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Carbon-based nanomaterials such as carbon nanotubes, graphene and its derivatives,
nanodiamond, fullerenes, and other nanosized carbon allotropes have recently attracted a lot of attention
among the scientific community due to their enormous potential for a wide number of applications
arising from their large specific surface area, high electrical and thermal conductivity, and good
mechanical properties [1,2]. The combination of carbon nanomaterials with polymeric matrices (i.e.,
thermoplastics, epoxies, conducting polymers, biopolymers, etc.) leads to new nanocomposites
with improved structural and functional properties due to synergistic effects [3], with applications
in a variety of fields, such as in electronics, energy storage, automobiles, aerospace engineering,
biomedicine, and so forth.

In particular, the properties of carbon-based polymer nanocomposites can be easily tuned
by carefully controlling the carbon nanomaterial synthesis route and additionally the versatile
synergistic interactions amongst the nanomaterials and polymers. In this regard, non-covalent and
covalent approaches have been used to modify the surface of carbon nanomaterials with the aim
of improving their dispersion and interfacial interactions [4,5]. The non-covalent strategies are
based on the intermolecular interaction on the nanomaterial surface via physical adsorption and/or
wrapping [6], though the nanomaterial–polymer interfacial interaction is typically weak, and this limits
the effective stress transfer. These comprise solution mixing, melt-blending, and in situ polymerization.
The solution method requires the dispersion of both the carbon nanomaterial and the polymeric
matrix in a suitable solvent [7]. The melt-blending process involves the blending of the carbon
nanomaterial into a molten polymer matrix under intense shearing [8]. Nanocomposites can also
be prepared via in situ polymerization [9], in which the carbon nanomaterial is initially swollen by
the monomer, and upon addition of the initiator, the polymerization begins by light irradiation or
heat. The covalent method relies on the formation of a chemical bond between the polymer and the
nanomaterial [10], leading to a strong interfacial interaction, though can disrupt the conjugated пsystem
of the nanomaterial, hence modifying the properties. Thus, novel surface modifications of carbon
nanomaterials are required in order to develop nanocomposites with improved properties compared
with conventional composites. This Special Issue, with a collection of 14 original contributions and one
review, provides selected examples of the most recent advances in the preparation and characterization
of polymer nanocomposites incorporating carbon nanotubes and graphene or its derivatives for a
variety of applications.

Graphene oxide (GO), the oxidized form of graphene, has attracted a lot of interest as nanoscale
material [5]. It is solution processable, amphiphilic, and biocompatible, hence it can interact with
biological cells and tissues [7]. This nanomaterial presents a large number of oxygenated groups,
mainly epoxide, hydroxyl, and carbonyl on the basal plane and carboxyl acids on the edges, and can
produce stable dispersions in water [11]. Further, it possesses outstanding strength and exceptional
optical and electronic properties joint with high stability, flexibility, and optical transparency [12,13].
Nonetheless, it is insoluble in non-polar and polar aprotic solvents, which limits some applications.
In this regard, different functionalization approaches have been carried out, like the reaction with
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organic hexamethylene diisocyanate (HDI) [14]. The resulting HDI-GO was mixed with conductive
polymers, including poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) [15],
polyaniline (PANI) [16], and polypyrrole-3-carboxylic acid (PPy-COOH) [17], in different weight
percentages via a simple solution casting method, and the nanocomposites were analyzed by different
techniques to obtain information on the effect of the HDI-GO level of functionalization and percentage
on the nanocomposite properties. The best properties were obtained for nanocomposites with HDI-GO
contents in the range of 2–5 wt %. These nanocomposites are very suitable to be used in energy storage
devices, fuel cells, batteries, supercapacitors, solar cells, touch panels, and so forth.

Other carbon-based nanomaterials, such as carbon nanotubes (CNTs), carbon dots (C dots),
and carbon aerogels (CAGs) have also been mixed with different polymers for energy storage
applications [18,19]. In particular, CNT-PANI and CNT-PPy have been used as cathodes into Li-ion
batteries, leading highly efficient discharge ranges [20]. CNTs are also used as anodes for this type of
batteries, though they exhibit very high capacity loss and low initial columbic efficiency. To solve this
issue, CNTs can be prelithiated via cyclic voltammetry with a polymer coating such as p-sulfonated
poly(allyl phenyl ether) (SPAPE) [21], which eliminates the initial irreversible capacity of the CNT
electrodes. This is a simple, fast and inexpensive method to attain high performance flexible anodes
for microbatteries.

Numerous approaches for the production of nanocomposites based on CNTs and conductive
polymers have been developed [22,23]. A thoughtful issue in the development of these nanocomposites
is the CNT tendency to aggregation. To prevent nanotube agglomeration, in situ oxidative
polymerization in the presence of the CNTs can be carried out. The use of ultrasound guarantees a
homogenous CNT dispersion in the reaction medium and inhibits coagulation during polymerization.
In particular, works focused on the oxidative polymerization of aniline in the presence of CNTs
have demonstrated that PANI forms a uniform coating on the CNT surface that results in strong
п–пinteractions between the quinoid units of PANI and the aromatic rings of the CNTs [24].
This improves the electron transport in the nanocomposite and consequently the electrical performance.
Following a similar approach, hybrid nanocomposites were prepared by in situ oxidative polymerization
of a conjugated polyacid, diphenylamine-2-carboxylic acid (DPAC) in the presence of SWCNTs in
both alkaline and acidic media [25]. The influence of the reaction pH and the SWCNT content
on the structure, morphology, thermal stability, and electrical properties of nanocomposites was
assessed. The nanocomposites displayed good electrical conductivity and thermal stability, and are
suitable for application in supercapacitors, rechargeable batteries, sensors field-emission devices,
and dye-sensitized solar cells.

On the other hand, a polyacrylamide-alginate hydrogel was mixed with different amounts of
multiwalled carbon nanotubes (MWCNT) to develop a flexible and durable electrode. The electrical
conductivity and the mechanical characteristics of the electrode (tensile strength and stretching
modulus) gradually increased with increasing MWCNT concentration, with an optimal concentration
at 2.79 wt %. Further, the thermal stability of the electrode improved upon raising the nanotube content.
These nanocomposite films exhibited an interfacial double-layer capacitance at the highest nanotube
content, corroborating their suitability for lightweight flexible energy storage applications [26].

Flexible pressure sensors have also attracted a lot of interest due to their potential in flexible
robots, wearing electronic apparatus and electronic skins [27]. Amongst them, piezoresistive sensors
are the most preferred due to their easiness of manufacture and simple collecting signal output [28].
A typical method to prepare piezoresistive sensors is to fabricate nanocomposites with an elastomer like
polyurethane (PU) as matrix and conductive carbon nanomaterials like reduced graphene oxide (rGO)
as a filler [29]. In this regard, an rGO/PU nanocomposite was fabricated by soaking an rGO aqueous
solution with a PU foam and subsequently reduced with hydrazine vapors. This manufacturing
process is cheap and highly reproducible. The developed sensor exhibited a simple structure,
good sensitivity, durability, cycling stability, and fast response, hence it can be applied in piezoresistive
devices, leading to outstanding sensing performance. Nonetheless, the properties of this type of
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nanocomposites are frequently limited by the heterogeneous graphene dispersion within the PU
matrix. To solve this issue, an ionic liquid can be used as a dispersing agent [30]. The resulting
nanocomposites exhibited a lower electrical percolation threshold, about 2 wt %, than the counterparts
with pristine graphene, together with higher conductivity values. Further, the mechanical properties,
namely Young’s modulus and tensile strength, also improved while the ductility was maintained.
Further, electrostatic spraying technique has also been used to improve the dispersion of nanofillers like
MWCNTs within a PU coating as matrix [31], and to enhance the antistatic and mechanical properties.
Besides the MWCNT distribution, the surface hardness and wear resistance of the nanocomposites
were significantly improved. The optimal wear resistance was attained for the nanocomposite with
only 0.3 wt % MWCNT.

Thermoelectric generators comprising flexible and lightweight p- and n-type single-walled
carbon nanotube (SWCNT)-based composites also display enormous potential for wearable electronic
applications [32]. They are able to transform heat into electric energy and vice versa under a temperature
gradient without moving parts. These generators are environmentally friendly, noiseless, and display
a long lifetime, which makes them highly interesting for power generation in electronic devices.
In recent work, the thermoelectric performance of SWCNT flexible films doped with polyethyleneimine
(PEI) and Nafion were assessed. The nanocomposites were manufactured via simple solution casting
followed by vacuum filtration [33]. The SWCNT/PEI nanocomposites were switched from p- to n-type
upon addition of PEI contents higher than 13 wt %. Furthermore, interconnected SWCNTs networks
were produced due to an outstanding SWCNT dispersion and film formation. A thermoelectric
generator with three thermocouples of p- and n-type SWCNT/PEI nanocomposites yielded an open
circuit voltage of 17 mV and a maximum output power of 224 nW at 50 K, which are very encouraging
results for wearable autonomous devices.

High-performance hybrid microfibers comprising hyaluronic acid and MWCNTs have been
prepared by a wet-spinning method [34]. The matrix acts as a biosurfactant and a crosslinker,
thereby improving the MWCNT dispersion. Different factors influencing the nanocomposite properties
including the MWCNT content, dispersion time and injection speed have been investigated. The hybrid
with 1.4 wt % MWCNT showed outstanding mechanical properties, with a Young’s modulus as high
as 9 GPa and tensile strength of 130 MPa, combined with superior flexibility and stability due to
the excellent mechanical and electrical properties of MWCNTs. Thus, the matrix provides good
mechanical support whilst the nanotubes offer a stable conductive path. The developed hybrid
microfibers are highly suitable to be used in the fields of energy storage, micro devices, sensors,
and intelligent materials. A wet spinning approach has also been used to develop polyacrylonitrile
(PAN) grafted-amino-functionalized MWCNT nanocomposite fibers [35]. The nanocomposites were
synthesized through in situ polymerization in aqueous solvent. The grafting degree of PAN onto the
functionalized MWCNTs was determined as 73%. The nanocomposite fibers displayed a more compact
structure and a more homogenous diameter distribution than the pristine fibers. Further, the addition
of the grafted MWCNTs enhanced the level of crystallization, crystal size, tensile modulus, and strength
of the PAN fibers. High-performance polymeric hybrids can also be developed by other approaches
like a combination of in-mold decoration and microcellular injection molding [36], the method that
minimizes the bubbles and improves the surface quality.

Self-healing polymeric materials hold the ability of being mended, which extends their self-life.
They are based on the capacity of the linking moieties to split and reform after exposure to a
stimulus, typically heat or light [37]. A lot of efforts have been devoted to the development
of self-healing polymer nanocomposites incorporating nanofillers via in-situ polymerization to
improve the nanofiller distribution, strength, modulus, and toughness. Recently, electrically induced
self-healed nanocomposites incorporating CNTs have been developed as actuators and for electronic
applications [38]. In this case, the healing process takes place by heat generation when an electrical
current goes through a conductive matrix filled with a CNT network. The Diels–Alder reversible
cycloaddition is one of the most common chemical reactions used for thermal healing. In this regard,
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electrically conductive self-healing nanocomposites consisting of MWCNTs dispersed into thermally
reversible crosslinked polyketones have been developed [39]. The reversible nature relies on both
covalent (Diels-Alder) and non-covalent (hydrogen bonding) interactions. The thermomechanical
properties of the nanocomposites were easily tuned by modifying the MWCNT, diene-dienophile
and hydroxyl moiety fractions. Nanocomposites with 5 wt % MWCNT exhibited up to 104 S/m
electrical conductivity, and reached temperatures in the range of 120–150 under 20–50 V. This novel
method could be used to fabricate thermo-reversible, thermo-adhesive, electrically conductive,
and self-repairing systems.

The combination of both inorganic nanoparticles and CNTs in a polymeric matrix is frequently
used to obtain multifunctional materials with superior properties [40,41]. The nanoparticles such as
TiO2, SiO2, ZnO, Ag, and nanoclays aid to enhance the physical and mechanical properties as well
as flame retardant activity, thermal stability, and permeability, among others. Nanocomposites of
polypropylene filled with both TiO2 nanoparticles and CNTs have been prepared via melt extrusion,
with total nanofiller contents of 1, 5, and 10 wt % [42]. The thermal stability, Young modulus and
electrical conductivity of the matrix increased while the level of crystallinity and thermo-oxidative
degradation decreased with increasing nanofiller loading. The nanocomposites displayed improved
flame retardancy, leading to a significant decrease of the peak heat release rate for nanofiller loadings
of 5 and 10 wt %.

High-performance flexible supercapacitors based on a cellulose acetate membrane filled with both
CNTs and Ag nanoparticles have been recently developed via a low-temperature, rapid and controlled
direct writing method [43]. The Ag nanoparticles were uniformly dispersed within the CNTs, and both
embedded within the porous structure of the cellulose membrane. The nanocomposite electrode
showed outstanding electrochemical and mechanical electrochemical performance. The synergistic
effect of both fillers led to enhanced conductivity, and also improved the specific volumetric capacitance.
At an optimal concentration of 5 wt % of both nanofillers, excellent cycling stability was attained,
with 75.92% capacitance retention.
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Abstract: Conducting polymers like polyaniline (PANI) have gained a lot of interest due to their
outstanding electrical and optoelectronic properties combined with their low cost and easy synthesis.
To further exploit the performance of PANI, carbon-based nanomaterials like graphene, graphene
oxide (GO) and their derivatives can be incorporated in a PANI matrix. In this study, hexamethylene
diisocyanate-modified GO (HDI-GO) nanosheets with two different functionalization degrees have
been used as nanofillers to develop high-performance PANI/HDI-GO nanocomposites via in situ
polymerization of aniline in the presence of HDI-GO followed by ultrasonication and solution casting.
The influence of the HDI-GO concentration and functionalization degree on the nanocomposite
properties has been examined by scanning electron microscopy (SEM), Raman spectroscopy, X-ray
diffraction (XRD), thermogravimetric analysis (TGA), tensile tests, zeta potential and four-point probe
measurements. SEM analysis demonstrated a homogenous dispersion of the HDI-GO nanosheets that
were coated by the matrix particles during the in situ polymerization. Raman spectra revealed the
existence of very strong PANI-HDI-GO interactions via π-π stacking, H-bonding, and hydrophobic
and electrostatic charge-transfer complexes. A steady enhancement in thermal stability and electrical
conductivity was found with increasing nanofiller concentration, the improvements being higher with
increasing HDI-GO functionalization level. The nanocomposites showed a very good combination
of rigidity, strength, ductility and toughness, and the best equilibrium of properties was attained at
5 wt % HDI-GO. The method developed herein opens up a versatile route to prepare multifunctional
graphene-based nanocomposites with conductive polymers for a broad range of applications including
flexible electronics and organic solar cells.

Keywords: PANI; graphene oxide; hexamethylene diisocyanate; nanocomposite; thermal stability;
mechanical properties

1. Introduction

Over the last years, conducting polymers such as polypyrrol, polythiophene and polyaniline
(PANI) have attracted a lot of interest both at an academic and industrial level owing to their exceptional
electrical and optoelectronic properties arising from their expanded π-conjugated electron system,
which make them suitable for a wide range of applications, including thermoelectric devices, batteries,
solar cells, sensors, actuators, supercapacitors, memory devices, wastewater treatment, separation
ions and so forth [1–3]. Amongst them, PANI, a semi-flexible rod polymer, has been one of the
most investigated over the last 20 years due to its unique electrochemical performance, adjustable
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electrical conductivity, facile synthesis, good chemical, environmental and thermal stability, easy
doping chemistry, inexpensiveness and numerous uses [1,4]. It can be prepared with a controllable
conductivity by adjusting the pH using both the conventional chemical and electrochemical approaches.

PANI can be polymerized into three different oxidation states [5]: The completely reduced
leucoemeraldine form, the fully oxidized pernigraniline form and the emeraldine form, comprising
oxidized and reduced alternating repeating units (Scheme 1). Further, each form may occur as either
a salt or a base, and they have different colours, stabilities, and conductivities. Leucoemeraldine is
a colourless substance that slowly oxidizes in air and is electrically insulating. It can be oxidized
in an acidic medium (p-doping) to yield the conducting emeraldine salt. Pernigraniline is a blue
insulating compound unstable in water that easily decomposes in air. The green emeraldine salt is
formed during protonation of the violet emeraldine base with organic and inorganic acids: The protons
interact with the imine nitrogen atoms leading to the formation of polycations [6]. The positive charges
onto neighbouring nitrogen atoms rise the energy of the polymeric system, hence electron density
undergoes redistribution; as a consequence, “unpairing” of the electron pair of nitrogen atoms occurs
and cation radicals appear; these are delocalized over a certain conjugation length and provide the
electron conductivity of the polymer, which depends strongly on the degree of protonation [5].

Scheme 1. Structure of the different forms of polyaniline (PANI): The completely reduced
leucoemeraldine, the completely oxidized pernigraniline and the emeraldine, in the base and salt forms.

Despite the wide spectrum of properties of PANI, it presents several shortcomings for certain
applications, namely poor solubility, low mechanical performance and short cycling life [7]. To overcome
these issues, PANI can be polymerized in the presence of organic and inorganic nanomaterials. The
tailored incorporation of nanoscale materials can lead to nanocomposites with improved properties
due to synergistic effects [8]. Thus, various carbon-based materials like mesoporous carbon, carbon
nanotubes and graphene have been used as additives to extend the functional uses and improve
the performance of PANI. In particular, composites of PANI reinforced with graphite, graphene
(G), graphene oxide (GO) and reduced graphene oxide (rGO) have been synthesized via in situ
chemical or electrochemical polymerization, covalent and non-covalent functionalization as well as
self-assembly strategies [8–12]. The nanomaterial is supposed to increase the specific surface area
of the composites, reduce the mechanical deformation of PANI and improve the transportation of
the charge carries throughout the matrix due to strong nanomaterial-PANI interfacial adhesion [13].
However, in most of the preceding studies, graphite or graphene aggregates instead of stable graphene
dispersions were attained, which reduces the large specific surface area of these nanomaterials and is
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detrimental for improving the composite electrical properties. In this context, it is crucial to improve
the graphene dispersion and its interfacial interaction with the matrix. Consequently, significant effort
has been devoted to surface-functionalize graphene and its derivatives as well as to optimize the
composite preparation procedures. For example, Xu et al. [14] developed a simple method to prepare
hierarchical nanocomposites with aligned PANI nanowires coated with GO nanosheets via dilute
polymerization. Wu et al. [15] designed a facile one-step environmentally friendly polymerization
method for the preparation of PANI/rGO nanocomposites using dialdehyde starch as reducing and
capping agent. Besides, Kumar et al. [16] fabricated PANI-grafted-rGO nanocomposites with high
electrical conductivity by functionalizing GO with 4-aminophenol via acyl chemistry. In particular,
GO, a graphene derivative that contains epoxides, hydroxyls and carbonyls on the basal planes and
carboxylic acids on the edges, has great potential as filler to develop PANI nanocomposites. It presents
very large specific surface area, excellent chemical versatility and stability, aqueous processability,
amphiphilicity, surface functionalization capability and biocompatibility [17]. More importantly, it
can form stable aqueous colloids to enable the assembly of macroscopic structures, which is key for
large-scale applications.

In a preceding work [18], we have developed a simple approach to functionalize GO via reaction
with organic hexamethylene diisocyanate (HDI) using triethylamine (TEA) as catalyst. The synthesized
(HDI)-modified GO nanomaterials, with different functionalization degrees, were found to be more
hydrophobic in nature than pristine GO and were easily dispersed in polar aprotic solvents, hence are
perfect candidates as fillers of conducting polymers. In the present study, we report a novel method to
prepare PANI nanocomposites with homogenously dispersed GO nanosheets via in situ polymerization
of aniline in the presence of HDI-GO using ammonium peroxydisulfate as an oxidizing agent in acid
medium. HDI-GO can interact with PANI via electrostatic, hydrophobic, π-π stacking and hydrogen
bonding interactions, which result in strong polymer-nanomaterial interfacial adhesion. Enhancing the
dispersion of GO and its interaction with the conducting polymer matrix is decisive to attain improved
electrical, thermal and mechanical properties. The resulting PANI/HDI-GO nanocomposites have
been characterized by scanning electron microscopy (SEM), Fourier-transformed infrared spectroscopy
(FT-IR), Raman spectroscopy, X-ray diffraction (XRD) analysis, thermogravimetric analysis (TGA),
tensile tests and sheet resistance measurements to get information about how the weight fraction
and functionalization degree of HDI-GO influence the nanocomposite morphology, structure and
properties. This work signifies a great step forward to developing highly conducting PANI-based
nanocomposites for application in a variety of organic devices.

2. Materials and Methods

2.1. Reagents

Aniline monomer (C6H5NH2, >99%, Mw = 93.13 g/mol, d25ºC = 1.02 g/cm3), ammonium
persulfate ((NH4)2S2O8, 98%, Mw = 228.20 g/mol, d25ºC = 1.98 g/cm3), triethylamine (TEA, >98%,
Mw = 101.193 g/mol), H2SO4, KMnO4, P2O5, K2S2O8 and H2O2 (30 wt % in water) were obtained from
Sigma-Aldrich (Madrid, Spain). Graphite powder was purchased from Bay Carbon, Inc. (Bay City, MI,
USA). Hexamethylene diisocianate (HDI, >99%, Mw = 168.196 g/mol) was provided by Acros Organics
(Madrid, Spain). The organic solvents were HPLC grade and were purchased from Scharlau S.L.
(Barcelona, Spain). Deionized water was obtained from a Milli-Q-Water-Purification-System (Millipore,
Milford, DE, USA). Aniline was stored in a refrigerator and was distilled under reduced pressure prior
to use; the rest of the chemicals were used as received.

2.2. Synthesis of Hexamethylene Diisocyanate-modified Graphene Oxide (HDI-GO)

HDI-GO was prepared according to the procedure described in our preceding works [18,19]. In
short, firstly GO was synthesized using a modified Hummers´ method from flake graphite using
H2SO4, K2S2O8, P2O5 and KMnO4 as oxidants. Secondly, GO was functionalized by weighing the
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necessary amount of the synthesized GO powder and placing it into a round-bottom flask, followed
by addition of dried toluene under inert atmosphere. In a first trial, GO dispersion was sonicated
in an ultrasonic bath for 2 h, and subsequently TEA catalyst and HDI reagent were added dropwise
(GO:HDI:TEA weight ratio of 1:1:1); the mixture was then heated to 60 ◦C and stirred for 12 h under
inert atmosphere. The resulting product (HDI-GO 1) exhibited a functionalization degree (FD) of 12.3%
as measured by elemental analysis [18]. In a second synthesis, the procedure was similar but the GO
dispersion was first ultrasonicated with a tip (3 probe sonication cycles with 5 min of break between
cycles at 40% amplitude) followed by the 2 h of bath sonication. The resulting product (HDI-GO 6)
had a FD of 18.1 %.

