermoresistive correlation is 
observed, tests performed over the wider temperature range re-
veal a non-linear features near 75°C–80°C, which may be related 
to sub-Tg relaxation processes temperature [25]. The thermore-
sistive sensitivities for rGO are shown in Figure 8B, with values 
of S35–40 = −2.4 × 10−4°C−1 and S40–100 = −1.3 × 10−4°C−1. Larger 
temperature changes show higher sensitivity in comparison 
with the literature [57]. The results for the CB composite at both 
temperature ranges are shown in Figure 8C. Under similar con-
ditions, a consistent relationship between electrical resistance 
and temperature variation is observed after four thermal cycles. 
The sensitivity of the CB composite, S35–40 = 3.3 × 10−4°C−1 and 
S40–100 = 6.5 × 10−5°C−1, Figure 8D, follows a similar trend as for 
the rGO composite with higher sensitivity observed at elevated 
temperatures. Both composites have shown similar sensitivity 
values on the order of ≈10−4°C−1 in the 40°C–100°C temperature 
range, demonstrating their potential for temperature sensing 
based on their thermoresistive response.

Few studies have been reported, up to our knowledge, con-
cerning petrochemical polycarbonates for thermoresistive sen-
sors. Therefore, the obtained results have been compared with 
previously reported sustainable polymer/carbonaceous filler 
composites. Bio-based photocurable biopolymers loaded with 
6 wt.% MWCNTs have shown a S = 0.43 in the temperature 
range of 25°C–50°C [23], while a PCL polymer matrix loaded 
with rGO shows S≈5.22% to 5.55% per °C [58]. Comparable 
results have been obtained for a water soluble HPC matrix 
loaded with 4.0/1.0 multiwalled CNTs/fullerene fillers, show-
ing S≈(1.6 ± 0.2) × 10−4°C−1 and (2.4 ± 0.3) × 10−4°C−1 in the 

FIGURE 8    |    Functional thermoresistive response measured over two temperature ranges. The left column shows the four measured thermal cy-
cles, whereas the right columns show the sensitivity calculated from these cycles. Functional performance corresponding to (A and B) 5rGO and (C 
and D) 4.0CB composites.
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30°C–50°C and 50°C–100°C temperature intervals, respectively 
[59]. Thus, despite the relatively low sensitivity measured in the 
present work, the proposed thermoresistive sensor, consisting of 
a robust and eco-friendly polymer binder, demonstrates poten-
tial for sustainable electronic applications.

4   |   Conclusions

Carbon dioxide derived PCHC polymer matrices loaded with 
rGO and CB conductive fillers have been developed for thermore-
sistive sensing applications. Overall, the prepared composites 
showed enhanced thermal stability but decreased mechanical 
properties (E and εb) with increasing wt.% of rGO and CB com-
pared to the pure PCHC polymer matrix. Regarding the elec-
trical properties, percolation threshold values of ≈2.3% wt. for 
rGO and 1.5% wt. for CB have been calculated and maximum 
electrical conductivities of σ≈0.22 and 0.18 S m−1 for 5.0rGO 
and 4.0CB, respectively have been obtained. In addition to this, 
electrical conductivity values comparable to those reported for 
BPA-PC/carbon nanofiller composites have been measured, 
accompanied by an important reduction of the environmental 
impact in the case of the composites measured in this work. 
Functional characterization has been conducted on the 5.0rGO 
and 4.0CB composites, which were selected as the most suitable 
candidates due to their highest electrical conductivity. Their 
thermoresistive performance has been quantified by the sensi-
tivity (S), reaching values up to S40°C–100°C = −1.3 × 10−4°C−1 for 
5.0rGO and S40°C–100°C = 3.3 × 10−4°C−1 for the 4.0CB composite. 
Overall, the aspect/ratio of the filler does not affect significantly 
the performance, with sensitivity values in the order of 10−4°C−1 
for both types of fillers. Herein, this work demonstrates that 
CO2-derived polymers, such as PCHC, possess suitable char-
acteristics for the development of sustainable conductive com-
posites for electronic applications, including thermoresistive 
sensing.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: TEM images of carbon 
black at different magnifications, with scale bars of (A) 500 nm, (B, C) 
200 nm, (D, E) 50 nm and (F) 20 nm. White arrows indicate particle and 
agglomeration sizes. 
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