2.3. Synthesis of PANI/HDI-Modified GO Nanocomposites

The nanocomposites were prepared via in situ polymerization of aniline in acid medium, using
(NH4)2S2O8 as oxidizing agent. The structure and nomenclature of the compounds used for the
preparation of the PANI/HDI-GO nanocomposites is shown in Scheme 2a.

Scheme 2. (a) Structure and nomenclature of the compounds used for the preparation of PANI/HDI-GO
nanocomposites. (b) Diagram of the synthesis procedure of the nanocomposites.

Firstly, 0.1 mL of aniline monomer were placed in a beaker with 25 mL of 1 M HCl, and then the
required amount of HDI-GO (0.25, 0.5, 1, 2.5 or 5 mg) was added. The mixture was then sonicated
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with an ultrasonic tip for 5 min and then in an ultrasonic bath for 30 min. Subsequently, 0.06 g of
(NH4)2S2O8 were dissolved in 25 mL of 1 M HCl and then added dropwise to the aniline/HDI-GO
mixture under vigorous stirring. Polymerization of aniline started after about 5 min, while the colour
of the mixture changed into green. The mixture was then allowed to stir while cooled in an ice bath for
12 h.

The resulting solid precipitates, with HDI-GO weight ratios of 0.5, 1.0, 2.0, 5.0 and 10 wt %,
were recovered from the reaction vessel by filtration and repeatedly washed with deionized water,
ethanol, and hexane for the elimination of the low molecular weight polymer and oligomers until the
filtrates were colourless, and finally dried at 80 ◦C in an oven for 48 h. A schematic representation of
the synthesis procedure of the nanocomposites is shown in Scheme 2b. For comparative purposes,
a reference sample containing 5 mg of pristine GO (10 wt % loading) and a reference PANI sample
(0 wt % HDI-GO) were prepared in a similar way. Further, to investigate the influence of the level of
functionalization of HDI-GO on the nanocomposite properties, two sets of composites were prepared,
using HDI-GO 1 and HDI-GO 6, respectively. Photographs of the nanocomposites obtained are shown
in Figure S1 in the supplementary material. Homogenous films were also prepared by dropping 5 mL
of the liquid nanocomposite mixture onto a glass surface and dried in the oven at 80 ◦C.

2.4. Intrumentation

A Selecta 3001208 ultrasonic bath (Madrid, Spain) and a 24 kHz Hielscher UP400S ultrasonic tip
(Teltow, Germany) with a maximum power output of 400 W, equipped with a titanium sonotrode
(Ø = 7 mm, l = 100 mm) were used to prepare the different dispersions.

The morphology of the nanocomposites was analyzed with a SU8000 Hitachi scanning electron
microscope (SEM, Hitachi, Ltd., Tokyo, Japan), which operated with an emission current of 10 mA and
a 15.0 kV accelerating voltage. Before the experiments, samples were coated with a 5 nm thick Au:Pd
overlayer to avoid charge buildup throughout electron irradiation.

Raman spectra were acquired at room temperature with a laser output power of 1 mW using
a Renishaw Raman microscope (Gloucestershire, UK) incorporating a He-Ne laser (632.8 nm). To
minimize the signal-to-noise ratio, 3 scans were recorded for each composite. Data were then processed
with the WiRE 3.3 Renishaw software, and the spectra were normalized to the G band for the sake
of comparison.

A TA Instruments Q50 thermobalance (Barcelona, Spain) was used to analyze the thermal stability
of the samples via thermogravimetric analysis (TGA) experiments under an inert atmosphere (N2).
Measurements were performed from 100 to 700 ◦C at a heating rate of 10 ◦C/min, with a gas flow rate
of 60 mL/min. Prior to the tests, samples were dried for 72 h and then located inside aluminum pans.

The zeta potential of aqueous dispersions of the samples was measured at 25 ◦C on a Zetasizer
Nano ZS (Malvern Instruments Ltd, Worcestershire, UK) using disposable plastic cuvettes.

X-ray diffraction (XRD) analysis was carried out with a Bruker D8 Advance diffractometer
(Karlsruhe, Germany) using a Cu tube as X-ray source (λ CuKα = 1.54 Å), with a voltage of 40 kV and
an intensity of 40 mA.

A standard test method for tensile properties of thin plastic sheeting, ASTM D882, was used for
testing the mechanical properties of the composites. Tensile testing was carried out with an Instron
5565 Testing Machine (Norwood, MA, USA). A 1 kN load cell was used and the crosshead speed was
10 mm min−1. The results reported are the mean values for six replicates.

A four-point probe resistivity measurement system (Multiheight Probe station, Leighton Buzzard,
UK) was used to determine the sheet resistance (Rs) of the samples. The voltage was measured with a
KEITHLEY 2182A nanovoltmeter and the electrical current with a KEITHLEY 6221 current source. Rs

was calculated as: Rs = 4,532× (V/I), being V the test voltage and I the current. To ensure reproducibility,
more than 5 measurements were carried out at different points of each sample film, and the results
reported correspond to the average values.
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3. Results

3.1. Morphology of PANI/HDI-GO Nanocomposites

The morphologies and structures of PANI, GO, HDI-GO and the nanocomposites were studied
by SEM, and some representative micrographs are shown in Figure 1. A granular or globular–like
morphology is observed for pure PANI, comprising highly aggregated particles (Figure 1b). This is the
most common structure found in PANI prepared by precipitation polymerization when using strong
oxidants and acidic conditions [20]. Raw GO also appears rather compact and aggregated (Figure 1a),
comprising wrinkly and flexible graphene sheets with thicknesses in the range of 10–50 nm. On the
other hand, HDI-GO 6 is composed of stacked graphene flakes with a smoother surface topology
(Figure 1c), ascribed to the covalent bonding of the HDI chains onto the GO surface. Further, many
sheets appear stiffer, likely due to the wrapping of the methylene groups that cover the wrinkles, hence
come out thicker, showing flake thicknesses ranging from 20 to 80 nm. Nonetheless, it should be noted
that the sample appears quite heterogeneous, which is reasonable considering that it is a mixture of
raw GO sheets and HDI modified sheets. Similar morphology was found for HDI-GO 1 (Figure 1e),
albeit with thinner and less rigid sheets, suggesting that the flake stiffness and thickness rise with
increasing FD.

(a)

(d) (e) (f)(((((((((((((((((((((((((((((((((eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee)))))))))))))))))))))))))))))))))))))))))

Figure 1. Representative SEM micrographs of raw GO (a), neat PANI (b), HDI-GO 6 (c), PANI/HDI-GO
6 (10 wt %) (d), HDI-GO 1 (e), and PANI/HDI-GO 1 (10 wt %) (f).

Focusing on the nanocomposite with 10 wt % HDI-GO 6 (Figure 1d), it can be observed that
the flat and rigid graphene nanosheets are fully embedded within the PANI nanoparticles, forming
a dense and interpenetrating network with the matrix particles partly attached onto the HDI-GO
surface. It has been reported [21] that when HCl is used as a dopant, aniline monomer adsorbs onto the
surface of graphene-based nanomaterials via electrostatic attraction, resulting in the formation of weak
charge-transfer complexes between the polymer monomers and the graphitic structure of graphene.
In our study PANI should adhere more strongly to the graphene flakes since some of the residual
carboxylic groups of HDI-GO are negatively charged due to resonance effects, hence are prone to
strongly interact with the positively charged emeraldine salt form of PANI via electrostatic interactions;
further, the aromatic moieties of the polymer can interact with the benzene rings of HDI-GO via π-π
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stacking as well as with the methylene chains of the HDI through hydrophobic interactions. Besides,
hydrogen bonding can occur between the amine groups of PANI and the oxygenated functional
moieties of HDI-GO (see Scheme 3). Thus, the combination of all these interactions results in strong
PANI-HDI-GO interfacial adhesion.

Scheme 3. Representation of the different types of interactions between PANI and HDI-GO.

As a result of the absorption process, the HDI-GO nanosheets were coated by the matrix particles
during the in situ polymerization reaction in acid medium. This allowed to prepare homogeneous
composites in which PANI and the modified GO are likely intercalated with each other instead of
individually being in an agglomerated state and phase separated as typically observed previously [22,23].
The lessening in the strength of the hydrogen bonding interactions among the GO nanosheets upon
functionalization with HDI makes the HDI-GO surface more hydrophobic than that of raw GO [18],
henceforth it was well dispersed in HCl by the combination of probe and bath sonication used
herein. Thus, PANI chains were able to diffuse within the stacked structure of HDI-GO and formed
a thin coating onto the graphene nanosheets. This morphology was retained for all the composites
reinforced with HDI-GO 6, which showed a relatively smooth and plain surface, and the degree of
interpenetration increased with increasing the nanomaterial loading. Another plausible explanation
for the observed morphology could be the formation of intimate charge-transfer complexes in the
solid state due to very strong donor-acceptor interactions between the polymer and the nanofiller, as
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reported previously for PANI/rGO nanocomposites [24]. Thus, HDI-GO could act as a stable counterion
of the doped state of PANI emeraldine salt, stabilizing PANI in an intermediate oxidation state between
the leucoemeraldine and the emeraldine forms. In addition, this charge-transfer in PANI/HDI-GO
nanocomposites together with the numerous graphene bundles randomly distributed throughout the
matrix would be beneficial for the formation of homogenous conductive paths, and would account
for the improved nanocomposite properties including improved electrical conductivity and superior
thermal stability, as will be discussed in the following sections.

Conversely, in the nanocomposite with 10 wt % HDI-GO 1 (Figure 1f) there is lack of such
interpenetrating polymer-nanofiller network, and both composite components appear much more
separated. During the in situ polymerization process, the PANI nanoparticles located within the GO
layers and acted as spacers to form gaps between neighboring GO sheets, thus resulting in flakes with a
large surface area and high level of exfoliation that retain their bendability and flexibility. Nonetheless,
some flakes also display a random decoration of PANI nanoparticles over the wrinkled surface. Similar
morphology was found for the rest of nanocomposites incorporating HDI-GO 1, with increasing
number of decorated nanosheets with increasing nanofiller loading.

3.2. XRD Analysis of the Nanocomposites

The developed samples were analyzed by XRD measurements, and typical patterns of PANI, GO,
HDI-GO 6, HDI-GO 1 and the corresponding nanocomposites with 10 wt % loading are compared
in Figure 2. Analogous diffractograms were found for the rest of PANI/HDI-GO nanocomposites,
and the data obtained from the diffraction patters are collected in Table S1 (supplementary material).
Neat PANI shows a broad peak centered at 2θ = 25.3º, indicative of its amorphous character and
the absence of order arrangement in the polymer chains. This wide peak can also be observed in
the diffractograms of the nanocomposites, although appears at lower 2θ values; further, its intensity
decreases with increasing nanofiller loading, in agreement with the results reported previously for
PANI/GO hidrogels [25]. The presence of GO reduces the percentage of PANI in the nanocomposites
and hence weakens the diffraction peaks.

Figure 2. XRD patterns of neat PANI, raw graphene oxide (GO), hexamethylene diisocyanate-modified
GO (HDI-GO) 1, HDI-GO 6, and the corresponding nanocomposites with 10 wt % nanofiller content.

The downshift in 2θ is more pronounced for nanocomposites reinforced with HDI-GO compared
to that with GO (see Table S1), in particular for those with HDI-GO 6, the utmost decrease being 0.79◦
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for PANI/HDI-GO 6 with 10 wt % loading. This shift in 2θ towards lower values has been previously
reported for PANI/rGO nanocomposites [26], indicative of an expansion of the interlayer distance, and
can be explained by the adsorption and intercalation of PANI on the surface and between the HDI-GO
sheets. Thus, as the functionalization degree of HDI-GO increases, the stronger the interactions with
the matrix chains, the stronger the adsorption of PANI, the more pronounced the shift in the peak
maximum, in agreement with the observations from SEM study (Figure 1). Therefore, the absorption
and intercalation of PANI on the GO nanosheets seems to be responsible for the nanocomposites
structure and morphology.

Regarding pristine GO, a characteristic peak can be observed at 2θ = 11.8◦ related to the (002)
diffraction of the GO sheet [27], from which the interlayer d spacing value was calculated to be
0.748 nm according to the Bragg’s equation [28]. In the case of HDI-GO 1 and HDI-GO 6, the peak
maximum appears at lower 2θ (9.2 and 8.8◦, corresponding to interlayer distances of 0.961 and 1.003
nm, respectively) and shows reduced intensity. This increase in the d spacing has been previously
observed for other nanocomposites comprising polymer chains between GO nanosheets [29,30], and
further corroborates the presence of the HDI segments intercalated between the nanofiller layers.

Regarding the nanocomposites, further downshift of this (002) peak is observed, suggesting an
additional rise in the interlayer spacing of the carbon nanomaterial compared to either GO or HDI-GO.
In the case of PANI/GO (10 wt %), the downshift is relatively small, about 1◦ compared to raw GO,
resulting in a d spacing of ~0.8 nm. In contrast, nanocomposites reinforced with 10 wt % HDI-GO
1 and HDI-GO 6 show stronger shifts, and exhibit d values of 1.18 and 1.33 nm, respectively (Table
S1). These clear increases in the interlayer spacing are indicative of the strong interaction between
the PANI segments and the GO nanosheets, and the intercalation of the polymeric chains in between
the nanomaterial layers. Once more, the higher the FD of HDI-GO, the larger the interlayer distance
in the nanocomposites. The broadening of the (002) peak is also evident for all the PANI/HDI-GO
compositions compared to either HDI-GO 1 or HDI-GO 6. Thus, the width at half maximum increased
from about 1.4◦ for HDI-GO 6 to 2.9◦ for the nanocomposite with 10 wt % loading. This widening is
yet another indication of the strong PANI-HDI-GO 6 interactions. The combination of the substantial
shift of the (002) peak during the formation of PANI/HDI-GO and the reduction in the GO peak
height intensity further corroborate the formation of hybrid intercalated nanocomposites, as observed
previously [31]. On the whole, the XRD patterns confirm the efficiency of the in situ polymerization
process used in this study to facilitate the diffusion of the PANI chains within the interlayer spacing of
the HDI-GO nanosheets.

3.3. Raman Spectra

Raman spectroscopy was used to further characterize PANI and the synthesized nanocomposites,
and the spectra obtained for neat PANI, GO, HDI-GO, and the nanocomposites with 10 wt % HDI-GO
or GO are shown in Figure 3. Data derived from the spectra of all the nanocomposites are collected in
Table S1 (supplementary material).
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Figure 3. Raman spectra of neat PANI, raw GO, HDI-GO 1, HDI-GO 6, and the corresponding
nanocomposites with 10 wt % nanofiller content.

Characteristic Raman peaks of PANI can be observed within the wavelength range 400–1800 cm-1.
The C=N stretching vibration in the quinonoid units of PANI is observed at 1396 cm−1 [32]. The band at
1191 cm−1 corresponds to the C–N stretching vibrations of benzenoid, quinonoid, and polaronic forms
of PANI in the emeraldine state, and the presence of C–N+ vibrations are evident at 1390 cm−1 [32,33].
The band at 1597 cm−1 corresponds to the C=C stretching of the benzenoid ring vibrations, and that at
555 cm-1 is attributed to C–H in plane bending vibrations [33]. Regarding GO, the most prominent
features in the spectrum are the disorder induced D band at 1345 cm−1 that indicates the level of
structural disorder, and the tangencial G band at ~1595 cm−1 related to in-plane displacements of the
graphene nanosheets [34]. Analogous spectrum is observed for the HDI-GO samples, although they
show an enlargement and upshift of the G band, attributed to a change in the electronic structure of
GO in the presence of electron-acceptor groups [18]. This upshift can also be associated to a raise in
defect density, given that the position of the G band depends on the concentration of defects in the
graphene layers [35]. Further, the D to G band intensity ratio (ID/IG) offers quantitative information
about the amount of defects in graphene sheets: The higher the ratio, the larger the disorder [35]. This
ratio is 1 for neat GO, and increases up to 1.55 and 1.73 for HDI-GO 1 and HDI-GO 6, respectively,
which corroborates the drop in structural order upon anchoring the HDI chains onto the GO surface.

Focusing on the nanocomposites, the spectra are analogous to that of neat PANI, albeit they exhibit
an upshift in the position of the peaks as well as a drop in the intensity of the bands. In the case of
PANI/GO (10 wt %), the shift in the band positions is relatively small, indicative of weak interactions
between the PANI chains and GO (Table S1). However, PANI/HDI-GO 1 (10 wt %) and PANI/HDI-GO 6
(10 wt %) show strong shifts in the position of the bands, by up to 15 and 26 cm−1 in the C=C stretching
of the benzenoid ring. This behavior is yet another confirmation of the strong adsorption of the PANI
chains onto the GO or HDI-GO surface via π-π stacking, H-bonding, hydrophobic and electrostatic
interactions, leading to the formation of a tightly coated PANI layer on the carbon nanomaterial surface,
as discussed previously. Thus, the combination of all these interactions results in strong PANI-HDI-GO
interfacial adhesion. Moreover, the higher the FD of HDI-GO, the stronger the interactions with the
matrix chains, hence the larger the change in the position of the peaks. Thus, the upshifts in the
position of the peaks are systematically larger for composites with HDI-GO 6 compared to those with
the same loading of HDI-GO 1. An upshift in the position of PANI peaks corresponding to C=N and
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C-C stretching modes has also been reported for PANI nanofibers coated with graphene nanosheets,
indicating the very intense interaction between the nanofibers and the carbon nanomaterial in the
composite [13].

3.4. Thermal Stability of the Nanocomposites

A high thermal stability of nanocomposite films is a desirable factor for certain applications like
electromagnetic shielding (EMI) at high temperatures. TGA analysis upon heating under a nitrogen
atmosphere was carried to examine the thermal stability of PANI and the PANI/GO nanocomposites
(Figure 4). The results derived from all the nanocomposites are collected in Table S2 (supplementary
material). Regarding pure PANI, the weight loss below 150 ◦C can be assigned to the loss of water
molecules and other volatile impurities. The first main decomposition stage between 150 and 250 ◦C is
attributed to the deprotonation of PANI through removal of dopant HCl molecules [33], while the
second from 340 to 480 ◦C can be assigned to the exothermic thermal decomposition of PANI backbone.
In the case of pristine GO, a one-step degradation process is found, with a main weight loss below
250 ◦C attributed to the decomposition of surface epoxide, hydroxyl, and carboxylic acid functional
groups [18]. In addition, a small weight loss is observed above 250 ◦C due to the elimination of further
functional groups. On the other hand, the HDI-GO samples display two decomposition steps, the first
due to the removal of remaining oxygenated surface groups, and the second to the degradation of the
HDI chains linked to the GO surface. With increasing FD, the degree of crosslinking between the GO
layers increases, hence the thermal stability of HDI-GO improves [18].

Figure 4. Thermogravimetric analysis (TGA) curves under inert atmosphere of neat PANI, GO, HDI-GO
1, HDI-GO 6, and the nanocomposites with 10 wt % nanofiller loading.

The nanocomposites also exhibit a two-step degradation process, similar to that of neat PANI,
albeit shifted to higher temperatures, indicating a thermal stabilization effect induced by the presence
of the nanofillers. Nonetheless, the shift depends on the type of nanofiller and its concentration. Thus,
upon addition of 10 wt % GO, the initial degradation temperature (Ti) at 2% weight loss increased
only slightly (about 12 ◦C), whereas by addition of the same amount of HDI-GO 1 and HDI-GO 6, it
increased significantly, by 53 and 64 ◦C , respectively. Similar trend is found for the temperature of
10% weight loss (T10) and the temperatures of maximum rate of weight loss of both stages (TmaxI,II),
which show maximum augments of 67 and 90 ◦C for the nanocomposite with 10 wt % HDI-GO 1 and
increments of up to 81 and 109 ◦C for that with 10 wt % HDI-GO 6, respectively (Table S2). In addition,
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the weight residue of PANI/GO (10 wt %) is slightly lower than that of neat PANI, whilst that of
nanocomposites with 10 wt % HDI-GO 1 and HDI-GO 6 are about 10 and 27% higher, respectively. The
extraordinary thermal stability improvements found in the nanocomposites reinforced with HDI-GO
can be explained considering the homogenous dispersion of the nanosheets within the PANI chains, as
revealed by SEM images (Figure 1d,f) combined with the strong PANI-HDI-GO interfacial adhesion
via π-π stacking, H-bonding, hydrophobic and electrostatic donor-acceptor interactions that lead to
the formation of intimate charge-transfer complexes in the solid state [24], as discussed earlier. The
crosslinked HDI-GO layers, which are randomly dispersed within the polymer matrix, can behave as
a barrier and a thermal protecting material that shield the PANI chains from the heat and delay the
diffusion of the degradation products from the interior of the nanocomposite to the gas phase through
the formation of a tortuous path.

Similar behavior of thermal stability improvement has been reported for PANI nanocomposites
reinforced with graphene nanoplatelets via in situ polymerization, attributed to the formation of 3D
conducting interpenetrating networks between the polymer and the nanofillers [36]. Thus, in the
nanocomposites comprising HDI-GO 6, the stiff graphene nanosheets are fully embedded within the
PANI nanoparticles, forming a dense and interpenetrating network with the matrix particles partly
attached onto the HDI-GO surface, which can account for the superior thermal stability enhancement
observed. Further, the strong PANI:HDI-GO interactions likely confine the rotational movement of the
polymeric chains, and the motion restriction of the polymeric chains at the PANI: HDI interface would
also be reflected in better thermal stability, as reported for PANI nanofiber-coated polystyrene/GO
nanocomposites [37]. The comparison of the degradation temperatures of nanocomposites reinforced
increasing amounts of HDI-GO 1 or HDI-GO 6 (Table S2) reveals that all the degradation temperatures
systematically increase with increasing HDI-GO loading, likely due to the stronger barrier effect
imposed by the nanofillers (i.e., an average increase of 40 ◦C when the nanofiller loading is increased
from 0.5 to 10 wt %). TGA data reveal that the addition of HDI-GO with a high FD strongly improves
the thermal stability of PANI, which is an important result from a practical viewpoint including
aerospace, electronic and photovoltaic applications.

3.5. Sheet Resistance of the Nanocomposites

Figure 5 shows the sheet resistance (Rs) data of neat PANI and the nanocomposites reinforced
with different amounts of HDI-GO 1 and HDI-GO 6. The neat PANI film shows an Rs value close to
135 Ω/sq., which drops steadily with increasing HDI-GO loading, leading to minimum values of 11
and 13 Ω/sq for the nanocomposites reinforced with 10 wt % HDI-GO 6 and HDI-GO 1, respectively.
However, the reference PANI/GO sample (blue star in the plot) showed similar sheet resistance to that
of PANI. Taking into account that the HDI-GO samples display higher Rs than neat PANI [19], the
reduction in sheet resistance found in PANI/HDI-GO nanocomposites is a surprising behavior that
could be explained considering the different factors that influence the charge hopping conduction
mechanism in this type of conductive polymer, including grain size, level of crystallinity, doping and
screening effects as well as conformational changes of the polymeric chains [38].
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Figure 5. Sheet resistance of PANI nanocomposites reinforced with HDI-GO 6 (solid squares) and
HDI-GO 1 (open circles) as a function of the HDI-GO content. Solid lines are guides for the eyes. The
blue star corresponds to the PANI/GO (10 wt %) reference composite.

The conduction mechanism is believed to involve polaronic carriers. When the emeraldine base is
doped in an acid environment, a polaron or bipolaron can be developed via consecutive formation of
positive species. Bipolaron structures are thermodynamically more stable and conductive, and are
responsible for the electrical conduction via a jump mechanism [2]. The adjacent nitrogen electron
(neutral) moves to a vacant spot and neutralizes it. Consequently, this spot moves, thereby creating
new spaces in the nitrogen structure and in the polarons structures, resulting in electron transportation
and, thus, electrical conductivity along the chain [38].

The structure, morphology and synthesis method of the nanocomposites has also a profound
effect on the electrical conductivity of the materials [39]. Thus, the presence of GO poorly dispersed
within PANI has been reported to decrease the conductivity of the polymer [40], while that of
composites prepared via in situ emulsion polymerization was significantly improved [41], ascribed
to the very homogeneous nanofiller dispersion inside the polymer matrix that made both composite
components come close to each other to form conductive paths. Further, a noticeable electrical
conductivity improvement was previously reported for PANI/graphene nanoplatelets developed via in
situ polymerization, attributed to the formation of 3D conducting interpenetrating networks [36].

Further, our Raman spectra suggest the presence of strong π-π stacking, H-bonding, hydrophobic
and electrostatic interactions, in particular for the composites with HDI-GO 6, leading to the formation
of a tightly coated PANI layer on the carbon nanomaterial surface. Besides, as mentioned earlier,
the HDI-GO could behave as a counterion of the emeraldine salt form of PANI, stabilizing it in an
intermediate oxidation state between the leucoemeraldine and the emeraldine structures. This would
result in the formation of tight PANI-HDI-GO charge-transfer complexes via strong donor-acceptor
interactions, hence better charge carrier transport, and consequently reduced sheet resistance for the
nanocomposites. To further corroborate the HDI-GO coverage by the PANI chains, the zeta potential
(ζ) of aqueous dispersions of GO, PANI, HDI-GO 1, HDI-GO 6 and their composites with 10 wt %
was measured, and the results are included in Table S2 (Supplementary Information). The emeraldine
form of PANI carries positive charges, which make it dispersible in aqueous solution, leading to a
positive zeta potential of 40 mV, consistent with the results reported previously [42]. ζ of GO is highly
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negative, due to the large number of surface oxygenated functional groups on the graphene sheets.
However, ζ of HDI-GO is significantly smaller (in absolute value), albeit it is still negative, indicative
of the presence of remaining oxygen containing groups on the graphene sheets, in agreement with the
results from elemental analysis [18]. As expected, with increasing FD, ζ value decreases. Moreover,
as compared to the negatively charged GO, all the PANI/GO nanocomposites are positively charged,
which indicates coverage of PANI on the graphene surface. The electrostatic interaction between the
positively charged PANI and the negatively charged nanofillers is stronger in composites with HDI-GO
(particularly those with HDI-GO 6) compared to the reference with GO, hence leading to a lower ζ.
Further, with increasing HDI-GO content, the interaction becomes more pronounced, thus ζ decreases.

It is noteworthy that the PANI/HDI-GO samples prepared in this work display higher conductivity
than that previously reported for other PANI-GO nanocomposites [40,43,44], which demonstrates
the effectiveness of the strategy developed in this study to improve the thermoelectrical properties
of conductive polymer/graphene nanocomposites. Further, the values obtained are also higher than
those found for PANI/multiwalled carbon nanotube (MWCNT) nanocomposites, likely due to the
larger surface area of HDI-GO nanosheets compared to the nanotubes [45]. For the same nanofiller
content, Rs is systematically lower for nanocomposites filled with HDI-GO 6 compared to those
with HDI-GO 1. This can be rationalized considering that HDI-GO 6, with a higher FD, is more
homogeneously dispersed within the matrix, and interacts more strongly with the PANI chains,
thus favoring the formation of a more interpenetrated network, and consequently conductive paths,
hence lower sheet resistance. It is interesting to note that the nanocomposites with high HDI-GO
content exhibit Rs values close to those reported for ITO films coated onto plastic substrates, such
as polyethylene terephthalate (PET) [46], hence, they are good candidates to be used as transparent
conductive electrodes in conventional panel displays, solar cells, touch panels, and so forth.

3.6. Mechanical Properties

The mechanical properties of PANI/HDI-GO nanocomposites were investigated by tensile tests,
and the stress-strain curves of PANI and some PANI-based nanocomposites are shown in Figure S2
in the supplementary material; the results derived from the tensile curves of all the samples tested
are depicted in Figure 6. Neat PANI exhibits an elastic modulus close to 2 GPa and a tensile strength
value of about 32 MPa, in very good agreement with the data reported earlier [47]. The addition of
HDI-GO 6 causes significant enhancements in both parameters (Figure 6a,b), by up to 240 and 258%,
respectively, at the highest loading tested. A similar tendency, although with smaller increases, can
be observed for the nanocomposites comprising HDI-GO 1. For both types of nanocomposites, the
rise is more pronounced up to 2 wt % loading, whilst it is less marked at higher concentrations, and
appears to level off at HDI-GO contents > 10 wt %. At low nanofiller weight fractions, there would be
larger number of individual HDI-GO nanosheets, hence the reinforcing capability would be stronger
than that found at higher loadings, since the HDI-GO nanosheets are more stacked. The modulus and
strength improvements attained herein are higher than those reported previously for PANI/graphene
composites, corroborating the high reinforcing efficiency of HDI-GO, in particular that with the highest
FD, probably due to the combination of a random and very homogenous nanomaterial dispersion
within the matrix and a very strong PANI-HDI-GO interfacial adhesion attained via hydrogen bonding,
electrostatic, hydrophobic, and π-π stacking interactions, as mentioned above (Scheme 3), together with
the high modulus of GO (~207 GPa [48]). The enhancements are also greater than those reported for
PANI/MWCNT composites [49], despite the higher modulus of MWCNTs compared to GO, suggesting
improved nanofiller-matrix stress transfer in the nanocomposites with HDI-GO nanosheets. The
improvements in modulus and strength for the reference PANI/GO (10 wt %) nanocomposite were
smaller, around 115 and 85%, respectively, likely due to the presence of aggregates (Figure 1a) that
reduce the GO-PANI interfacial area and restrict the load transfer efficiency, combined with the weaker
GO-PANI interactions. Good nanofiller dispersion and strong interfacial adhesion to the PANI matrix
is the key point to improve the mechanical properties.
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Figure 6. Results derived from tensile tests of PANI nanocomposites reinforced with HDI-GO 6 (solid
squares) and HDI-GO 1 (open circles) as a function of the HDI-GO content. (a) Young’s modulus; (b)
tensile strength; (c) elongation at break; (d) toughness. Solid lines are guides for the eyes. The blue star
corresponds to the PANI/GO (10 wt %) reference composite.

Regarding the elongation at the break (Figure 6c), PANI presents a value close to 7.8%, which
decreases with increasing HDI-GO content, the drop being more pronounced at lower loadings. The
maximum drop is found to be 36% for the composite with 10 wt % HDI-GO 1. This is the typical trend
found in nanofiller-reinforced polymer nanocomposites, since the fillers restrict the ductile flow of
the polymer segments. Further, the strong PANI-HDI-GO interfacial adhesion attained by hydrogen
bonding, electrostatic, hydrophobic and π-π interactions contributes to the reduced plasticity. The
drop in ductility is in general more pronounced for the nanocomposites with HDI-GO 1 compared
to those filled with HDI-GO 6, likely due to the presence of some nanofiller aggregates that restrict
more strongly the mobility of the polymeric chains. On the other hand, the reference PANI/GO
(10 wt %) nanocomposite shows the most drastic reduction in the elongation at break, about 55%
compared to neat PANI, attributed to the larger number of aggregates. Nonetheless, the ductility of
the developed nanocomposites is still reasonably good, and the combination of high strength and
flexibility is interesting for applications in flexible electronics.

Regarding the toughness of the nanocomposites (the total energy required to break the composite
estimated by the area under the stress-strain curve, Figure 6d), the trend observed is quite similar to that
of the strength. The nanocomposite with 5 wt % HDI-GO 6 content shows the highest toughness, about
112% higher than that of neat PANI (16.9 MJ/m3). Beyond this concentration, the toughness remained
roughly constant for nanocomposites comprising HDI-GO 6 while dropped slightly for those filled

21



Polymers 2019, 11, 1032

with HDI-GO 1. This trend differs from that found in the reference PANI/GO (10 wt %) nanocomposite
that shows a toughness fall of about 28% compared to neat PANI, in agreement with the behavior
typically observed in polymer/GO nanocomposites [4], in which the toughness is significantly reduced
at high GO contents. The enhanced behavior found herein could be ascribed to the more homogeneous
HDI-GO dispersion that avoids the formation of stress concentration points or crack initiators under
applied loads, together with the stronger PANI-HDI-GO interfacial adhesion, that would result in a
more effective barrier for the propagation of cracks. Further, according to SEM images (Figure 1), PANI
and HDI-GO are intercalated with each other instead of individually being in an agglomerated state
and phase separated as typically observed for other PANI/GO nanocomposites [22,23], which leads to
a decrement in toughness. The simultaneous improvement in ductility and toughness is interesting
from an application viewpoint, in particular for the development of flexible electronic devices.

4. Conclusions

Multifunctional high-performance PANI-HDI-GO nanocomposites have been prepared via in situ
polymerization of aniline in acid medium in the presence of HDI-GO as nanofillers and (NH4)2S2O8

as oxidizing agent. The morphology, structure, thermal stability, sheet resistance, zeta potential and
mechanical properties of the nanocomposites have been characterized to elucidate the influence of the
HDI-GO content and level of modification on the final properties. According to SEM observations,
the flat and rigid HDI-GO nanosheets are fully embedded within the PANI nanoparticles, forming a
dense and interpenetrating network with the matrix particles partly attached onto the nanomaterial
surface. PANI can strongly interact with HDI-GO by means of hydrogen bonding, hydrophobic,
electrostatic, and π-π stacking interactions, as confirmed by Raman spectroscopy and XRD analysis.
TGA and four-point probe measurements reveal that the thermal stability and electrical conductivity
of PANI, respectively, gradually rise with increasing HDI-GO loading, the improvement being more
significant with increasing HDI-GO functionalization degree. The nanocomposites comprising 5
wt % HDI-GO with the highest modification level display an optimal balance of rigidity, strength,
ductility and toughness. These results open novel opportunities for the development of multifunctional
nanocomposites based on graphene derivatives and intrinsically conducting polymers to be used
in a wide range of applications such as supercapacitors, sensing platforms, solar cells, fuel cells,
electrochromic devices, lithium ion batteries, flexible plastics, wearable electronics and so forth.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/6/1032/s1,
Figure S1: Photographs of PANI-based nanocomposites incorporating different GO or HDI-GO 6 contents.
Figure S2: Stress-strain curves of PANI and some PANI-based nanocomposites. Table S1: Data obtained from the
Raman spectra and XRD patterns of PANI/HDI-GO nanocomposites. Table S2: TGA and zeta potential data of
PANI/HDI-GO nanocomposites.
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Abstract: In recent years, numerous discoveries and investigations have been remarked for the
development of carbon-based polymer nanocomposites. Carbon-based materials and their composites
hold encouraging employment in a broad array of fields, for example, energy storage devices, fuel
cells, membranes sensors, actuators, and electromagnetic shielding. Carbon and its derivatives
exhibit some remarkable features such as high conductivity, high surface area, excellent chemical
endurance, and good mechanical durability. On the other hand, characteristics such as docility, lower
price, and high environmental resistance are some of the unique properties of conducting polymers
(CPs). To enhance the properties and performance, polymeric electrode materials can be modified
suitably by metal oxides and carbon materials resulting in a composite that helps in the collection
and accumulation of charges due to large surface area. The carbon-polymer nanocomposites assist
in overcoming the difficulties arising in achieving the high performance of polymeric compounds
and deliver high-performance composites that can be used in electrochemical energy storage devices.
Carbon-based polymer nanocomposites have both advantages and disadvantages, so in this review,
attempts are made to understand their synergistic behavior and resulting performance. The three
electrochemical energy storage systems and the type of electrode materials used for them have been
studied here in this article and some aspects for example morphology, exterior area, temperature, and
approaches have been observed to influence the activity of electrochemical methods. This review
article evaluates and compiles reported data to present a significant and extensive summary of the
state of the art.

Keywords: carbon-based polymer nanocomposite; energy storage; fuel cell; electrochemical devices

1. Introduction

Renewable sources—for example, solar and wind energy—can satisfy the world’s power needs,
but substitutes for petroleum-derived substances demand a root of carbon fragments [1]. As renewable
sources are not spontaneous sources of energy, therefore, storage of that energy generated from
renewable sources is a prerequisite for its later use. Also, the innovation of new and compact portable
electronic devices has drawn the attention towards efficient energy storage. In the prior two eras,
transportable tools/portable devices such as smartphones, laptops, smart health devices, have reduced
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suggestively in volume, and besides their abilities, storage potentials continue to rise intensely. Not
surprisingly, the energy markets of these tools are rather abundant, which has led to a massive
improvement in the level of study towards high-performance applications. In current times, millions
of dollars have been funded for the investigations that are focused on the evolution of more effective
energy storage systems, including fuel cells [2–8], supercapacitors [9], and batteries [10]. Among these
applications, battery technology has been one of the most established systems for energy storage as it
is useful for high energy requirements owing to their high energy capabilities. Though, despite the
dramatic performance with time, there is yet notable room for the development.

Carbon-based polymer nanocomposites (CPNCs) have various applications in the energy
accumulation, energy storage, packing, aerospace, and automotive areas [11,12]. The important
characteristics of these nanostructured substances are the comfort of processing, configuration
adaptability, lightweight, and flexibility to requirements. For energy storage, fuel cell and
supercapacitors are supposed to be crucial components in updating the prospect of renewable
energy schemes [13,14]. The demand for high energy and power density devices at a low-cost leads to
the discovery of novel nanocomposite materials for automotive and electric energy storage applications.
Insulating polymers loaded by high-aspect-ratio conductive nanofillers—for example, carbon nanotube
(CNT) [15,16] as well as graphene nanoplatelets (GNP) [17,18]—have been proved to be potential
dielectric ingredients [19,20]. Scattered nanocomposites within an insulating pattern performed as
nanocapacitor electrodes that drive significant improvement in space charge polarization [21,22]. The
nanofiller is assumed to become highly conductive to improve the interfacial polarization on the
nanofiller/polymer boundary and high exterior area to develop the interfacial polarization density. As
a polymer nanocomposite, the polymer matrix, nanofiller, and polymer/nanofiller interface may be
polarized. It is observed that this polarization in nanocomposites is plausible, particularly at quite
large frequencies, though the polarization of the conductive nanofiller and the interfacial region may
happen frequencies under 1 MHz [23,24].

The energy storage methods require unique, paramount, and authentic approaches towards the
storage of electric power by alternate renewable origins for assuring appropriate and dependable
devices that can store a sufficient quantity of energy and later can be used for transport, electronic
gadgets, electric-powered carriers, and distinct purposes. Electrochemical energy storage operations
comprise supercapacitors, various kinds of batteries, and fuel cells [25]. Another energy storage
method, for example, thermal, compressed air, also flywheel energy aggregate nonelectrochemical
storage operations [26–28]. The electrochemical storage methods usually contain the probes, electrolyte
media, and power receiver. These ingredients are built from carbon-based nanomaterials, CPs, metal
oxides (MOx), as well as conducting substances. These substances are not well established and there are
yet numerous hurdles that need to designate and overcome for the further extensive commercialization
of the energy storage applications. Recently, excellent new substances called CPNCs have been
examined for electrochemical applications [29].

In the present article, the formerly published data is explained by giving a rationalized review of
the state of the system and setting up a wide series of electrochemical energy storage (EES) technologies.
EES technology helps in justifying the inconsistency of renewable resources, energy production
from them, and storage of that energy. This article includes the reflection on CPNCs for energy
storage devices and their high-performance applications. In the remainder of this review article,
we briefly presented the characteristics and applications of several kinds of carbon-based polymer
nanocomposites towards its use as ingredients of high-performance energy storage substances. An
up-to-date explanation of the most advanced progress in the growth of CPNC ingredients intended for
their uses as an electrode material probe and electrolyte substantial for fuel cell, supercapacitor (SC),
and battery.
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2. Electrochemical Energy Storage Applications

One of the paramount scientific and societal tasks in front of us is to provide secure energy
for future generations. The prerequisite for storing energy is giving us ideas to explore more and
more inexpensive techniques for energy storage. Although researchers and scientists are heading
towards renewable sources of energy but to store that renewable energy for future use, we require
energy storage devices. One provision is storing energy electrochemically using electrochemical energy
storage devices like fuel cells, batteries, and supercapacitors (Figure 1) having a different mechanism
of energy storage but have electrochemical resemblances.

 

Figure 1. Types of electrochemical energy storage devices.

Energy exists in various forms in nature like radiation, chemical, gravitational, potential, electricity,
latent heat, kinetic energy, etc. Energy storage is the capture of produced energy so that it can be used
later. Battery and supercapacitors are most commonly used energy storage devices, but fuel cell does
not store energy instead produces energy directly from the fuel and oxygen via electrochemical reactions
in the cell. The basic operating mechanism and a brief background of these three electrochemical
systems is explained in the next few sections.

2.1. Fuel Cells

The first fuel cell (FC) was invented in 1838 by Sir William Grove. The first commercial use of
fuel cells was in NASA space programs. FC is electrochemical equipment that harvests electricity
directly from fuel instead of accumulating. In addition, they require combustible fuels in stock and
a continuous supply of oxygen from the atmosphere. It renovates the chemical energy of the fuel
directly into electricity by redox reactions in the cell. They are different from the battery in the location
of energy storing and alteration. Fuel cells are open systems, in case of fuel cell, fuels that provide
energy are located outside, e.g., oxygen in the air and hydrogen outside in the fuel storage tank which
are supplied continuously to the reaction chamber (Figure 2, fuels are supplied from outside into the
reaction chamber) while battery is a closed system through the positive and negative electrode as the
charge transfer intermediate [30]. Fuel cells have very high energy density even higher than batteries
but the lowest power density due to which they are not widely employed towards energy storage and
renovation. FCs are still in the developing phase and in search of an effective application that can
penetrate the energy market but still be competitive against batteries and supercapacitors.
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(a) (b) (c) 

Figure 2. Representation of a fuel cell (a) shows the constant source of ingredients and redox reactions in
the cell, a battery (b) shows the salient features of battery operation and a supercapacitor (c) illustrating
the energy storage at probe-conducting solution interface. Reproduced with permission from [30].

2.2. Battery

Battery stores energy via electrochemical reactions. In comparison to fuel cells and supercapacitors,
batteries have established the energy storage market till now and most commonly used in mobile
phones, laptops, automobiles, homes, offices, portable, mobile, and stationary applications. Batteries
vary in size and capacity from an aspirin tablet 1–10 mAh used under air range aids to large buildings
with 40 MWh towards energy storage and backup use [30]. Various battery systems like lead–acid,
Ni–Cd, Ni–Zn, rechargeable alkaline, Li-ion, and Li-ion polymers are in use.

A simple Ragone plot (Figure 3) shows that FCs are high energy structures whereas SCs are high
energy arrangements, batteries are somewhere in between the two but overlapping a part of SC and
fuel cells (FCs) [31]. That is why SC and FCs can replace some battery applications. Utilizing high ED
of batteries and high PD of SC, a hybrid system [32] may be used to harvest essential properties of
both the systems which can be used in practical applications [33]. This combination of both systems
can meet the requirements of future power applications as hybrid systems [32].

Figure 3. Ragone plot representing the distribution of ED and PD of electrochemical energy storage
devices. Reproduced with permission from [31].
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2.3. Supercapacitor

Renewable energy schemes have noticeably been painstaking as an influential armament to
employ in the environmental revolution and combat global warming [34–36]. In recent years, wind
and solar energy have seen unexpected development with enormous cost drops, which has made them
more attractive relative to fossil fuels. Though, owing to the worries in power production and demand,
energy storage strategies have dynamic appeal in making flexible and dependable energy structures.

Supercapacitors or ultracapacitors having capacitance much higher than usual capacitors are
electrochemical energy storage tools which store energy either electrochemically at the exterior of the
electrode–electrolyte interface (Figure 2), also known as an electrochemical double-layer capacitor
(EDLC) or by redox responses occurring on the surface of electrode recognized as pseudocapacitors.
In 1950, General Electric Engineers started experiments using porous carbon electrodes. H. Becker
established a low voltage capacitor using the same porous carbon electrodes in 1957 [37]. Recently,
Li-ion capacitors came into knowledge and still researchers are aiming to enhance or upgrade specific
energy, specific power, cycle stability, and trying to diminish the cost to replace a battery in the energy
market [38]. SCs are EDLC, pseudocapacitors, and hybrid capacitors that are pivotal in the mechanism
of charge storage and ingredients employed [39].

However, still, SCs are facing material stability challenges, and we need research these issues, so
that supercapacitors can also be used as current devices which require high capacity for brief periods.
The performance of SC depends upon many factors including electrochemical characteristics of probe
material, type of electrolyte in addition to the voltage assortment. Two energy storage mechanisms,
EDLC and pseudocapacitive, have been studied depending upon the type of material carbonaceous,
metal oxide, or polymers [40,41]. Where two or more above stated materials are used in combination
with each other to increase the performance of SC, both the EDLC and redox mechanisms take place
in the system [42]. In asymmetric SCs, a combination of EDLC and pseudocapacitor in which one
electrode is an electrical double layer electrode that stores energy via the adsorption/desorption of
solution ions at the interface, whereas the other electrode is a faradic or pseudo capacitor electrode at
which energy is stored by the transfer of electrons during redox reactions. A comparison between
EDLC and pseudocapacitive mechanisms are shown in Table 1. Metal oxides, metal sulfides in a
combination of carbon materials, have been used for asymmetric or hybrid SCs.

Table 1. Comparison between electric double layer capacitors and pseudocapacitor

EDLC Pseudocapacitor

Good cyclic stability Greater specific capacitance

Good power performance Greater energy density

Formation of the double layer at the interface No such layer formation

No redox reaction i.e., non-faradaic Redox reactions, i.e., Faradaic

No mechanism failure Depends upon redox reactions

3. Carbon-Based Polymer Nanocomposites

Carbon nanomaterials, for example, activated carbon (AC) [43], graphene [44], CNTs [45], carbon
dots (C dots) [46], and carbon aerogels (CAGs) [47] can act as potential filler for polymeric materials
and help in enhancing the properties of the polymer. The dimensions of nanocomposite have been
found to be less than 100 nm. Adding carbon nano-fillers to polymer background results in the high
exterior to volume proportion and significantly improves the macroscopic possessions of the polymer
including improved mechanical properties and high flexibility.
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3.1. Carbon Materials

Carbon has been found to exist in various allotropic forms and sizes from insulator diamond to
layered semiconductor graphite to fullerenes and is a versatile element of the periodic table that exhibits
outstanding traits. Figure 4 shows the derived nanostructures of carbon in different dimensions (0D,
1D, 2D, and 3D) [48]. Carbon nanomaterials show exceptionally high surface areas, high electronic
conductivity, amended capacitance, and reprocessing rate ability on the traditional engineering probe
materials, for example, AC. Carbon-based substances, as well as AC, CNTs, along with graphene
(GN), have been utilized into EDL SCs owing to their extraordinary chemical in addition to physical
assets [49].

Carbon nanostructures, particularly CNTs and GN, that have been used as electrodes for
supercapacitors and batteries follow the EDLC mechanism of charge storage at the electrode/solution
boundary. There are some limitations of using carbon materials as electrode materials because the
storage of charge is limited only by adsorption–desorption of ions at the interface of electrode/solution
forming a double layer, and their aggregation during synthesis and processing results in inferior device
performance. Their nanocomposites with conducting polymers have high performance and improved
properties [50,51]. Carbon nanomaterials—such as CNT [52], GN [53], GN foams [54], and carbon
nanofibers [45,55]—with their 3D and 2D architectures have been broadly described owing to their
ideal morphological and physical possessions for energy storage applications.

Figure 4. Carbon nanostructures in all three dimensions. Reproduced with permission from [48].

One of the most widely used carbon materials is activated carbon. The AC of high exterior area 1401
m2·g−1 by a typical pore dimension of 2.2 nm was employed for in situ growth of Bi2O3 nanoparticles
and used as an asymmetric supercapacitor material [56]. The AC material they used as the electrode
was 80 wt % carbon powder, 10 wt % extended graphite, and 10 wt % Teflon (dry) suspension. They
have the advantages of high exterior area, cost-effectiveness, accessibility, recognized probe production,
and machinery and follow EDLC charge storage mechanism and their capacitance mostly depends on
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the attainable exterior area towards electrolyte ions. Some other constraints include specific surface
area (SSA), pore size, assembly, pore size delivery, surface functionality, as well as electrical behavior to
alter their performance. Carbon-based ingredients—for example, AC [57], CAGs [58], CNTs [59], and
GN [60]—help high ion dispersion also donate to a higher SC of carbon-based composite substances
for conducting polymers (CPs)/MOx with excellent cyclic stability [61].

AC is of great exterior area, excellent electrical possessions, reasonable price due to
physical/chemical activation, SA up to 3000 m2/g, broad pore size distribution furnishes specific
capacitance 100–300 F·g−1 in aqueous and <150 F·g−1 organic solution. The shape of the CV curve of
carbonaceous materials tends to be nearly rectangular (Figure 5) due to the EDLC mechanism (an ideal
EDLC should have a rectangular CV and CD curves are straight lines) [62].

 
Figure 5. Cyclic voltammogram curves of (a) CVs of AC, Bi2O3 and AC-Bi2O3; (b) CVs of AC at
different sweep rates; (c) CVs of AC-Bi2O3 at different sweep rates. (d) CVs of different contents
AC-Bi2O3 composite. Reproduced with permission from ref [62].

Another material is CNTs having exceptional pore construction, virtuous mechanical also thermal
steadiness, greater electrical assets, and consistent mesopores that permit a constant charge circulation.
CNT has inferior ESR than AC since electrolyte ions may dissociate through the mesoporous system
but low SSA (<500 m2/g) less than AC which leads to low ED. CNT can be single-walled (SW) or
multiwalled (MWCNT) and can be chemically activated with KOH resulting towards improvement
within the specific capacitance (Cs) [63].

Apart from AC and CNTs, GN—an outstanding carbonaceous material—is a one particle dense
film 2D assembly has good electrical performance, chemical durability, and a wide exterior area
(nearly 2630 m2/g) [64]. If the whole exterior area of GN is utilized, it can give Cs up to 550 F·g−1.
GN has a high surface area as together key exteriors of the graphene sheet are eagerly available for
electrolyte ions. Reduced graphene sheets showed ED 85.6 Wh/kg on ambient temperature 136 Wh/kg
at 1 A·g−1 [50] which is equivalent to Ni metal hydride battery. There are different methods have been
reported by scientists to synthesize GN comprises chemical vapor deposition, arc discharge method,
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micromechanical exfoliation, unzipping of CNT, electrochemical, and intercalation approaches; but, in
all methods, agglomeration and restacking of GN is a problem for mass production which is the only
concern for its commercial use in many applications.

Also, carbon black (CB) is the most commonly used conductive additive because of its great
electrical conductivity and small price, but it has a drawback that the carbon particles are not able to
form carbon to carbon connected conductive networks sometimes. It results in a reduction in activity
over a few thousand cycles. Therefore, other carbon materials—such as acetylene black, AC, GN, and
MWCNTs—can be used instead of CB to increase stability [65].

3.1.1. Carbon Nanotubes

CNT (Figure 6), a carbon-based material, due to their greater physical properties—for example,
high chemical steadiness, feature proportion, mechanical assets and activated surface area in addition
to extraordinary electrical assets, and nano-dimensions—has obtained exceptional attention owing to
its exciting features. The important purpose of all the fascination nanotechnology has gained is mainly
owing to the considerable variation in the feature of material while associated with its atomic and
massive state [48]. An exceptional pore structure for charge storing but relatively high materials cost
and limitation to additional expanding the active exterior area of the CNTs restrict the commercial
application of CNTs based SCs. The high aspect ratio of CNTs helps to create CNT fiber that gives
about 10 GPa highly tensile continuous fiber [66]. Highly oxidized SWCNTs of electrical conductivity
in the range 100–1000 S·cm−1 have been reported to have high performance in supercapacitors and
Li-ion batteries as electrochemical conductors [67]. More excellent conductivity and improved charge
transmission cylinders of CNTs deliver the greatest encouraging element toward energy-saving
purposes. In modern generations, CNTs have been considered as valuable power conductor substances
owing to their enhanced electrical performance in addition to the highly-available exterior area.

Figure 6. Structure of CNT (SWCNT and MWCNT) carbon-based nanomaterials.

3.1.2. Graphene, Graphene Oxide, and Reduced Graphene Oxide

Graphene (GN) is a carbon-based material (2D form of graphite) having a high exterior area
(2675 m2·g−1) great mechanical strength, greater electrical conductivity (6000 S·cm−1), chemical
steadiness was first discovered in 2004, and since then has gained significant attention and use in a
variety of applications. It has had great influence under the area of science and technology and is a
potential candidate for EDLC electrodes [68]. It comprises a single film, while graphite contains a few
films of GN loaded composed through van der Waals interaction and π–π stacking. Agglomeration
and stacking of layers reduce its effective exterior area.

Graphene oxide (GO) is a solitary film of sp2 hybridized carbon particles, arranged in a honeycomb
matrix structure, having oxygen as functional assemblies on its basal planes, boundaries and may
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be developed through exfoliation of GN. GO has been found to be promising carbon material in
forming functional nanocomposites due to oxygen functional groups and GO’s compatibility with
polymers [69].

From a sustainability viewpoint, the hunt of renewable carbon reservoir and research of economical
yet straightforward assembly methods are of selective interest in producing GN and their carbon-based
analogs within existing power storage purposes. Although, the standard economic policies acquired
so far for GN and GN-like substances construction yet cannot compete with the generation of AC [70].
Chemical assembly of GN, GO, and reduced graphene oxide (rGO) are exposed in Figure 7 [71].

Figure 7. Chemical assembly of GN, GO, and rGO.

Usually, incorporation of GN through chemical oxidation generates GO by entering oxygenated
functional assemblies (carboxyl, hydroxyl, and epoxy) in among the carbon films of GN employing
oxidants through Hummer’s protocol [72–74]. Therefore, the exterior of GO tolerates negative controls
owing to his oxygenated practical combinations. The oxygenated efficient assemblies of GO are useful
into combining GO by another active kind such these practical clusters may work as an effective
fastening position. In contrast to GN, GO is non-conductive owing to the sp3 hybridization of carbon
particles, in addition, the functionalization of GO creates holes at the carbon basal extension owing to
the change into the sp2 hybridized carbon arrangement of the GN layers. To recover the conductivity
of GO, deoxygenating or conversion of GO should be brought out.

GN may be modified by chemical reactions plus functionalization towards improving the
dispersibility and method ability to improve the synergy through organic polymers owing to the
hydrophilic oxygenated functional combinations existing in GO. A quasi-1D single-layer GN nanoribbon
(120 nm in width and ~100 μm in length) microelectrode made-up through mechanical exfoliation of
graphite, trailed with electron beam lithography method, and oxygen plasma engraving behavior has
been investigated as the consequence of chemical functional groups and physical internment at the
electrochemical activity [75]. During an electrochemical reaction, the arrangement and localization of
electrolyte ions and structuring close to the GN interface can affect the properties at the interface [76].
Application of thermally flaked graphene nanosheets as supercapacitor probe substances has been
described to provide the highest Cs of 117 F·g−1 in acidic media. Toward supercapacitors composed
of chemically transformed GN, a Cs of 135 F·g−1 in alkaline media has been described. A novel 3D
ultrathin porous carbon nanosheet has been prepared from biomass by hydrothermal method followed
by carbonization and tested for SC application that showed ED (79.4 Wh/kg) and PD (5.1 kW/kg), and
imposing cyclic constancy by 94.6% after 5000 charge–discharge (CD) methods [77].

Reduced graphene oxide (rGO) is an extremely conducting kind of GN may be found either by
the chemical reduction of GO by some reducing agent like NaBH4, hydrazine, NaOH, Na2CO3, and
L-ascorbic acid or by electrochemical reduction employing CV or chronoamperometry methods on
negative voltage. During the reduction GO revives the graphitic arrangement of carbon particles and
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separates the oxygenated functional combinations at the exterior and sides of GO, so improving the
electrical performance of rGO [78].

3.1.3. Other Carbon Materials

Carbon quantum dots are sp2 graphitic structure and nano-sized carbon particles with oxidized
functionalities and semiconducting properties. The main attraction of using carbon dots in
nanocomposites can increase the transport of ions in the CD method, which results in profligate
redox reactions and high Cs [79]. CAGs having a high electrochemical exterior area carbon fiber
materials are entrenched into an incessant system of CAG towards an arrangement of a clear but porous
column suggestively improved the exterior area of carbon fiber materials, also later the improved
electrochemical activity has been reported [80].

3.2. Polymer Materials

Polymers can be natural or synthetic and made of many repeating monomers units united together
to form a long chain. To meet the demands of everyday life, synthetic polymers have been playing an
important role from the past century. Natural polymers include proteins, enzymes, DNA, in addition,
few cases of synthesized polymers are polyethylene, polyester (PE), polyvinyl chloride (PVC), etc.,
within the arrangement of plastic fibers and the products with exceptional properties and substituting
metal counterparts in every industry with cost-effectiveness [81].

Conducting polymers (CPs) are organic materials where the redox method is applied to stock
and release charge, therefore it shows an example of pseudocapacitance [82]. If oxidation occurs
ions are moved toward the polymer backbone. During reduction, ions are unrestricted posterior
within the electrolyte media. These redox reactions in CPs cause mechanical stress results in limiting
stability as of many charge discharges cycles which hinders their application as SC materials. Examples
of CPs include PANI [83], polypyrrole (PPy) [84], polythiophene (PTh) [85], etc. PANI has better
conductivity, facile synthesis, outstanding capacity, and lower cost. However, owing to repetitive
series (CD procedure), this causes puffiness and shrinkage that lead to quick degradation.

Polymers having conducting behavior are of prime interest for electrochemical applications
such as solar cells [86], sensors [87], energy storage devices [88], and electronics equipment. The
electrochemical energy storage devices like supercapacitors, Li-polymer batteries have been using CPs
as high-efficiency electrodes that show reversible redox reactions in electrolytes. Insertion of carbon
materials with CPs results in an increase in the stability of the nanostructured materials. Furthermore,
in contrast to inorganic resources, the outstanding elasticity of CP also aids in building a supple probe,
as well as the flexible tools for wearable electric arrangements [89]. CPs have gained considerable
interest and attention due to their conductivity, redox behavior to investigate their necessary substances
for exceptional purposes, for example, energy-storing and transformation tools, electrochromic arrays,
batteries, membranes, anti-destructive films, etc. [90].

CPs, for example, poly(3,4-ethylene dioxythiophene) (PEDOT) [91], PANI [92], PPy [93], and
PTh [94]—owing to their outstanding characteristics such as facile construction, affordability, good
electrical performance, chemical endurance, excellent environmental resistance, mechanical adaptability,
redox activity, and biocompatibility—are attracting considerable interest and are valuable for numerous
purposes, with electrochemical energy storage tools [88], actuators, and neural boundaries. These CPs
have delocalized π-electron arrangement, available redox conditions, and manageable physical assets
that make these conjugated polymers perfect applicants for developing energy storage materials and
device fabrications. CPs can accumulation charges by the method of doping. There are two kinds
of doping: p-doping (oxidative), which includes the discharge of π-electrons; and n-doping, which
gives clear negative charges. PEDOT may support mutually p-plus n-doping, whereas PANI and
PPy support p-doping being their n-doping voltage is significantly less comparable to the standard
electrolyte reduction potential.
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To build effective CP electrodes/probe, it is usually advisable to store a compact CP film at the
electrode because its activity is hugely reliant upon this layer’s depth; for example, the areal ED/PD
(Wh/cm2, W/cm2) or activating drive of a CP probe is equivalent to its thickness [95]. It has been
noticed that the initiation of MWCNTs within the polymeric patterns increases the specific exterior
area and recovers the electrical performance and mechanical characteristics [96].

PANI having cost-effective, facile construction, great flexibility, and high Cs plays a significant
part in the energy accommodation and regeneration patterns. The only limitation is the poor cycle life
or durability owing to growing and shortening throughout the doping and dedoping method which
drives to the architectural destruction of PANI electrode results in poor charge/discharge capability that
can be improved by the addition of carbonaceous materials and metallic compounds, and the composite
proved to be potential electrode material [92]. Therefore, the tremendous mechanical robustness
of carbon-based substances—for example, GN—is utilized continuously to succeed the mechanical
degeneration of CPs and head to high cycling endurance, which is necessary for SCs [78]. These
nanomaterials in PANI may decrease the dissipation time, improve the electroactive zones, and notably
improve the capacitive activity of nanocomposites that can result in enhanced stable specific capacitance
due to synergistic effects [79]. Including the discovery of conductive polyacetylene (PA) during the 1970s,
further intrinsically conducting polymers (ICPs) have drawn notable recognition from both science
and engineering associations. ICPs usually involve PA, PANI, PPy, PTh, poly(phenylenevinylene)
(PPV), polyfuran (PF), etc. Their constructions are illustrated in Figure 8.

Figure 8. Chemical construction of common ICPs with PA, PANI, PTh, PPV, PPy, and PF.

Investigators are yet concentrating on the advanced substances like carbon-based, metal oxide
and CPs or a composite of these. Carbon materials are considered for properties such as great specific
area and normal pore size dispersion although their capacitances and energy densities are yet small.
With CPs, the challenge is the short lifetime owing to puffiness and dwindling all through CD besides
high specific capacitances. Metal oxide possesses high SSA and favor the diffusion of ions. Metal
complexes have lower crystallinity and higher SC due to accessibility of chemically active hanging
components that can participate in redox cycles [97].

3.3. Carbon Polymer Nanocomposites

Composites materials consists of two or more constituents that may have superior properties
than the individual constituents. The reinforcement material typically transmits the distinctive
characteristics to the matrix where the matrix and strengthening substantial accompaniment each
other for their excellent synergy. If the sizes of materials are in the nanoscale then they are known as
‘nanocomposites’. Nanocomposite materials are making a great impact on research and technology
globally. The nanofiller reinforced composites possess toughness with stiffness as nanofillers offers an
ultrahigh interfacial area with greater thermal and oxidative stability arises from the high surface to
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volume ratio. Nanocomposites can be classified into three kinds: metal, ceramic, and the polymeric
matrix. Our primary interest in this review is polymeric matrix nanocomposites [48].

Polymer composites are composite materials that have been employed towards a diversity of
purposes and receiving attention in daily routine. Carbon polymer composites have been formed
by using carbonaceous materials as a filler or reinforcement material in the polymer matrix. The
incorporation of CP with carbon nanomaterials results in nanocomposite electrodes with high ED and
PD simultaneously, owing to the combination of pseudocapacitance and EDLC [89]. To form carbon
polymer nanocomposite, proper selection of fillers assists in enhancing the electrical possessions of the
polymer nanocomposites where CB, GN, and CNT are conducting fillers whose shape and size and
amount of loading change the properties of the nanocomposite [98].

The discovery of CNT and GN has boomed the field and their incorporation inside the polymer
matrix results in enhancement of properties and is rapidly expanding. Related to a various array of
nanofillers, CNTs have been developed as the common encouraging nanofiller for polymer composites
owing to their exceptional mechanical and electrical assets [99].

AC is a widely known electrode material, but transport of ions is slow through the micropores.
The porous structure can expedite ion transportation by providing a pathway to ions and therefore a 3D
ordered macroporous (3DOM) carbons by a classified porous construction may enable ion conveyance,
showing high activity as SC probes have been reported to exhibit. CP-macroporous carbon composite
probe substances were developed through deposition of a thin film of PANI at the exterior of 3DOM
carbon shows Cs of 1490 F·g−1 was perceived at the deposited PANI into the compound probe with
excellent rate display and cycle strength were obtained at the complex conductor [100].

Numerous studies have reported on the PPy/carbon compound being employed for
probe substances, for example, PPy/AC [101], PPy/MWCNT [102], PPy/carbon foam [103],
PPy/ carbon fiber [104], composites. CB/PPy composites are synthesized by the simple
chemical oxidative polymerization of pyrrole by the exteriors of the CB nanoparticles—through
poly(2-hydroxy-3-(methacryloyloxy) propane-1-sulfonate) (PHMAS), for example—mutually the
surfactant and the dopant. The synthesis process of the core–shell CB/PPy nanocomposite shown in
Figure 9 [51].

 
Figure 9. Diagram drawing of the synthesis procedure of the core–shell CB/PPy nanomaterial.
Reproduced with permission from [51].

The nanocomposites of CPs including MOx, CNTs, or GN were incorporated mostly through in
situ polymerization within suspensions comprising monomers. Including the extension of an oxidant
solution comprising ammonium peroxydisulfate [(NH4)2S2O8], polymerization of aniline at the exterior
of CNTs happened to develop CNTs-PANI nanocomposite. GN-PANI nanocomposite coating with
layered construction was achieved by the percolation of an aqueous distribution containing positively
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charged PANI nanofibers and negatively charged chemically changed GN films which produces a
steady composite diffusion by electrostatic synergy due to the support of the sonication process [105].

A new polyimide (PI)/MWCNT nanocomposite by a two-step imidization was synthesized and
used as a negative electrode substance for an organic Na-ion battery. A two-step polycondensation
reaction made the PI/MWCNT nanocomposite according to the synthetic track presented in Figure 10.
Besides its exceptional mechanical resistance, MWCNT works as a conductive material under the
nanocomposite and promotes quick electron transmission toward the cathode, and so takes full
advantage of the exploitation of the working substance [71].

 
Figure 10. Representation of the synthesis of the PI/MWCNT nanocomposite. Reproduced with
permission from [71].

4. Applications of Carbon-based Polymer Nanocomposites

The advances in sustainable and renewable energy storage by renewable energy resources
are in great demand to compensate for the energy crisis from conventional energy resources.
Electrochemical storage of energy is a medium to store energy for later use that includes electrochemical
capacitors, batteries, and FCs that are into urgent demand to develop environmentally friendly energy
solutions [106]. The scope of nanoscience and nanotechnology has provided nanocomposites materials
with superior properties to be used in industrial and technological development for a wide range of
devices. Carbon-based polymer nanocomposites provide a wide spectrum of opportunities to produce
novel multifunctional materials individually and on hybridization for applications in thermal materials,
electromagnetic interface shielding, sensors, and energy storage [107].

Carbon materials with AC, CNTs, and GN have been widely investigated for SCs applicability
even in common they represent smaller ED owing for the quick ions adsorption response, for producing
EDLCs. On another side, metal oxides and CPs may give more leading EDs by Faradic reactions
including low cyclic durability and PD associated with EDL based SCs. Consequently connecting these
substances within their compound construction and applying various charging devices and potential
combined impact among each of their ingredients with great aspect proportion, the huge exterior area,
and electrical performance is known to be a perfect explanation to enterprise and advance the activity
of SCs [106,108].

4.1. Applications of Carbon-Based Polymer Nanocomposites (CPNCs) in Fuel Cells

A FC is crucial energy expertise that has been getting growing recognition to giving substitute
environmentally concerned and extremely useful power dynamos during the prior two decades, despite
modular in structure by truncated chemical and sound polluting. FCs are electrochemical methods
that produce electricity continuously provided the fuel (e.g., H2) under the appearance of an oxidant,
dissimilar batteries holding yields restricted over their sustained chemical power. Furthermore, FC
current densities and energy per mass or size are more important compared to different standard
power origins. FCs utilise polymer electrolyte membranes (PEMs), for example, PEMFCs and direct

38



Polymers 2020, 12, 505

methanol fuel cells (DMFCs), such as solution media are the usual encouraging applicants towards
low-temperature performances plus mobile and compact applicability [109].

FCs are usually categorized based upon the working circumstances (e.g., temperature), construction
(e.g., range of the practice and purpose), and the characteristics of the polymer electrolyte in the
FC [30,110]. Table 2 summarizes the working and functional characteristics of the five foremost kinds
of FCs.

Table 2. Typical characteristics of various fuel cell systems. Reproduced with permission from [30,110].

Fuel Cells Anode Feed Cathode Feed
Working Temp.

(◦C)
Power Density

(mW/cm2)
Fuel Efficiency

Alkaline fuel
cell Pure H2 O2 or air 90–100 100–200 60

PEMFCs Pure H2 O2 or air 50–100 350 60

Phosphoric
acid fuel cell Pure H2 O2 or air 150–200 200 40

Molten
carbonate fuel

cell

H2 or natural
gas O2 or air 600–700 100 45–50

Solid oxide fuel
cell

Gasoline or
natural gas O2 or air 700–1000 240 60

4.2. Applications of CPNCs for Li-Ion Battery

Li-ion batteries are among the most encouraging, practical, and virtuous conventional ED methods
employed for electrochemical energy storage. The Li-ion battery’s efficacy informs its widespread
application in electricity storage, as it shows an inherently great ED and configuration versatility.
Generally employed in ‘nomadic’ electrical gadgets as batteries also seems to indicate that they are
an essential element in decreasing CO2 emissions, (i) as a potential energy source for progressive
electric carriers and (ii) as a possible buffer energy storing method for handling the alternative
renewable energy sources. Therefore, the product of plants and animals’ usage of Li-ion batteries is
supposed to expanding [111]. Currently, the application of Li-ion batteries in conventional electronic
tools—as well as research to obtain further practical and reliable batteries—has grown remarkably.
Batteries—with their notable characteristics such as better mechanical features, higher performance,
and compactness—are needed for the production of handheld electronics to proceed apace with the
rapidly-evolving computing ability, bigger screens, and smaller form factors of these devices. Moreover,
there is a growing importance for polymer-based batteries to be combined, including elastic, smooth,
and micro-scale electronics. There has been a notable improvement in the problems correlated with
these batteries. The exploitation of combustible organic diluents as a conducting solution, growth of Li
dendrites, and significant volume variation as an outcome of weak architectural durability are between
the obstacles connected by Li-ion batteries [112].

CPs are encouraging ingredients towards organic–inorganic composites for use in Li-ion batteries,
owing to their unique properties that include good coulombic proficiency and electrical performance.
This encourages the design of a battery’s periodical use with slight degeneration. CPs show various
benefits, like excellent processability, lower price, acceptable molecular change, and light weight
when employed as electrodes. Though poor endurance while driving and low conductivity within
degraded state hinder their additional purposes during Li-ion batteries [113]. CPs can be applied
as both anodic and cathodic substances, however, they are often employed as cathodes into Li-ion
batteries. Various CPs shows considerably diverse EDs, for example, PPy-based probes have EDs
of around 10–50 W·h·kg−1 and PDs about 5–25 kW·kg−1; PANI-based probes give EDs around
50–200 W·h·kg−1 and PDs of 5–50 kW·kg−1; PTh-based probes give EDs of 20–100 W h·kg−1 and PDs of
5–50 kW·kg−1 [114,115]. Cheng and co-workers employed directed PANI nanotubes incorporated by
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HClO4 amalgamated as anode probe substances showed better activity compared to the commercial
PANI particles into Li-ion batteries [116]. The Li-PANI battery achieved a highly efficient discharge
range of 75.7 mAh·g−1 and managed a 95.5% of the most potent discharge capacity subsequent to
80 runs. However, the PD is comparatively small, the durability of organic substances presents a severe
obstacle [117].

Liu and co-workers [118] proposed the development of the design of complex nanomaterials
for energy storage. Precisely, exceptional Li-battery chemistries require a standard shift over
electrodes which incorporate Li to receive elements based on progress or alloying devices, where the
expanded ability is usually followed by extreme volumetric variations, significant bond cleavage, poor
electronic/ionic conductivity, and variable electrode/electrolyte interphase.

Among the benefits of high functioning voltage, great storing ability, lowering poisonousness,
and continued running period, LIBs have grown to be the most influential and extensively employed
rechargeable batteries. The electroactive organic efficient clusters within ICPs have more active redox
reaction kinetics compare to common inorganic LIB probe substances. Lately, carbon-based composite
probes employing CNTs and GN have been developed that have established the capability and rate
recitals of the Li-ion battery. Besides, CPs, that are necessarily PPy and PANI is further used toward
the Li-ion battery due to their electrical determination and chemical resistance. Here, we address
the purpose of the carbon-based CP composites in the Li-ion battery with their synthesis approaches,
structural modification, and electrochemical activity [10]. The CD response of Li-ion batteries depends
on the “rocking-chair” notion [119], which is publicized in Figure 11.

Figure 11. Diagram of the CD procedure in a Li-ion battery. Reproduced with permission from [10].

Sarang et al. [120] examined the n-type redox reaction with poly-fluorene-alt-naphthalene diimide
(PFNDI) by way of an organic battery conductor with the maximum capacity noted towards the
compound probe being 39.8 mAh/g at 0.5 C, with an n-doping near of 1.6 Li+ ions/reappearance
component. GN@SnS2 heterojunction nano compound is produced by a microwave-assisted
solvothermal method at liquid-phase exfoliated GN (LEGr) [121]. The storing capacity remained 664
mAh·g−1 over 200 subsequent runs on 300 mA·g−1 current density. The modification procedure and
purposes of LEGr@SnS2 amalgams are shown in Figure 12.
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Figure 12. Schematic of the synthesis method and applications of LEGr@SnS2 heterojunctions.
Reproduced with permission from [121].

Based on prior studies, nanotechnology has been giving exceptional resolutions on battery
investigation. Among several intricate nanostructure studies, investigators have grown nearer to
nailing the enigmas of next-generation battery chemistries. Therefore, it is an excellent opportunity to
evaluate development done up until now to extrapolate what might occur in the near future. This report
strives to review the critical function of nanotechnology in superior battery methods, highlighting
illustrative patterns of Si and Li metal anodes, S cathodes, and composite solid electrolytes. We next
address nanomaterials for supercapacitor applications in more detail.

4.3. Applications of CPNCs for Supercapacitors

Due to their high ED and PD, SCs show prodigious latent as high-performance power
foundations towards developed machinery. SCs, ultracapacitors or electrochemical capacitors (ECs),
are energy-storing tools which store the energy as a charge at the probe exterior or sub-surface film,
preferably within the bulk substance as under batteries. As CD transpirs at the facade, it does not
cause radical structural reforms against electroactive substances, SCs hold great cycling facility. Owing
to those novel characteristics, SCs are perceived as one of the maximum encouraging energy-storing
designs [122].

There are two kinds of SCs: EDLCs and pseudocapacitors. In EDLCs, the energy is saved
electrostatically on the probe and conducting solution edge into the double layer, although the
pseudocapacitor charge storage happens through quick redox reactions at the electrode exterior.
Here there are three significant kinds of conductor substances for SCs: carbon-based substances,
MOx/hydroxides, and CPs [123]. EDLCs are only at the exterior part of the carbon-based substances
toward a storage charge, hence, they usually show more leading power production and strong cycling
capacity. Though, EDLCs have more profound ED values than pseudocapacitors as they include
active redox substances to store charge both at the exterior and at the sub-surface film [124]. While
carbon-based substances, MOx/hydroxides, and CPs are the usual electroactive resources for SCs, every
kind of matter has its strengths and limitations, such as carbon-based elements having excellent PD
and long life cycle, while their short Cs (mostly double layer capacitance) restricts their use in high
ED tools.
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MOx/hydroxides maintain pseudocapacitance, as well as double-layer capacitance, and also have
a broad charge/discharge voltage scale; however, they have a comparatively low surface area and
very poor cycle period. CPs have the benefits of significant capacitance, excellent conductivity, low
cost, and efficiency of modification, though they have comparatively short mechanical durability and
run time [125]. Joining the unexpected benefits of these nano-scale different capacitive elements to
develop nanocomposite electroactive substances is a critical path to regulate, improve, and augment
the compositions and characteristics of probe substances for their SC activity. The attributes of
nanocomposite electrodes depend not just in the unique ingredients employed but also on the
morphology and the interfacial aspects.

Lately, significant works have been allocated to manifest every class of nanocomposite capacitive
element; for example, different metal oxides, CPs, CNTs combined with CPs, and GN merged
by metal oxides or CPs. Study and invention of nanocomposite electroactive substances for
supercapacitors applicability require the attention of several circumstances, for example, material
choice, construction techniques, modification method parameters, interfacial properties, electrical
performance, nanocrystalline dimension, exterior area, etc. Although an important journey has been
completed to improve nanocomposite electroactive elements for SC purposes, there are still many
hurdles to be overcome [18]. The stage-wise evolution, research, and development of supercapacitors
(and their properties and limitations) are shown in Figure 13 [126].

 

Figure 13. Roadmap of the evolution, progress, and developments of supercapacitors. Reproduced
with permission from [126].
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Flexible solid-state SCs (FSSCs) head within energy-storing expertise also has drawn widespread
recognition due to important novel discoveries toward new wearable microelectronics. Remarkable
possible useful purposes—for example, the improvement of piezoelectric, outline, retention,
reconstruction, electrochromic, and combined sensor-SCs—are further explained [127].

CPs, for example—PANI, PPy, and PEDOT—are additional kinds of pseudocapacitive substances
by the excessive potential to deliver outstanding Cs [128,129]. Xiao et al. [130] developed a distinct
rGO/PANI/rGO double-decker composition nanohybrid paper and also investigated its potential as
a probe to SSCs. Primarily, the self-supporting GN paper was developed through a print method
and sparkling delamination process and demonstrated excellent electrical performance (340 S·cm−2),
light weight, and superior mechanical characteristics. Consequently, PANI was electro polymerised
at GN paper by continuous deposition of a slight GN film with a concavity layer to develop a
sandwich-structured GN/PANI/GN paper. Interestingly, this novel strategy developed the energy
storage ability, the rate execution and cycling durability of the probe. Therefore, the as-achieved SSC
showed an exemplary capacitance around 120 mF·cm−2, which was affirmed at 62% following an
improvement in current density on or after 0.1 to 10 mA·cm−2, including an ED about 5.4 mW h·cm−3.

Current localities are remaining existing at the novel technology that allowed new substances
and techniques to energy storage tools. Especially, carbon-based nanomaterials such as GN, carbon
nanosheets, CNTs, AC, CAGs, MOx, CPs, and polymer amalgams have played a vital role within
extremely effective supercapacitors [131]. Carbon-based electroactive [132] and PANI nanocomposite
material are employed in SC applications [133]. Among the different construction and heteroatom
doping, the nitrogen-doped AC matter delivered a maximum capacitance condition around 268 F·g−1

under symmetric SC agent in the acidic media, in addition, 226 F·g−1 under the organic environment
with 3 V potential windows. The high ED of 60.3 Wh·kg−1 received within NAC based SC equipment,
intimating the excellent potential for technical employment within the energy storage area [134].
GO/PANI nanomaterial, including PANI nanoparticles, consistently covered above GO films has been
strongly developed by the support of CO2. GO/PANI nanomaterial by aniline absorption on 0.1 M
shows high Cs (425 F·g−1) on a current density of 0.2 A·g−1. The unique electrochemical capacitance
and cycle durability owe to the combined impact among the small nanosized PANI nanocomposites
and GO by high specific surface area [135].

A paired composite of GN by incorporating iron oxide (rGO/MeFe2O4) (Me = Mn, Ni) was
manufactured employing a novel single-step method by NaOH employing as a coprecipitation and
GO proton-rich component. The rGO/MnFe2O4 compound probe revealed gravimetric capacitance
about 147 F·g−1 including oxidative capacitance around 232 mF·cm−2 on a sweep rate around
5 mV·s−1. The ternary GN/metal-doped iron oxide/PPy (rGO/MnFe2O4/Ppy) compound probe
exhibited expressively increased gravimetric capacitance and oxidative capacitance of about 232 F·g−1

and 395 mF·cm−2, correspondingly showing the combined effect of PPy additives and the corresponding
studies shown in Figure 14 [106].
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Figure 14. (a) CV curves at 5 mV·s−1. (b) CV curves for rGO/MnFe2O4/Ppy nanomaterial on various
sweep rates. (c) CD curves on 1 A·g−1. (d) CD curves for rGO/MnFe2O4/Ppy on dissimilar current
density. (e) Gravimetric and areal capacitance of rGO/MnFe2O4/Ppy on dissimilar sweep rates
(5–2000 mV·s−1) (f) Ragon designs of rGO/MnFe2O4 plus rGO/MnFe2O4/Ppy on dissimilar sweep rates
(5–2000 mV·s−1). Reproduced with permission from [106].

Lately, amalgams of polymers plus nanofillers, for example, carbon-based substances have been
favorably accepted as probes toward enhancing the activity of SCs applying the high synergistic
impact. Biswas et al. [136] integrated GN/PPy composite material presenting gravimetric capacitance
about 165 F·g−1 on 1 A·g−1 current density contained within two conductor’s arrangements though
applying 1 M NaCl media. Parl et al. [137] adopted graphite/PPy compound towards SC electrodes
exhibiting gravimetric capacitance around 400 F·g−1 held with three probes arrangement. With
the aim of obtaining superior SCs activity, the idea of the ternary operation with connecting these
three segments has been introduced [138]. The synthesized ternary PPy/GO/ZnO SC electrodes by
calculated its gravimetric capacitance within two probes arrangement to be 94.6 F·g−1 on 1 A·g−1

by CD arcs. Furthermore, Lim et al. [139] described the ternary PPy/GN/nano MnOx complex, the
gravimetric capacitance of manufactured compound was 320.6 F·g−1 on 1 mV·s−1 that was abundant
advanced compare to the PPy/GN and straight PPy carrying gravimetric capacitance of 255.1 F·g−1

and 118.4 F·g−1, respectively. Xiong and co-workers [140] applied three probes method to estimate
gravimetric capacitance of ternary cobalt ferrite/GN/PANI nanomaterials, that conferred gravimetric
capacitance of about 1133.3 F·g−1 on the sweep rate at 1 mV·s−1. These investigations show that the
composition of multi-ingredient compound terminals to SCs is a useful and encouraging path that can
suggestively advance the activity of SCs.
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The combination of PPy/CNT has been employed as an assuring pseudocapacitive cathode toward
non-aqueous LIC purposes. The PPy gives high pseudocapacitance through the doping/undoping
effect and the CNT incorporation significantly improves electrical performance. The as-developed
composite gives exceptional capacities and steadiness (98.7 mAh·g−1 on 0.1 A·g−1 plus hold 89.7%
following runs on 3 A·g−1 for 1000 cycles within Li-half cell), that exceeds porous carbon negatives
within existing LICs. Moreover, while joined by Fe3O4@C positive electrode, the as-developed LICs
manifests a greater ED around 101.0 Wh·kg−1 on 2709 Wh·kg−1, and yet preserves 70 Wh·kg−1 through
improved PD of 17,186 W·kg−1 [141].

Recently, carbon nanocomposites (particularly, CNTs plus GN) have been extensively examined
as active electrodes in SCs due to their excellent specific exterior area and outstanding electrical and
mechanical traits. Current investigation and expansion evidently specify that high-performance SCs
can be equipped through electrodes based on vertically-aligned CNTs by unlocked tips, GN sheets
with tenable through-thickness π–π stacking connections and/or edge functionalities, and 3D pillared
GN-CNT systems. The various materials and their supercapacitor performances are given below in
Table 3.

Table 3. Various materials and their supercapacitive performance

Substances Specific Capacitance (Cs) Cycling Durability Ref.

CNT 1.8 mF·cm−2 on 1 mA 80%; 1000 runs [142]

MnO2 nanowire/GN 66.1 F·cm−3 on 60 mA·cm−3 96%; 10,000 runs on 0.12 A·cm−3 [143]

AC cloth 161.2 mF·cm−2 on 12.5 mA·cm−2 104%; 30,000 runs on 12.5 mA·cm−2 [144]

AC 153 mF·cm−2 on 10 mV·s−1 93.4%; 1000 runs on 200 mV·s−1 [145]

PANI hydrogel 430 F·g−1 on 5 mV·s−1 86%; 1000 runs on 7.5 A·g−1 [146]

GN 180.40 mF·cm−2 on 1 mA·cm−2 96.8%; 7500 runs on 8 mA·cm−2 [147]

TiO2@PANI 775.6 mF·cm−3 (28.3 F·g−1) on 10 mV·s−1 97.2%; 10,000 runs on 100 mV·s−1 [147]

NiCo2O4@CNT/CNT - 95%; 5000 runs on 50 mV·s−1 [148]

MnO2/rGO 14 F·cm−2 (31.8 F·g−1) on 2 mV·s−1 100%; 5000 runs on 0.2 mA·cm−2 [149]

SnS/S doped GN 2.98 mF·cm−2 on 60 mA·cm−2 99%; 10,000 runs on 120 mA·m−2 [150]

Co3O4/vertically aligned
GN nanosheets 580 F·g−1 on 1 A·g−1 86.3%; 20,000 runs on 20 A·g−1 [151]

MnO2-CNT-GN 107 F·g−1 - [152]

N/O-Enhanced carbon
cloth - 116%; 5000 runs on 5 mA·cm−1 [153]

MnO2/CNT 324 F·g−1 on 0.5 A·g−1 100%; 5000 runs on 10 A·g−1 [154]

GN sheets 11.3 mF·cm−2 on 1 mV·s−1 - [155]

PANI-MnOx 94.73 mF·cm−2 on 0.1 mA·cm−2 - [156]

Graphite/PANI 77.8 mF·cm−2 on 0.1 mA·cm−2 83%; 10,000 runs on 1 mA·cm−2 [157]

KCu7S4/GN - 92%; 5000 runs on 0.8 mA·cm−2 [158]

Ag/AC 45 mF·cm−2 on 0.3 mA·cm−2 86%; 1200 runs on 5 mA·cm−2 [159]

GN/MWNT 740.9 mF·cm−2 on 1 mA·cm−2 85%; 20,000 runs on 15 mA·cm−2 [160]

SWCNTs 17.5 F·g−1 on 2 A·g−1 87.5%; 10,000 runs on 5 A·g−1 [161]

Au/PANI 26.49 mF·cm−2 (67.06 F·cm−3) on 0.5
mA·cm−2 72.7%; 1000 runs on 200 mV·s−1 [162]

GO/MOF 250 mF·cm−3 on 6.4 mA·cm−3 96.3%; 5000 runs on 50.4 mA·cm−3 [163]

rGO/PPy 147.9 F· cm−3 on 5 A·cm−3 71.7%; 5000 runs on 10 A·cm−3 [164]

N-Doped rGO 3.4 mF·cm−2 on 20 mA·cm−2 98.4%; 2000 runs on 100 mA·cm−2 [165]
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Table 3. Cont.

Substances Specific Capacitance (Cs) Cycling Durability Ref.

rGO/MoO3 404 F·g−1 on 0.5 A·g−1 80%; 5000 runs on 2 A·g−1 [166]

GN 56.5 F·cm−3 on 0.06 A·cm−3 - [167]

b-Ni(OH)2/graphene 2570 mF·cm−2 on 0.2 A·m−1 98.2%; 2000 runs on 0.1 A·m−2 [168]

GN/carbon black
nanoparticle

144.5 F·g−1 on the current density of 0.5
A·g−1 - [169]

GN fibers/MnO2 fibers 42.02 mF·cm−2 on 0.01 V·s−1 92%; 1000 runs on 1 mA·cm−2 [170]

GO 130 F·g−1 on 5 mV·s−1 - [171]

Cu(OH)2//AC 26.4 F·g−1 on 4 A·g−1 90%; 5000 runs [172]

ZnCo2O4//carbon
nanofibers 139.2 F·g−1 on 2 mV·s−1 90%; 3000 runs on 50 mV·s−1 [173]

CuMnO2-gCN 817.85 F·g−1 at 0.025 A·g−1 91% up to 1000 cycles [174]

5. Conclusions and Future Prospects

This review article compiles the state-of-the-art and novel hurdles in carbon-based polymer
nanocomposites regarding high-performance energy storage applications. Focusing on the possible
studies to improve the electrocatalytic behavior of these combined multiphase nanocomposites
and principally at the connection among the composition and processing of carbon-based polymer
nanocomposites in terms of exploiting the electrochemical efficiency are described.

The fast consumption of fossil fuels and raised contamination has led to the expansion of energy
transformation and storage tools. Fuel cells, Li-ion batteries, and supercapacitors are the possible
candidates in these applications. Here, in the event of a fuel cell film, the addition of nanomaterials
over polymer membranes improves the physical characteristics as well the proton conductivity, and
activity of the membranes means that the nanomaterial does not act as a block to proton movement of
the anode to the cathode. This can be accomplished by employing proper incorporated and developing
the degree of distribution. Notwithstanding lots of studies which have previously been conducted
herein area, up to now, no invention has been completed, and are much more necessary to be fulfilled
before the edge use.

Currently, CNTs are used as a substitute to graphite-based anodes. CNT-based anodes with
tiny advances in Li storage potential and cyclability associated with graphite-based anodes make
it challenging to practice them for substituting graphite-based materials in Li-ion substance. It
seems that the numerous encouraging efforts toward developing different energy storage devices
may originate from the incorporation of CNTs with another composite with intricate nanostructure
schemes. CPNCs as an electrode substance have also been studied. Additional investigations are
needed to develop their long-term durability. Mostly, carbon-based materials are being accepted as for
supercapacitor electrodes.

GN-based substances are admittedly one of the impressive materials with high potential within
the active area of energy storage devices. It has shown great specific capacitance together with
polymeric nanocomposite. In practice, GN has been considered the perfect supercapacitor electrode
substance due to its vast exterior area, notably high electrical conductivity, and high mechanical
robustness. Traditionally, however, extensive works are yet required to apply this potential material
into an extremely effective element.

Although the progress has significantly delivered more reliable storage abilities and achievement,
tailoring, and optimization of substances are yet in a developmental manner where cost-effective and
great execution are of the important interests in functional applicability. To generate a succession
of high PD and EDs, hybrid technology is one of the exciting features. For that, we require a much
perception of surface chemistry among electrode substances and electrolytes to enhance the interfacial
synergies beneficial for improved charge transfer. Nanoarchitectures play an important part in building

46



Polymers 2020, 12, 505

a structure feature synergy among separate elements, for example, CPNCs. Therefore, integrative
directed elements require to be intensively examined to achieve an optimized high-performance energy
storage materials that can work with the energy crunch we are suffering now.
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Abstract: Carbon nanotubes (CNT) are used as anodes for flexible Li-ion micro-batteries. However,
one of the major challenges in the growth of flexible micro-batteries with CNT as the anode is their
immense capacity loss and a very low initial coulombic efficiency. In this study, we report the use of a
facile direct pre-lithiation to suppress high irreversible capacity of the CNT electrodes in the first cycles.
Pre-lithiated polymer-coated CNT anodes displayed good rate capabilities, studied up to 30 C and
delivered high capacities of 850 mAh g−1 (313 μAh cm−2) at 1 C rate over 50 charge-discharge cycles.

Keywords: carbon nanotubes; polymer electrolyte; Li-ion micro-batteries; flexible anode; pre-lithiation

1. Introduction

Li-ion batteries (LIBs) have been successfully employed in a wide range of applications, such as
electric vehicles, microelectronic devices, etc., due to their remarkable properties such as high energy
density, lack of memory effect, long cycle life, low self-discharge and high thermal resistance [1–3].
A large variety of carbon-based materials for LIBs have been widely investigated, such as graphene,
fullerene and carbon nanotubes (CNT) [4–10]. For instance, a high capacity of a sandwich-like and
porous NiCo2O4@reduced graphene oxide (rGO) nanocomposite serving as anode material was
reported by Huang’s group [11]. Kumar et al. synthesized octahedral iron oxide nanocrystals on
reduced graphene oxide nanosheets by a microwave-assisted process [12]. Zhang et al. demonstrated
that electrodeposition can be used to prepare NiCo2O4/graphene [13], while Chen et al. prepared
graphene hybrid nanosheet arrays via a one-pot procedure [14]; these synthesized graphene electrodes
delivered good electrochemical performances. More recently, rapid research progress has been made
in exploring flexible anode materials delivering high storage capacity and remarkable long-term
cyclability [15–17]. As an allotrope of carbon, CNT electrodes offer several outstanding properties,
such as excellent flexibility, fast charge transport, large surface-to-volume ratio, good chemical stability,
high electrical conductivity and high reversible capacity [18–26]. Several methods to synthesize
CNT have been demonstrated, e.g., chemical vapor deposition (CVD) [25,27], pyrolysis [28], arc
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discharge [29,30], laser ablation [31] and electrolysis [32]. These methods allowed the growth of CNT
with various morphology, structure and properties.

As a potential flexible anode material, our previous report showed that the CNT reached a higher
specific capacity (more than 700 mAh g−1) compared to a traditional graphite anodes (372 mAh g−1) [33].
Also, Yoon et al. [34] reported that heat-treated CNT can deliver a reversible capacity of 446 mAh g−1 at
0.5 C, with a low Initial Coulombic Efficiency (ICE) of 9.6%. Zhou et al. [35] reported that CNT showing
bamboo-like structure delivered a reversible capacity of 135 mAh g−1 with ICE of 17.3%. Li et al.
studied a high-concentration, nitrogen-doped CNT anode providing reversible capacity of 494 mAh
g−1 [21], while Welna et al. [36] demonstrated that vertically aligned MWCNT-based anodes showed
an excellent lithium storage capacity of 980 mAh g−1 in the initial cycle which stabilized after first few
cycles, delivering a discharge capacity of 750 mAh g−1. Despite CNT exhibiting remarkable features
as flexible anode materials, major challenges, such as the huge surface area of the CNT promoting a
high capacity loss in the first initial cycles, needs to be first tackled [37,38]. Consequently, CNT-based
electrodes have a low ICE due to the solid electrolyte interphase (SEI) film formation upon the initial
lithiation. This SEI film formation consumes a high amount of Li ions during the first discharge,
which further limits the electrochemical performance of the cells, particularly when the CNT anode is
coupled with the cathode material in full-cell configuration [39–41].

Several pre-lithiation methods have been investigated to compensate the severe capacity loss of
the anode materials, for instance, Seong et al. reported that SiO anode was effectively pre-lithiated
using stabilized lithium metal powder (SLMP) [42], Liu et al. studied pre-lithiated Si nanowire anode
via a self-discharge mechanism [43] and Scott et al. also reported a complete diminishing of the initial
capacity loss for carbon electrodes using n-butyllithium in hexane [44]. Wu et al. successfully fabricated
a PPy/Li2S/KB cathode by pre-lithiation and the lithiated cathode exhibited high capacity of 1000 mAh
g−1 with a coulombic efficiency around 95% at 0.2 C [45]. Among these methods, the self-discharge
or direct pre-lithiation presents several advantages, such as low cost, fast pre-lithiation process (less
time consuming), easy operation and an excellent lithiation efficiency [39,43]. However, there have
been only few attempts to reduce the high irreversible capacity of CNT as anodes [39] and no study on
pre-lithiated CNT coating with a polymer film.

Recently, our groups demonstrated the crucial impact of the electropolymerization of p-sulfonated
poly(allyl phenyl ether) (SPAPE) electrolyte on the electrochemical performances of CNT anodes [33].
A high reversible capacity of 750 mAh g−1 (276 μAh cm−2) at 1 C rate with the ICE of 10.4% can be
obtained and interestingly, the areal capacity of SPAPE-coated CNT is enhanced by 67% compared
to the pristine ones [33]. However, due to their low ICE, in the current study we report a simple
direct pre-lithiation method to alleviate the initial irreversible capacity of the electropolymerized CNT
anodes for flexible micro-batteries. Indeed, the long-term and extensive cycling performance of the
pre-lithiated CNT is achieved over 500 cycles at a 10 C rate and its excellent rate capability is also
present even at very high current density (1 to 30 C rates).

2. Materials and Methods

2.1. Materials

CNT were provided by Tortech NanoFibers Ltd. (Ma’alot Tarshiha, Israel), having a density
of 0.613 g cm−3, a thickness of 30 μm and a porosity of approximately 70% [3]. The samples
were initially washed in iso-propyl alcohol before being used as anode material, as previously
reported [19,37]. A Cu target was purchased from Neyco (VANVES, France) purity: 99.9%). Lithium
bis(trifluoromethane)sulfonimide (LiTFSI), 1 M LiPF6 (EC: DEC, v/v) and dimethylsulfoxide (DMSO)
were purchased from Sigma–Aldrich (St. Quentin Fallavier Cedex, France).
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2.2. Synthesis of the Positive Electrodes

LiNi0.5Mn1.5O4 (LNMO) serving as cathode was synthesized by a sol–gel method as described
in [46]. To prepare the composite cathode, LNMO powder was mixed with carbon black (Super
P) and polyvinylidene fluoride (PVDF) at the ratio of 80:10:10 and ground in a mortar for 20 min.
n-Methyl-2-pyrrolidone (NMP) was added in the powder mixture to obtain a paste. The paste was
subsequently spread on an aluminum disk as current collector with a diameter of 8 mm. The electrode
was dried at 80 ◦C and was kept under vacuum at 110 ◦C for 10 h.

2.3. Elctropolymerization and Direct Pre-Lithiation of CNT Electrodes

The metallic Cu thin film was deposited onto the CNT surface utilizing a Cu target by radio
frequency sputtering (MP300 model, PLASSYS, Marolles en Hurepoix, France), as described in our
previous work [33]. The 300 nm-thin layer of sputter-deposited Cu film was utilized as the backside
connection of the electropolymerization reaction. Electropolymerization of the SPAPE polymer
electrolyte onto CNT was conducted by cyclic voltammetry (CV) in a three-electrode electrochemical
cell using a VersaSTAT 3 potentiostat (Princeton Applied Research, Elancourt, France) with a Pt
electrode as the counter and Ag/AgCl (3 M KCl) as the reference electrode [33,47]. Cyclic voltammetry
was performed onto the CNT electrodes in order to polymerize the sulfonated aromatic precursor.
An electrolyte solution containing 5.2 × 10−3 M of the synthesized monomer was mixed with 0.5 M
LiTFSI as a supporting electrolyte and DMSO as a solvent. The CV experiments were carried out at
room temperature for 10 cycles at the scan rate of 20 mV s−1 in the potential window of −0.9 to −1.8 V
vs. Ag/AgCl (3 M KCl). After electropolymerization, a simple pre-lithiation treatment was achieved by
pressing a Li foil and the CNT soaked with 2 drops of electrolyte composed of 1 M LiPF6 (EC: DEC,
v/v). Various pre-lithiation durations were investigated i.e., 1, 3, 15 and 30 min, respectively. The
pre-lithiated CNT were then tested as anode in half-cell and full-cell configuration. It is important to
note that the used Li foil was cleaned and reutilized.

2.4. Characterization and Measurements

The surface morphology of the CNT anode was examined using a field-emission scanning electron
microscope (SEM, Ultra-55, Carl Zeiss, Oberkochen, Germany) and by transmission electron microscopy
(TEM) (Tecnai G2, Thermofisher Scientific, Waltham, MA, US). The purity of CNT was examined
by x-ray diffraction (XRD) using a Diffractometer D5000 (Siemens, Munich, Germany) with CuKα1

(λ= 1.5406 Å) radiation, then analyzed by comparing with the JCDS-ICDD database (Joint Committee
on Powder Diffraction Standards - International Center for Diffraction Data) to check the purity of the
samples. Raman spectra were recorded with XploRA Raman spectrometer (Horiba Scientific, Kyoto,
Japan) equipped with a 532 nm laser. For the electrochemical performance tests, Pristine CNT and
SPAPE-coated CNT having a surface area of 0.44 cm2 were used as electrodes without the use of any
binders and conductive additives, assembling using standard two-electrode Swagelok cells. All cells
assembly were conducted in a glove box, filled with high purity argon (Ar) in which the moisture and
oxygen contents were less than 2 ppm. Cyclic voltammetry tests were carried out using a VMP3 (Bio
Logic, Seyssinet-Pariset, France) in the potential window of 0.01–2 V vs. Li/Li+ with a scan rate of
0.2 mV s−1. Galvanostatic charge–discharge cycles were performed with a VMP3 (Bio Logic) in the
potential window between 0.01 and 2 V vs. Li/Li+ and the current density for the CNT electrodes
(pristine and pre-lithiated) were 0.12, 0.24, 0.60, 1.20, 1.8, and 3.6 mA cm−2, respectively. The pristine
CNT–LNMO and pre-lithiated CNT-LNMO full-cells were cycled at 1C and 2C rate in the potential
window of 2.5–4.4 V.
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3. Results and Discussion

3.1. Structural and Morphological Characterization

As shown in Figure 1a, the Raman spectrum of the CNT exhibits the two main bands characteristic
of carbon materials in general, and to CNT in particular [48,49]. The G band (1573 cm−1) is correlated
with the stretching of the C–C bond (sp2), and the D band (1341 cm−1) is attributed to the presence
of disorders in the sp2 structure. The ratio between these two peaks (ID/IG) is often used to assess
the relative content of defects in the CNT. The low D band intensity of the CNT used in this work
(ID/IG = 0.21 ± 0.02) indicates its relative purity. The crystallinity of the CNT was verified using X-ray
diffraction and the patterns are given in Figure 1b. Two distinguishable diffraction peaks are clearly
seen: a strong C (002) peak at approximately 26◦ represents the characteristic of graphite peak and the
peak at approximately 43◦ is attributed to the (100) planes of the nanotube structure.

Figure 1. Raman spectra (a) and XRD pattern of the pristine carbon nanotubes (CNT) (b).

According to the SEM examinations, the pristine CNT are present as highly disoriented
shaped nanotubes with diameters ranging from approximately 5 to 30 nm as shown in Figure 2a,b.
After electropolymerization, densified and bundled CNT are obtained due to Van-der-Waals interactions
among the neighboring tubes (Figure 3c,d). Moreover, we also observed that the electropolymerization
process allows the densified and bundled CNT formation due to an interaction existing between the
neighboring tubes [33]. The presence of nanoparticles attached on the pristine CNT surfaces is detected
from the SEM and TEM images which is assumed to be a catalyst residue of metal impurities resulting
from the synthesis process. The elemental energy dispersive x-ray spectroscopy (EDS) analysis spectra
shows the presence of Fe particles which are attributed to the catalyst impurities and the Cu signal
came from the Cu grid.

3.2. Cyclic Voltammetry

In the present study, we implemented a direct pre-lithiation method in order to suppress the
irreversible capacity loss during the formation of SEI film in the first cycle [39]. A pre-lithiation process
is schematically depicted in Figure 3a. The CNT were directly contacted with a Li metal film in a small
amount of electrolyte. Hence, a self-Li-ion discharging process (lithiation) occurs due to the short
being made; the different potential existing between CNT materials and Li metal becoming reduced to
zero potential. In order to follow the effect of the pre-lithiation process at various contact times (1, 3, 15,
and 30 min), we first investigated the electrochemical behavior of the pristine CNT and pre-lithiated
CNT electrodes by comparing the cyclic voltammetry (CV) curves, as displayed in Figure 3b–f). It
is clearly observed that prior to pre-lithiation, the CV curve exhibits an open circuit voltage (OCV)
of ~3.1 V vs. Li/Li+ and this would correspond to a purely delithiated state. During the first cycle,
an obvious cathodic peak around 0.6 V attributed to the electrolyte decomposition is easily observed
and corresponds to the formation and deposition of a SEI layer [50,51]. The peak disappearance in
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the subsequent cycles indicates a stable as-formed SEI is obtained. Another cathodic peak close to
0 V is attributed to Li+ intercalation into CNT and oxidation peak located at 0.25 V corresponds to
the Li+ extraction process [21]. The broad oxidation peak ca. 1.25 V is also visible, corresponding to
the extraction of Li ions from the cavities existing in the CNT structure and the small oxidation peak
ca. 1.8 V might be ascribed to the reaction of lithium with hydrogen functional groups on the CNT
surfaces [33].

 

Figure 2. SEM image of pristine CNT (photograph of a flexible CNT in inset) (a); TEM image of
pristine CNT (b); SEM image of p-sulfonated poly(allyl phenyl ether) (SPAPE)-coated CNT and (c) TEM
image of SPAPE-coated CNT (d); and EDS spectra of pristine CNT (the inset is the corresponding TEM
image) (e).
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Figure 3. A schematic representation of a direct pre-lithiation method (a), cyclic voltammogram curves
of the pristine CNT (b), pre-lithiated CNT for 1 min (c), pre-lithiated CNT for 3 min (d), pre-lithiated
CNT for 15 min (e) and pre-lithiated CNT for 30 min (f) recorded at a scan rate of 0.2 mV s−1 in a
potential range of 0.01–2 V vs. Li/Li+.

After a pre-lithiation of 1 min, the OCV drops to 2.4 V vs. Li/Li+, suggesting that a partial insertion
of lithium ions into the CNT electrodes already occurred. We also observed the noticeable cathodic
peak at ~0.6 V vs. Li/Li+ being still present (with a lower absolute current density compared to pristine
CNT), suggesting an incomplete SEI film formation on the CNT surfaces. Nonetheless, the direct
pre-lithiation on the CNT surface provides beneficial effects, as the cathodic peak intensity of the SEI
film formation has been successfully diminished. The observation is continued by examination of the
CV curve after pre-lithiation for a period of 3 min and indeed, the OCV value decreased from 2.4 to
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1.1 V vs. Li/Li+. At this stage, the electrode still exhibits similarity to previous samples; namely, the
cathodic peak at ~0.6 V vs. Li/Li+ is visible but its intensity obviously weakens. We assume that the
contact time of 3 min is insufficient to fully form a stable SEI film. Therefore, it was suggested that
OCV should be below the cathodic peak potential of the SEI film (approximately 0.6 V vs. Li/Li+).
Thus, the contact time during pre-lithiation process should be longer than 3 min. To further investigate
the different stages of OCV value, the CNT electrode was directly contacted with Li metal for 15 min.
As seen, the OCV shifted to much lower voltage of 0.45 V vs. Li/Li+ and the cathodic peak at ~0.6 V
disappeared. After 30 min of pre-lithiation, CV curves show a slight decrease in the OCV, down to
~0.25 V vs. Li/Li+ without any large cathodic peak. These results reveal that the SEI film has been
successfully pre-formed on the CNT surfaces for a pre-lithiation time longer than 15 min. Compared
to electrochemical pre-lithiation in which the lithiation reaction requires a slow rate (usually in 10 or
20 h), the direct pre-lithiation approach is much faster [20].

3.3. Galvanostatic Charge–Discharge Profiles

In order to gain a deeper insight into the effect of the pre-lithiation process at different contact
times, the galvanostatic charge–discharge tests were performed in a half-cell battery configuration.
The charge–discharge curves for five CNT samples recorded at a current density of 3.6 mA cm−2

(2 C) are illustrated in Figure 4a–e. As can be seen, the various pre-lithiation times result in different
electrochemical performances when the CNT are used as flexible anode materials. The plotted data
shows the first two cycles corresponding to the discharge and charge processes of the pristine CNT
and pre-lithiated CNT electrodes (1, 3, 15, and 30 min). During the first discharge of the pristine CNT,
the voltage drops rapidly from OCV to 0.8 V vs. Li/Li+ with a large discharge plateau corresponding
to the SEI film formation consisting of a mixture of organic and inorganic lithium compounds [52,53].
This pristine CNT provides a charge capacity of 8401 mAh g−1 (3091 μAh cm−2) and a discharge
capacity of 972 mAh g−1 (358 μAh cm−2) at 2 C rate, holding ICE value of 11.57%. The very low ICE and
a vast majority of irreversible capacity loss is related to the SEI formation [54]. In agreement with the
CV results, the OCV of the pre-lithiated CNT electrodes decreases along with increment contact time.

After a short contact time of 1 min (Figure 4a), the OCV drops to ~2.4 V, which is lower than that
of a pristine CNT electrode. The comparison of the first discharge capacity of 6802 mAh g−1 (2503 μAh
cm−2) and the first charge capacity of 843 mAh g−1 (310 μAh cm−2) leads to an ICE of 12.38%. In good
agreement with the previous CV results, the OCV of the cells utilizing a contact time of 3 min is 1.1 V vs.
Li/Li+ with a first discharge capacity of 5518 mAh g−1 (2030 μAh cm−2) and a charge capacity of 1166
mAh g−1 (429 μAh cm−2), yielding an improved ICE of 21.13%. Then, the ICE increases significantly
up to 68.30% after a 15-min pre-lithiation treatment, corresponding to the first discharge and charge
capacity of 1714 mAh g−1 (631 μAh cm−2) and 1170 mAh g−1 (431 μAh cm−2), respectively. Eventually,
after pre-lithiation for 30 min, the capacity of the first discharge and charge cycles are 956 mAh g−1

(352 μAh cm−2) and 1179 mAh g−1 (434 μAh cm−2), respectively, resulting in a preloaded capacity of
223 mAh g−1 (82 μAh cm−2) instead of capacity loss. Indeed, the charge–discharge potential profiles
of the pre-lithiated CNT electrodes are consistent with the CV curves. These results suggest that
longer pre-lithiation periods (i.e., 15 min) result in fully lithiated CNT electrodes and one should also
note the remarkable enhancement in the ICE of the CNT electrodes. Herein, we highlight that the
degree of pre-lithiation needs to be carefully controlled. From the CV and galvanostatic curves, 15-min
pre-lithiation showed high capacity and high ICE value. Pre-lithiation for 30 min is assumed lead to
over-lithiation which would result in lithium plating, short circuits, and also increase the side reactions
during cycling due to the excessive Li-ions on the anode surface [55]. Additionally, pre-lithiation for 1
and 3 min are insufficient due to the observable SEI formation features. As a result, this SEI depletes
the cyclable lithium from the cathode material in full-cell configuration.
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Figure 4. Initial charge–discharge potential profiles of the pristine CNT (a), pre-lithiated CNT for 1 min
(b), pre-lithiated CNT for 3 min (c), pre-lithiated CNT for 15 min (d) and pre-lithiated CNT for 30 min
(e) recorded at 2 C rate.

3.4. Morphology of CNT Electrode after Direct Pre-Lithiation

SEM images show the influence of direct pre-lithiation on the CNT surface morphology.
The significant change of the morphology occurred, as displayed in Figure 5. After a very short contact
time (1 min pre-lithiation), the bundled and densified morphology of CNT is preserved with only a
few modifications of the CNT surfaces (Figure 5a,b). Surface examination is continued for 15 min
pre-lithiation (Figure 5c,d), where the CV curves and galvanostatic cycling results support a stable
SEI film formation, being pre-formed on the CNT surface upon self-discharge. Interestingly, and as
expected, a polymer-like film covering the CNT surface can be assigned to the growth of the SEI thin
film. After a 15 min pre-lithiation process, (CH2OCO2Li)2, polyethylene oxide, Li2CO3, LiF, Li2O, etc.
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products are presumably accumulated over the CNT surface due to the insertion and absorption of the
Li ions into the CNT structures, in addition to the electrolyte reduction [50].

 

Figure 5. SEM images of a pre-lithiated CNT after 1 min (a,b) and pre-lithiated CNT after 15 min (c,d).

3.5. Electrochemical Performance in Half-Cells and Full-Cells

To verify the significant role of pre-lithiation prior to cell assembling and their functionalization
with the polymer coating, four CNT electrodes were charged and discharged in the range of 0.01–2 V
vs. Li/Li+ to evaluate their cycle life. Figure 6a shows the comparison of the pristine and pre-lithiated
CNT. As seen, for all samples, the CNT anodes show good cycling stability, even up to 500 cycles.
For the pristine CNT samples, SPAPE-coated CNT attains higher reversible capacity of 463 mAh g−1

(170 μAh cm−2) compared to pristine CNT (242 mAh g−1, 89 μAh cm−2), while for the pre-lithiated
samples, the pristine CNT and SPAPE-coated CNT yielded a reversible capacity of 356 mAh g−1 (131
μAh cm−2) and 508 mAh g−1 (187 μAh cm−2), respectively over 500 cycles at 10 C rate (Figure 4b).
Thus, it is clear that coating CNT with the polymer electrolyte via electropolymerization reaction has a
beneficial impact, resulting in the improvement of the cell performance [33,46,56,57]. The enhancement
can be attributed to the combination of two effects: the larger electrode/electrolyte interface resulting
in improved charge transport and a better penetration of the polymer electrolyte onto the carbon
nanotube surfaces [33]. The fact that SPAPE can improve the kinetics of charge/discharge has been
evidenced by electrochemical impedance spectroscopy in one of our previous works [47].

By comparing the 1st and 2nd discharge capacity of both pristine and pre-lithiated samples, the
importance of direct pre-lithiation prior to cell assembling can be demonstrated (Figure 6a,b). For the
non-pristine CNT, the 1st and 2nd discharge capacity of the pristine CNT are 4298 mAh g−1 (1581 μAh
cm−2) and 681 mAh g−1 (251 μAh cm−2), while SPAPE-coated CNT provides 1st discharge capacity of
6699 mAh g−1 (2465 μAh cm−2) and 2nd discharge capacity of 955 mAh g−1 (351 μAh cm−2). Both
pristine samples exhibited very high initial capacity loss. This irreversible capacity is considered as a
critical issue, notably when assembling a full-cell configuration, since lithium is irreversibly consumed
after the first lithiation. In agreement with previous findings [45,54,58], the high capacity loss can
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be significantly reduced after pre-lithiation. For the pre-lithiated CNT, the 1st and 2nd discharge
capacity of the pristine CNT are 286 mAh g−1 (97 μAh cm−2) and 861 mAh g−1 (317 μAh cm−2), while
SPAPE-coated CNT gives 1st discharge capacity of 981 mAh g−1 (361 μAh cm−2) and 2nd discharge
capacity of 1188 mAh g−1 (437 μAh cm−2). Figure 6c–f show the charge and discharge profiles of
the CNT anodes under four fabrication conditions: pristine CNT, SPAPE-coated CNT, pre-lithiated
pristine CNT and pre-lithiated SPAPE-coated CNT, respectively. The charge and discharge profiles
for all samples show pronounced sloping curves, with a cell voltage of ~0.5 V vs. Li/Li+. Moreover,
the overlapping of the galvanostatic curves suggests a good electrochemical reversibility of the CNT
anode, particularly after direct pre-lithiation.

Figure 6. Long-term cycling performance of the (a) pristine and (b) pre-lithiated CNT anodes;
galvanostatic charge–discharge curves of the (c) pristine CNT, (d) SPAPE-coated CNT, (e) pre-lithiated
pristine CNT and (f) pre-lithiated SPAPE-coated CNT in the potential window of 0.01–2 V at a constant
current density of 1.2 mA cm−2.

To further examine the rate capability performance of the pre-lithiated CNT electrodes,
galvanostatic charge–discharge cycling was carried out at progressively increased current density,
ranging from 0.12 to 3.6 mA cm−2. Figure 7a,b shows the galvanostatic charge–discharge profiles of the
pre-lithiated CNT with polymer coating at a potential range of 0.01–2 V at 1 C for 50 cycles. After 50th
cycle the coulombic efficiency reaches approximately 93%, corresponding to a charge capacity of
792 mAh g−1 (291 μAh cm−2) and the discharge capacity is 850 mAh g−1 (313 μAh cm−2) at 1 C.
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Their reversible capacity is >2-fold higher compared to the storage capacity of graphite (372 mAh g−1).
We note that capacity fading occurs in the few initial cycles which could possibly due to the defects on
CNT, impurities and irreversible lithium loss due to the side reactions upon cycling. However, the
capacity is stabilized after 10 cycles and compared to pristine CNT which showed a severe capacity
decay (~10 times) [33], the pre-lithiated CNTs show better cycling performance.

Figure 7. Typical galvanostatic charge–discharge potential profiles vs. Li/Li+ for the 10th, 20th, 30th,
40th, and 50th cycle against the capacity of the pre-lithiated CNT electrode for 15 min at 1 C rate (a),
rate capabilities of the pre-lithiated CNT electrode for 15 min at 1 C rate (b) and multiple C-rates (c).

Remarkably, even at stepwise accelerated rate, the pre-lithiated CNT could still provide excellent
capacities of 764 mAh g−1 (281 μAh cm−2) at 2 C, 647 mAh g−1 (238 μAh cm−2) at 5 C, 545 mAh g−1

(200 μAh cm−2) at 10 C, 484 mAh g−1 (178 μAh cm−2) at 15 C and 385 mAh g−1 (142 μAh cm−2) at
30 C (Figure 7c). Indeed, when the current density turned back from high to low current densities,
the capacity can be greatly recovered over 120 cycles. Herein, we demonstrated that a simple direct
pre-lithiation can improve the electrochemical performance of the flexible CNT anode by diminishing
their extensive and large irreversible capacity, as well as providing a lithium supply to compensate the
lithium loss during cycling. As a result, the CNT electrode shows good cycling stability over 500 cycles
and excellent rate capabilities, even at high C-rates.

The promising performances of the CNT suggested their use as potential flexible anode material
for application in full lithium-ion batteries using high-voltage cathode material, i.e., LNMO, in order to
achieve high energy density. The galvanostatic charge–discharge profiles of the full-cell battery using
both pristine CNT and pre-lithiated CNT as anodes are presented in the Figure 8. The battery was
cycled at 1 C in the potential window of 2.5–4.4 V. Since the mass limitation is controlled by CNT, the
capacity is reported versus the anode material and the mass was calculated considering a porosity of
70%. In the first cycle, the pristine CNT cell exhibits an initial charge capacity of 1856 μAh cm−2 and a
discharge capacity of 76 μAh cm−2 with a relatively low coulombic efficiency of ca. 4.1% (Figure 8a),
ascribed to the abovementioned SEI formation at the initial charging. This SEI film reduced the amount
of active lithium ion upon cycling.
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Figure 8. Typical galvanostatic charge–discharge potential profiles for the 1st and 2nd cycle at 1 C rate
for (a) pristine CNT–LNMO, (b) pre-lithiated CNT-LNMO, (c) galvanostatic charge–discharge profiles
of pre-lithiated CNT–LNMO at 2 C rate, (d) cycling performance of the pristine and pre-lithiated CNT
anodes in the full-cell configuration.

In contrast, as seen in Figure 8b, the pre-lithiated CNT cell gives a superior electrochemical
performance, delivering a discharge capacity of 238 μAh cm−2 with a cell voltage of about 3.75 V at 1 C.
Another crucial point is that the OCV for the pristine CNT starts from ca. 0 V, while the OCV of the
pre-lithiated CNT is ca. 4.2 V which means the SEI layer has been pre-formed on the CNT surface.
For the pristine CNT, the capacity decreases 42% after 10th cycle at 1 C. The reason for this is likely
ascribed to the relatively low coulombic efficiency of the pristine CNT in the half-cell (11.57%). At 2
C (Figure 8c), the pre-lithiated CNT reaches capacity of 223 μAh cm−2. The important differences
between pristine CNT and pre-lithiated CNT became obvious after 10 cycles charge–discharge cycling
as seen in Figure 8d. In the full-cell configuration, the capacity of pre-lithiated CNT is 4 times higher
compared to pristine CNT.

4. Conclusions

In summary, the electropolymerization of SPAPE polymer electrolyte into carbon nanotubes has
been conducted by cyclic voltammetry. The enhanced electrochemical performance of SPAPE-coated
CNT compared to pristine ones, due to the high electrode/electrolyte interface area leads to the
improved charge transfer. In addition, this study also clearly showed the positive effect of direct
pre-lithiation to suppress the initial irreversible capacity of CNT. Light-weight free-standing and
flexible CNT without any binder and conductive additives have been successfully utilized as anode
materials in Li-ion batteries, demonstrating both a stable and a high reversible capacity of 508 mAh g−1

(187 μAh cm−2) at a 10 C rate over 500 cycles. Pre-lithiation of CNT via a self-discharge mechanism
improves the first cycle coulombic efficiency from 11.57% to 68.30% after 15 min pre-lithiation period
and reaches >100% subsequent to 30 min of pre-lithiation period. Moreover, by coupling the CNT
anode with a high voltage LNMO spinel cathode, a 3.75 V full-cell presented a high capacity of 238
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μAh cm−2 at a 1 C rate with the coulombic efficiency of ca. 90% in the initial cycle. This simple, fast
and inexpensive method enables the achievement of high capacity flexible anodes for micro-batteries.

Author Contributions: V.A.S. Writing—original draft preparation. V.A.S. and N.Y. investigation. T.D., Y.E.-E.
and F.V. conceptualization, supervision and writing—review & editing. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Planning & Budgeting Committee of the Council of High Education
and the Prime Minister’s Office of Israel, in the framework of the INREP project and the support and funding the
Grand Energy Technion Program (GTEP).

Acknowledgments: We acknowledge the Région SUD for financial support. We are grateful to the University
of Roma Torgata for providing the SPAPE monomer and Tortech NanoFibers Ltd. (Israel) for producing and
supplying the CNT.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, H.; Wang, Z.; Chen, L.; Huang, X. Research on Advanced Materials for Li-ion Batteries. Adv. Mater. 2009,
21, 4593–4607. [CrossRef]

2. Sugiawati, V.A.; Vacandio, F.; Perrin-Pellegrino, C.; Galeyeva, A.; Kurbatov, A.P.; Djenizian, T. Sputtered
Porous Li-Fe-P-O Film Cathodes Prepared by Radio Frequency Sputtering for Li-ion Microbatteries. Sci. Rep.
2019, 9, 11172. [CrossRef] [PubMed]

3. Nitta, N.; Wu, F.; Lee, J.T.; Yushin, G. Li-ion battery materials: Present and future. Mater. Today 2015, 18,
252–264. [CrossRef]

4. Kumar, R.; Matsuo, R.; Kishida, K.; Abdel-Galeil, M.M.; Suda, Y.; Matsuda, A. Homogeneous reduced
graphene oxide supported NiO-MnO2 ternary hybrids for electrode material with improved capacitive
performance. Electrochim. Acta 2019, 303, 246–256. [CrossRef]

5. Liu, X.M.; dong Huang, Z.; woon Oh, S.; Zhang, B.; Ma, P.C.; Yuen, M.M.F.; Kim, J.K. Carbon nanotube
(CNT)-based composites as electrode material for rechargeable Li-ion batteries: A review. Compos. Sci.
Technol. 2012, 72, 121–144. [CrossRef]

6. Li, L.; Yang, H.; Zhou, D.; Zhou, Y. Progress in Application of CNTs in Lithium-Ion Batteries. J. Nanomater.
2014. [CrossRef]

7. Teprovich, J.A.; Weeks, J.A.; Ward, P.A.; Tinkey, S.C.; Huang, C.; Zhou, J.; Zidan, R.; Jena, P. Hydrogenated
C60 as High-Capacity Stable Anode Materials for Li Ion Batteries. ACS Appl. Energy Mater. 2019, 2, 6453–6460.
[CrossRef]

8. Qiao, L.; Sun, X.; Yang, Z.; Wang, X.; Wang, Q.; He, D. Network structures of fullerene-like carbon
core/nano-crystalline silicon shell nanofibers as anode material for lithium-ion batteries. Carbon 2013, 54,
29–35. [CrossRef]

9. Kumar, R.; Sahoo, S.; Joanni, E.; Singh, R.K.; Tan, W.K.; Kar, K.K.; Matsuda, A. Recent progress in the
synthesis of graphene and derived materials for next generation electrodes of high performance lithium ion
batteries. Prog. Energy Combust. Sci. 2019, 75, 100786. [CrossRef]

10. Yadav, S.K.; Kumar, R.; Sundramoorthy, A.K.; Singh, R.K.; Koo, C.M. Simultaneous reduction and covalent
grafting of polythiophene on graphene oxide sheets for excellent capacitance retention. RSC Adv. 2016, 6,
52945–52949. [CrossRef]

11. Wang, W.; Song, X.; Gu, C.; Liu, D.; Liu, J.; Huang, J. A high-capacity NiCo2O4@reduced graphene oxide
nanocomposite Li-ion battery anode. J. Alloys Compd. 2018, 741, 223–230. [CrossRef]

12. Kumar, R.; Singh, R.K.; Alaferdov, A.V.; Moshkalev, S.A. Rapid and controllable synthesis of Fe3O4 octahedral
nanocrystals embedded-reduced graphene oxide using microwave irradiation for high performance
lithium-ion batteries. Electrochim. Acta 2018, 281, 78–87. [CrossRef]

13. Zhang, C.; Yu, J.S. Morphology-Tuned Synthesis of NiCo2O4-Coated 3D Graphene Architectures Used as
Binder-Free Electrodes for Lithium-Ion Batteries. Chem. Eur. J. 2016, 22, 4422–4430. [CrossRef] [PubMed]

14. Chen, Y.; Zhu, J.; Qu, B.; Lu, B.; Xu, Z. Graphene improving lithium-ion battery performance by construction
of NiCo2O4/graphene hybrid nanosheet arrays. Nano Energy 2014, 3, 88–94. [CrossRef]

15. Wang, C.; Wang, X.; Lin, C.; Zhao, X.S. Lithium Titanate Cuboid Arrays Grown on Carbon Fiber Cloth for
High-Rate Flexible Lithium-Ion Batteries. Small 2019, 15, 1902183. [CrossRef] [PubMed]

68



Polymers 2020, 12, 406

16. Zhang, Z.; Zhang, M.; Lu, P.; Chen, Q.; Wang, H.; Liu, Q. CuO nanorods growth on folded Cu foil as
integrated electrodes with high areal capacity for flexible Li-ion batteries. J. Alloys Compd. 2019, 809, 151823.
[CrossRef]

17. Nasreldin, M.; Delattre, R.; Ramuz, M.; Lahuec, C.; Djenizian, T.; de Bougrenet de la Tocnaye, J.L. Flexible
Micro-Battery for Powering Smart Contact Lens. Sensors 2019, 19, 2062. [CrossRef]

18. Yitzhack, N.; Auinat, M.; Sezin, N.; Ein-Eli, Y. Carbon nanotube tissue as anode current collector for flexible
Li-ion batteries—Understanding the controlling parameters influencing the electrochemical performance.
APL Mater. 2018, 6, 111102. [CrossRef]

19. Yehezkel, S.; Auinat, M.; Sezin, N.; Starosvetsky, D.; Ein-Eli, Y. Distinct Copper Electrodeposited Carbon
Nanotubes (CNT) Tissues as Anode Current Collectors in Li-ion Battery. Electrochim. Acta 2017, 229, 404–414.
[CrossRef]

20. Cai, M.; Sun, X.; Chen, W.; Qiu, Z.; Chen, L.; Li, X.; Wang, J.; Liu, Z.; Nie, Y. Performance of lithium-ion
capacitors using pre-lithiated multiwalled carbon nanotubes/graphite composite as negative electrode.
J. Mater. Sci. 2018, 53, 749–758. [CrossRef]

21. Li, X.; Liu, J.; Zhang, Y.; Li, Y.; Liu, H.; Meng, X.; Yang, J.; Geng, D.; Wang, D.; Li, R.; et al. High concentration
nitrogen doped carbon nanotube anodes with superior Li+ storage performance for lithium rechargeable
battery application. J. Power Sources 2012, 197, 238–245. [CrossRef]

22. Aguiló-Aguayo, N.; Amade, R.; Hussain, S.; Bertran, E.; Bechtold, T. New Three-Dimensional Porous
Electrode Concept: Vertically-Aligned Carbon Nanotubes Directly Grown on Embroidered Copper Structures.
Nanomaterials 2017, 7, 438. [CrossRef] [PubMed]

23. Peng, X.X.; Qiao, X.; Luo, S.; Yao, J.A.; Zhang, Y.F.; Du, F.P. Modulating Carrier Type for Enhanced
Thermoelectric Performance of Single-Walled Carbon Nanotubes/Polyethyleneimine Composites. Polymers
2019, 11, 1295. [CrossRef] [PubMed]

24. Wang, F.; Feng, L.; Lu, M. Mechanical Properties of Multi-Walled Carbon Nanotube/Waterborne Polyurethane
Conductive Coatings Prepared by Electrostatic Spraying. Polymers 2019, 11, 714. [CrossRef] [PubMed]

25. Kumar, R.; Singh, R.K.; Tiwari, V.S.; Yadav, A.; Savu, R.; Vaz, A.R.; Moshkalev, S.A. Enhanced magnetic
performance of iron oxide nanoparticles anchored pristine/N-doped multi-walled carbon nanotubes by
microwave-assisted approach. J. Alloys Compd. 2017, 695, 1793–1801. [CrossRef]

26. Kumar, R.; Yadav, R.M.; Awasthi, K.; Tiwari, R.S.; Srivastava, O.N. Effect of nitrogen variation on the synthesis
of vertically aligned bamboo-shaped c–n nanotubes using sunflower oil. Int. J. Nanosci. 2011, 10, 809–813.
[CrossRef]

27. Gao, H.; Hou, F.; Zheng, X.; Liu, J.; Guo, A.; Yang, D.; Gong, Y. Electrochemical property studies of carbon
nanotube films fabricated by CVD method as anode materials for lithium-ion battery applications. Vacuum
2015, 112, 1–4. [CrossRef]

28. Hou, G.; Chauhan, D.; Ng, V.; Xu, C.; Yin, Z.; Paine, M.; Su, R.; Shanov, V.; Mast, D.; Schulz, M.; et al.
Gas phase pyrolysis synthesis of carbon nanotubes at high temperature. Mater. Des. 2017, 132, 112–118.
[CrossRef]

29. Arora, N.; Sharma, N.N. Arc discharge synthesis of carbon nanotubes: Comprehensive review. Diam. Relat.
Mater. 2014, 50, 135–150. [CrossRef]

30. Kumar, R.; Singh, R.K.; Dubey, P.K.; Yadav, R.M.; Singh, D.P.; Tiwari, R.S.; Srivastava, O.N. Highly
zone-dependent synthesis of different carbon nanostructures using plasma-enhanced arc discharge technique.
J. Nanopart. Res. 2015, 17, 24. [CrossRef]

31. Chrzanowska, J.; Hoffman, J.; Małolepszy, A.; Mazurkiewicz, M.; Kowalewski, T.A.; Szymanski, Z.;
Stobinski, L. Synthesis of carbon nanotubes by the laser ablation method: Effect of laser wavelength.
Phys. Status Solidi B 2015, 252, 1860–1867. [CrossRef]

32. Schwandt, C.; Dimitrov, A.T.; Fray, D.J. High-yield synthesis of multi-walled carbon nanotubes from graphite
by molten salt electrolysis. Carbon 2012, 50, 1311–1315. [CrossRef]

33. Sugiawati, V.A.; Vacandio, F.; Ein-Eli, Y.; Djenizian, T. Electrodeposition of polymer electrolyte into carbon
nanotube tissues for high performance flexible Li-ion microbatteries. APL Mater. 2019, 7, 031506. [CrossRef]

34. Yoon, S.; Lee, S.; Kim, S.; Park, K.W.; Cho, D.; Jeong, Y. Carbon nanotube film anodes for flexible lithium ion
batteries. J. Power Sources 2015, 279, 495–501. [CrossRef]

69



Polymers 2020, 12, 406

35. Zou, L.; Lv, R.; Kang, F.; Gan, L.; Shen, W. Preparation and application of bamboo-like carbon nanotubes in
lithium ion batteries. J. Power Sources 2008, 184, 566–569. [CrossRef]

36. Welna, D.T.; Qu, L.; Taylor, B.E.; Dai, L.; Durstock, M.F. Vertically aligned carbon nanotube electrodes for
lithium-ion batteries. J. Power Sources 2011, 196, 1455–1460. [CrossRef]

37. Yehezkel, S.; Auinat, M.; Sezin, N.; Starosvetsky, D.; Ein-Eli, Y. Bundled and densified carbon nanotubes
(CNT) fabrics as flexible ultra-light weight Li-ion battery anode current collectors. J. Power Sources 2016, 312,
109–115. [CrossRef]

38. De las Casas, C.; Li, W. A review of application of carbon nanotubes for lithium ion battery anode material.
J. Power Sources 2012, 208, 74–85. [CrossRef]

39. Lee, S.; Song, H.; Hwang, J.Y.; Jeong, Y. Directly-prelithiated carbon nanotube film for high-performance
flexible lithium-ion battery electrodes. Fibers Polym. 2017, 18, 2334–2341. [CrossRef]

40. Holtstiege, F.; Bärmann, P.; Nölle, R.; Winter, M.; Placke, T. Pre-Lithiation Strategies for Rechargeable Energy
Storage Technologies: Concepts, Promises and Challenges. Batteries 2018, 4, 4. [CrossRef]

41. Di Lecce, D.; Andreotti, P.; Boni, M.; Gasparro, G.; Rizzati, G.; Hwang, J.Y.; Sun, Y.K.; Hassoun, J.
Multiwalled Carbon Nanotubes Anode in Lithium-Ion Battery with LiCoO2, Li[Ni1/3Co1/3Mn1/3]O2, and
LiFe1/4Mn1/2Co1/4PO4 Cathodes. ACS Sustain. Chem. Eng. 2018, 6, 3225–3232. [CrossRef]

42. Seong, I.W.; Kim, K.T.; Yoon, W.Y. Electrochemical behavior of a lithium-pre-doped carbon-coated silicon
monoxide anode cell. J. Power Sources 2009, 189, 511–514. [CrossRef]

43. Liu, N.; Hu, L.; McDowell, M.T.; Jackson, A.; Cui, Y. Prelithiated silicon nanowires as an anode for lithium
ion batteries. ACS Nano 2011, 5, 6487–6493. [CrossRef]

44. Scott, M.G.; Whitehead, A.H.; Owen, J.R. Chemical Formation of a Solid Electrolyte Interface on the Carbon
Electrode of a Li-Ion Cell. J. Electrochem. Soc. 1998, 145, 1506–1510. [CrossRef]

45. Wu, Y.; Yokoshima, T.; Nara, H.; Momma, T.; Osaka, T. A pre-lithiation method for sulfur cathode used for
future lithium metal free full battery. J. Power Sources 2017, 342, 537–545. [CrossRef]

46. Plylahan, N.; Letiche, M.; Barr, M.K.S.; Djenizian, T. All-solid-state lithium-ion batteries based on
self-supported titania nanotubes. Electrochem. Commun. 2014, 43, 121–124. [CrossRef]

47. Ferrari, I.V.; Braglia, M.; Djenizian, T.; Knauth, P.; Di Vona, M.L. Electrochemically engineered single Li-ion
conducting solid polymer electrolyte on titania nanotubes for microbatteries. J. Power Sources 2017, 353,
95–103. [CrossRef]

48. Dresselhaus, M.S.; Dresselhaus, G.; Saito, R.; Jorio, A. Raman spectroscopy of carbon nanotubes. Phys. Rep.
2005, 409, 47–99. [CrossRef]

49. Dresselhaus, M.S.; Jorio, A.; Hofmann, M.; Dresselhaus, G.; Saito, R. Perspectives on Carbon Nanotubes and
Graphene Raman Spectroscopy. Nano Lett. 2010, 10, 751–758. [CrossRef]

50. Aravindan, V.; Lee, Y.S.; Madhavi, S. Best Practices for Mitigating Irreversible Capacity Loss of Negative
Electrodes in Li-Ion Batteries. Adv. Energy Mater. 2017, 7, 1602607. [CrossRef]

51. Zhao, J.; Lu, Z.; Liu, N.; Lee, H.W.; McDowell, M.T.; Cui, Y. Dry-air-stable lithium silicide–lithium oxide
core–shell nanoparticles as high-capacity prelithiation reagents. Nat. Commun. 2014, 5, 5088. [CrossRef]
[PubMed]

52. Wan, Y.; Wang, L.; Chen, Y.; Xu, X.; Wang, Y.; Teng, C.; Zhou, D.; Chen, Z. A high-performance tin
dioxide@carbon anode with a super high initial coulombic efficiency via a primary cell prelithiation process.
J. Alloys Compd. 2018, 740, 830–835. [CrossRef]

53. Sun, H.; Xin, G.; Hu, T.; Yu, M.; Shao, D.; Sun, X.; Lian, J. High-rate lithiation-induced reactivation of
mesoporous hollow spheres for long-lived lithium-ion batteries. Nat. Commun. 2014, 5, 1–8. [CrossRef]

54. Sun, Y.; Lee, H.W.; Seh, Z.W.; Liu, N.; Sun, J.; Li, Y.; Cui, Y. High-capacity battery cathode prelithiation to
offset initial lithium loss. Nat. Energy 2016, 1, 15008. [CrossRef]

55. Abe, Y.; Saito, T.; Kumagai, S. Effect of Prelithiation Process for Hard Carbon Negative Electrode on the Rate
and Cycling Behaviors of Lithium-Ion Batteries. Batteries 2018, 4, 71. [CrossRef]

56. Kyeremateng, N.A.; Dumur, F.; Knauth, P.; Pecquenard, B.; Djenizian, T. Electropolymerization of copolymer
electrolyte into titania nanotube electrodes for high-performance 3D microbatteries. Electrochem. Commun.
2011, 13, 894–897. [CrossRef]

70



Polymers 2020, 12, 406

57. Sugiawati, V.A.; Vacandio, F.; Djenizian, T.; Galeyeva, A.; Kurbatov, A.P. Superior Electrochemical Performance
of Electropolymerized Self-Organized TiO2 Nanotubes Fabricated by Anodization of Ti Grid. Front. Phys.
2019, 7. [CrossRef]

58. Vargas, Ó.; Caballero, Á.; Morales, J.; Rodríguez-Castellón, E. Contribution to the Understanding of Capacity
Fading in Graphene Nanosheets Acting as an Anode in Full Li-Ion Batteries. ACS Appl. Mater. Interfaces
2014, 6, 3290–3298. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

71



polymers

Article

Formation Features of Hybrid Nanocomposites Based
on Polydiphenylamine-2-Carboxylic Acid and
Single-Walled Carbon Nanotubes

Sveta Zhiraslanovna Ozkan *, Galina Petrovna Karpacheva, Aleksandr Ivanovich Kostev and

Galina Nikolaevna Bondarenko

A.V. Topchiev Institute of Petrochemical Synthesis, Russian Academy of Sciences, 29 Leninsky prospect,
119991 Moscow, Russia
* Correspondence: ozkan@ips.ac.ru

Received: 31 May 2019; Accepted: 10 July 2019; Published: 13 July 2019

Abstract: Hybrid nanocomposites based on electroactive polydiphenylamine-2-carboxylic acid
(PDPAC) and single-walled carbon nanotubes (SWCNTs) were obtained for the first time.
Polymer-carbon nanomaterials were synthesized via in situ oxidative polymerization of
diphenylamine-2-carboxylic acid (DPAC) in the presence of SWCNTs by two different ways. Hybrid
SWCNT/PDPAC nanocomposites were prepared both in an acidic medium and in the heterophase
system in an alkaline medium. In the heterophase system, the monomer and the SWCNTs are in
the organic phase (chloroform) and the oxidant (ammonium persulfate) is in an aqueous solution of
ammonium hydroxide. The chemical structure, as well as the electrical and thermal properties of the
developed SWCNT/PDPAC nanocomposite materials were investigated.

Keywords: polydiphenylamine-2-carboxylic acid; single-walled carbon nanotubes; conjugated
polymers; in situ oxidative polymerization; hybrid nanocomposites

1. Introduction

One of the most promising areas of development in the nanotechnology industry is the creation
of nanomaterials that offer properties required by modern technologies. Researchers are particularly
interested in hybrid nanocomposites that include carbon nanotubes (CNTs) [1–5] dispersed in a
conjugated polymer matrix [6–9]. Conjugated polymers are a special class of polymer materials,
the characteristic feature of which is the delocalization ofπ-electrons along the conjugation chain [10–12].
The specific electronic structure of polymers with a system of conjugated double bonds determines
the electrophysical, electrochemical, optical, and other properties of these materials [13,14]. Due to
the electronic interaction of polymer and carbon constituents in such systems, fundamentally new or
enhanced properties, as compared to initial components, can be expected to appear (thermal stability,
mechanical strength, electrical and thermal conductivity, etc.). This increases the potential range of
their practical application and opens opportunities for solving numerous technological problems
in electronics, microsystem technology, energy industry, engineering, medicine, etc. Due to the
complementary properties, nanocomposite materials based on CNTs and conjugated polymers are
promising for use in organic electronics, health care, for creating optoelectronic devices, thin film
transistors, memory modules, electrochemical power sources, supercapacitors, sensors, displays, etc.

Nowadays, many methods for the production of nanocomposites based on CNTs and conjugated
polymers have been developed. Polyaniline (PANI), polypyrrole, and polythiophene, as well as
their derivatives are used as polymer components [6–9]. A serious problem in obtaining these
nanocomposites is the tendency of CNTs to aggregate. The CNTs’ aggregation prevents their
homogeneous distribution in a polymer matrix and therefore does not allow the required properties
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to be obtained. The cause for this lies in the insolubility of CNTs in organic solvents and the lack
of compatibility of the polymer with CNTs. The use of electrodeposition of polymers onto the CNT
surface [15–20], electrochemical polycondensation of monomers on the surface of oriented CNTs [21],
and dissolving polymers in a CNT suspension in an organic solvent [22,23] to produce hybrid materials
does not allow a high dispersion of the carbon component in the polymer matrix.

In situ oxidative polymerization in the presence of CNTs is an effective method for the prevention
of CNT aggregation [24–30]. The use of an ultrasound ensures a uniform CNT distribution in the
reaction medium and prevents the nanotubes’ coagulation during polymerization [31–33]. Studies
of oxidative polymerization of aniline in the presence of CNTs showed that PANI forms a uniform
polymer coating on the surface of carbon nanomaterials [34–38]. The formation of polymer chains on
the CNT surface causes a strong π–π* interaction [23,36,39,40] between the nanomaterial components.
The π–π* interaction occurs due to the charge transfer from the quinoid units of PANI to the aromatic
structures of CNTs. This enhances the electron transport in the nanocomposite material compared
to the pure polymer, thus improving its electrical properties [25,31,32]. The electrical conductivity of
MWCNT/PANI increased with MWCNT loading, especially at low loadings, typically below 5 wt %.
It was attributed to the induced crystallinity of PANI at the MWCNT surface [25].

Also, high dispersion of the CNT distribution can be achieved by CNT surface modification
due to the covalent bonding of functional groups [41–45]. In situ polymerization in the presence of
covalently functionalized CNTs not only provides the formation of a homogeneous nanostructure,
but also prevents phase micro-separation. The PANI chains deposited on the surface of carboxylic
acid functionalized multi-walled carbon nanotubes (MWCNTs) have longer conjugation lengths than
the pure PANI [45]. This could be attributed to the site-selective interaction between the conjugated
structure of PANI via the quinoid ring and the π-bonded surface of functionalized MWCNTs [36].

A comparative study of MWCNT/PANI with SWCNT/PANI nanocomposite films showed that
the electrical conductivity was higher with the use of SWCNTs. This is due to the formation of the
core-shell SWCNT-PANI structure and the absence of the agglomerated polymerized PANI islands,
which are less conductive. The composite films reached their percolation threshold at the 0.1 wt %
MWCNT loading and at the 0.05 wt % SWCNT loading [46].

Earlier, we obtained a hybrid nanomaterial based on poly-3-amine-7-methylamine-2-
methylphenazine (PAMMP) and single-walled carbon nanotubes (SWCNTs) [47,48]. The nanocomposite
synthesis was carried out in an aqueous solution of acetonitrile via oxidative polymerization of
3-amine-7-dimethylamine-2-methylphenazine hydrochloride in the presence of SWCNTs. A shift of
the skeletal oscillation frequencies of PAMMP indicated the π–π* interaction between the phenazine
units of the polymer and SWCNTs.

In this research paper, nanocomposite materials based on polydiphenylamine-2-carboxylic acid
(PDPAC) and SWCNTs were prepared for the first time. Hybrid SWCNT/PDPAC nanomaterials
were synthesized via in situ oxidative polymerization of diphenylamine-2-carboxylic acid (DPAC) in
the presence of SWCNTs in an alkaline and an acidic media. Single-walled carbon nanotubes were
chosen because they are characterized by a smaller diameter and better dispersibility in the polymer
matrix. Due to this, a greater amount of polymer formed on the CNT surface, forming the core-shell
structure [46]. PDPAC is a novel conjugated polyacid synthesized by the authors [49–51], which is the
N-substituted polyaniline containing an aromatic substituent with a carboxyl group in the orto position.
The presence of the functional group can be expected to determine the electronic interaction between
CNTs and the polymer not only through the main polymer chain but also through side substitutes.
The influence of the reaction medium pH and the SWCNT content on the structure, morphology,
thermal stability, and electrical properties of nanocomposites was established. The use of PDPAC
in the nanocomposites expands the range of conjugated polymers involved in the creation of novel
materials for modern technologies.
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2. Experimental

2.1. Materials

Ammonium persulfate (analytical grade) was purified by recrystallization from distilled water by
a known procedure [52]. Diphenylamine-2-carboxylic acid (N-phenylanthranilic acid) (C13H11O2N)
(analytical grade), aqueous ammonia (reagent grade), sulfuric acid (reagent grade), chloroform (reagent
grade), and DMF (Acros Organics) were used as received without any additional purification. The
aqueous solutions of reagents were prepared with the use of bidistilled water. SWCNTs from Carbon
Chg, Ltd. (Moscow, Russia), with values of d = 1.4 to 1.6 nm, and l = 0.5 to 1.5 μm, were produced by
the electric arc discharge technique with Ni/Y catalyst.

2.2. Preparation of SWCNT/PDPAC Nanocomposites

The SWCNT/PDPAC nanocomposites were prepared by two ways. The synthesis of the
nanocomposite in the heterophase system in an alkaline medium (SWCNT/PDPAC-1) was carried
out as follows. First, the required amount of monomer (DPAC) (0.1 mol/L, 0.64 g) was dissolved in
a mixture of an organic solvent—chloroform (15 mL) and alkali (NH4OH) (0.5 mol/L, 2.3 mL). The
SWCNTs were added to the resulting solution. The content of carbon nanotubes was CSWCNT = 1
to 3, 10 wt % relative to the monomer weight. The process was carried out at room temperature
with constant intensive stirring for 1 h. Then, for the in situ oxidative polymerization of DPAC in
the presence of SWCNTs, an aqueous solution (15 mL) of an oxidizing agent (ammonium persulfate)
(0.2 mol/L, 1.368 g) was added to the SWCNT/DPAC suspension in a mixture of chloroform and NH4OH.
Ammonium persulfate was added in one go, without gradual dosing of reagents. The SWCNT/DPAC
suspension was pre-cooled to 0 ◦C by using the LOIP FT-311-25 cryothermostat (Saint-Petersburg,
Russia). The volume ratio of organic and aqueous phases was 1:1 (Vtotal = 30 mL). The synthesis was
carried out for 3 h at 0 ◦C under intensive stirring using an electronic stirrer with a RW 16 basic upper
drive (Ika Werke, Germany). A narrow cylinder-shaped round-bottom two-neck flask was used for
increasing the efficiency of stirring. When the reaction was completed, the mixture was precipitated in
a 10-fold excess of a 2% solution of H2SO4. The resulting product was filtered off, washed repeatedly
with distilled water to remove residual amounts of reagents, and vacuum-dried over KOH to constant
weight. The yield of the SWCNT/PDPAC-1 nanocomposite was 0.44 g (67.56%) with CSWCNT = 2 wt %.

The synthesis of the nanocomposite in an acidic medium (SWCNT/PDPAC-2) was carried out as
follows. First, the SWCNTs were added to the monomer solution (0.1 mol/L, 0.64 g) in 5 M H2SO4.
The SWCNT/DPAC suspension was stirred in an ultrasonic bath (UZV-2414, Vologda, Russia) at
room temperature for 0.5 h. The mixture was heated to 25 ◦C. The content of carbon nanotubes was
CSWCNT = 1 to 3, 10 wt % relative to the monomer weight. Then, for the oxidative polymerization of
DPAC in the presence of SWCNTs, aqueous solution of ammonium persulfate (0.2 mol/L, 1.368 g) in the
same solvent (1/4 of the total volume, Vtotal = 30 mL) was added to the SWCNT/DPAC suspension. The
oxidizer was added drop-wise under intensive stirring. The SWCNT/DPAC suspension was pre-cooled
to 0 ◦C. The synthesis continued for 3 h with intense stirring at 0 ◦C. When the synthesis was completed,
the reaction mixture was precipitated in 200 mL of distilled water. The resulting product was filtered
off, and washed repeatedly with 1% solution of H2SO4 to remove residual reagents. The product was
vacuum-dried over CaCl2 to constant weight. The yield of the SWCNT/PDPAC-2 nanocomposite was
0.57 g (86.47%) at CSWCNT = 3 wt %.

2.3. Synthesis of PDPAC

For comparison with nanocomposites, polydiphenylamine-2-carboxylic acid (PDPAC) was
prepared under the same conditions. The PDPAC-1 was synthesized via oxidative polymerization
in the heterophase system in an alkaline medium (Cmonomer = 0.1 mol/L, Coxidizer = 0.2 mol/L,
Calkali = 0.5 mol/L) [49]. The PDPAC-2 was obtained in the homogeneous acidic medium
(Cmonomer = 0.1 mol/L, Coxidizer = 0.2 mol/L, Cacid = 5 mol/L) [50,51].
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2.4. Characterization

Attenuated total reflection (ATR) FTIR spectra of the samples in the attenuated total reflectance
mode were measured by using a HYPERION-2000 IR microscope (Bruker, Karlsruhe, Germany). The
microscope was coupled with the Bruker IFS 66v FTIR spectrometer (Karlsruhe, Germany). The optical
range was 600 to 4000 cm−1 (150 scans, ZnSe crystal, resolution of 2 cm−1).

Electronic absorption spectra of samples in DMF were registered by using an UV-1700
spectrophotometer (Shimadzu, Kyoto, Japan) in the range of 190 to 1100 nm.

The 13C solid-state CP/MAS NMR spectra were recorded on an Infinity INOVA 500 NMR
spectrometer (Varian Inc., Palo Alto, California, USA). CP/MAS NMR spectra for 13C nuclei were
registered by using the direct polarization (90◦ pulse at 13C was 2.5 μs, time lapse between scans was
30 s) [53]. Crystalline adamantane was used as the secondary external standard of the chemical shift
scale [54,55].

An electron microscopic study was performed by using a Zeiss Supra 25 FE-SEM field emission
scanning electron microscope (Carl Zeiss AG, Jena, Germany).

An X-ray diffraction study was performed in ambient atmosphere by using a Difray-401
X-ray diffractometer (Scientific Instruments Joint Stock Company, Saint-Petersburg, Russia) with
Bragg-Brentano focusing on CrKα radiation with λ = 0.229 nm.

Thermogravimetric analysis (TGA) was carried out with a Mettler Toledo TGA/DSC1 (Columbus,
Ohio, USA) in the dynamic mode. The test temperature ranged from 30 to 1000 ◦C (100 mg sample,
10 ◦C/min heating rate, air and argon atmosphere, 10 mL/min argon flow velocity). The samples were
analyzed in an Al2O3 crucible.

Differential scanning calorimetry (DSC) was performed on a Mettler Toledo DSC823e calorimeter
(Columbus, Ohio, USA). The investigation was carried out from room temperature to 350 ◦C at a
heating rate of 10 ◦C/min under the nitrogen flow of 70 mL/min.

A 6367A precision LCR meter (Microtest Co., Ltd., New Taipei City, Taiwan) was used to measure
the ac conductivity in the range of frequency of 0.1 Hz to 1.15 MHz.

3. Results and Discussion

3.1. Synthesis and Characterization of Materials

Two methods of obtaining polymer-carbon hybrid nanocomposites based on thermostable
polydiphenylamine-2-carboxylic acid (PDPAC) [49–51] and single-walled carbon nanotubes (SWCNTs)
were proposed. Hybrid nanomaterials were synthesized via in situ oxidative polymerization of
diphenylamine-2-carboxylic acid (DPAC) in the presence of SWCNTs in the heterophase system in an
alkaline medium (pH 11.4) (SWCNT/PDPAC-1) and in an acidic medium (pH 0.3) (SWCNT/PDPAC-2).
Meanwhile, in the heterophase system, in an alkaline medium, the monomer and the SWCNTs
were in the organic phase (chloroform) and the oxidant (ammonium persulfate) was in an aqueous
solution of ammonium hydroxide. For comparison, polymers of diphenylamine-2-carboxylic acid
were synthesized under the same conditions. The PDPAC-1 was obtained in NH4OH solution in the
presence of chloroform. The PDPAC-2 was prepared in 5 M H2SO4.

Earlier, we showed that during DPAC polymerization in a sulfuric acid solution, the growth
of a polymer chain occurs via the C–C bonding into the para position of phenyl rings relative to
nitrogen [50,51]. The ATR FTIR spectrum of the polymer prepared in 5 M H2SO4 shows absorption
bands at 892 and 803 cm−1 related to out-of-plane bending vibrations of δC–H bonds of 1,4-disubstituted
and 1,2,4-trisubstituted benzene rings. The chemical structure of PDPAC-2 obtained in 5 M H2SO4

(pH 0.3) has the following form:
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Polymerization of DPAC in the heterophase system in an alkaline medium results in another type
of bonding. The ATR FTIR spectrum of the polymer obtained in ammonium hydroxide solution in the
presence of chloroform shows the broadening and shift to 753 cm−1 of the absorption band at 746 cm−1.
Also, the ATR FTIR spectrum shows the absence of a band at 892 cm−1, and the presence of a wide
band at 828 cm−1. It all indicates the presence of 1,2-disubstituted and 1,2,4-trisubstituted aromatic
rings in the PDPAC-1 structure. This suggests that, during the polymerization of DPAC in an alkaline
medium, the growth of a polymer chain proceeds via the C–C bonding in the 2- and 4-positions of
phenyl rings relative to nitrogen [49]. The chemical structure of PDPAC-1 prepared in NH4OH solution
in the presence of chloroform (pH 11.4) has the following form:

A comparison of ATR FTIR spectra of polymers with nanocomposites prepared under the same
conditions was made. It was shown that all the main bands characterizing the chemical structure of
PDPAC remain in the SWCNT/PDPAC nanocomposite FTIR spectra.

Figure 1 shows ATR FTIR spectra of nanocomposites obtained in NH4OH solution in the presence
of chloroform (SWCNT/PDPAC-1) and in 5 M H2SO4 (SWCNT/PDPAC-2), depending on the SWCNT
concentration. Table 1 shows the assignment of main characteristic absorption bands in the ATR FTIR
spectra of PDPAC and SWCNT/PDPAC nanocomposites according to the synthesis method.

Based on the data shown in Figure 1 and Table 1, it can be concluded that the chemical structure of
the polymer matrix has a strong dependency on the pH of the reaction medium for the nanocomposite
synthesis. It was established that during DPAC polymerization in an acidic medium (pH 0.3), in the
presence of SWCNTs, the polymer chain grows via the C–C bonding into the para position of phenyl
rings relative to nitrogen (δC–H = 862 and 802 cm−1). The process is the same as during the DPAC
polymerization under these conditions. In the SWCNT/PDPAC-2 nanocomposite, the absorption bands
at 862 and 802 cm−1 are due to out-of-plane bending vibrations of δC–H bonds of 1,4-disubstituted and
1,2,4-trisubstituted benzene rings (Figure 1b).

During the PDPAC/SWCNT-1 nanocomposite synthesis in the heterophase system in an alkaline
medium (pH 11.4) in the presence of SWCNTs, the polymer chain grows via the C–C bonding into
the 2- and 4-positions of phenyl rings relative to nitrogen (δC–H = 828 and 748 cm−1). The absorption
bands at 828 and 748 cm−1 in the SWCNT/PDPAC-1 nanocomposite correspond to out-of-plane
bending vibrations of the δC–H bonds of 1,2,4- and 1,2-substituted benzene rings (Figure 1a). The
absorption bands at 1680 and 1215 cm−1 characterize the stretching vibrations of vC=O in COOH groups.
At the same time, COOH groups (vC=O = 1680 and 1215 cm−1) are associated with the N–H group
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(vN–H = 3175 cm−1) of the main chain, the same as during the polymerization of DPAC in an alkaline
medium [49]. Carboxyl groups along the entire polymer chain form intramolecular hydrogen bonds
with amino groups. This is confirmed by the presence in the ATR FTIR spectra of the PDPAC/SWCNT-1
nanocomposite the absorption band at 3264 cm−1. This band characterizes the associated COOH—N-H
carboxyl groups with the hydrogen bond (Table 1).

 

Figure 1. Attenuated total reflection (ATR) FTIR spectra of the PDPAC-1 (a) and PDPAC-2 (b), and
SWCNT/PDPAC-1 (a) and SWCNT/PDPAC-2 nanocomposites (b).
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Table 1. Assignment of main characteristic absorption bands in the FTIR spectra of materials.

Assignment of
Absorption Bands

Frequency ν, cm−1

PDPAC-1
SWCNT/
PDPAC-1

PDPAC-2
SWCNT/
PDPAC-2

DPAC
(monomer)

Stretching vibrations of vN–H 3236 3175 3303 3308 3337

H—N-H with hydrogen bond 3293 3264 - - -

Stretching vibrations of vC–H
in an aromatic ring 3081 3062 3020 3033 3034

Stretching vibrations of vC=O
in COOH

1682
1231

1680
1215

1659
1226

1655
1218

1658
1259

Stretching vibrations of vC–C
in an aromatic ring

1595
1509

1585
1495

1584
1500

1582
1498

1575
1509

Stretching vibrations of vC–N 1316 1313 1311 1310 1323

Out-of-plane bending
vibrations of δC–H in an

1,2-substituted
aromatic ring

753 748 751 746 746

Out-of-plane bending
vibrations of δC–H in an

1,2,4-trisubstituted
aromatic ring

828 828 803 802 -

Out-of-plane bending
vibrations of δC–H in an

1,4-substituted
aromatic ring

- - 892 862 -

Out-of-plane bending
vibrations of δC–H in a

mono-substituted
aromatic ring

699 696 710 709 697

The results of the electronic absorption spectra study also confirm the formation of hydrogen
bonds in the chain of the polymer matrix in the PDPAC/SWCNT-1 nanocomposite. Figure 2 shows the
electronic absorption spectra of SWCNT/PDPAC-1 and SWCNT/PDPAC-2 nanocomposites, depending
on the SWCNT concentration.

As seen in Figure 2a, the maximum at λmax = 550 nm is present in the electronic spectra of the
SWCNT/PDPAC-1 nanocomposite. The peak at λmax = 550 nm characterizes the electronic transitions
of associated COOH—N-H carboxyl groups with the hydrogen bond. This maximum is absent in
the electronic absorption spectra of the SWCNT/PDPAC-2 nanocomposite, where carboxyl groups
are not associated with amino groups in the structure. At the same time, FTIR spectroscopy data
show that carboxyl groups interact with SWCNTs in the acidic medium. ATR FTIR spectra of the
SWCNT/PDPAC-2 nanocomposite (Figure 1b), if compared with the polymer PDPAC-2 spectrum,
demonstrate a shift of the absorption bands at 1659 and 1226 cm−1 to 1655 and 1218 cm−1 related
to stretching vibrations of vC=O bonds in the COOH groups (Table 1). This shift of the absorption
bands by 4 to 8 cm−1 indicates the interaction of PDPAC-2 carboxyl groups with the SWCNT surface.
This could be caused by the charge transfer through site-selective interaction between the PDPAC-2
carboxyl groups and the SWCNT aromatic structures [36,56].

A characteristic change in the ATR FTIR spectra of the SWCNT/PDPAC-1 nanocomposite compared
with the polymer PDPAC-1 spectrum is that the increase in the CNT content results in a hypsochromic
shift of the skeletal oscillation frequencies of PDPAC-1 by 10 to 14 cm−1 (Figure 1a). The FTIR spectra of
the SWCNT/PDPAC-1 nanomaterial demonstrate a shift of the absorption bands at 1595 and 1509 cm−1

to 1585 and 1495 cm−1, corresponding to the stretching vibrations of vC–C bonds in the aromatic rings
(Table 1). This shift indicates the π–π* interaction of PDPAC-1 phenyl rings with the SWCNT aromatic
structures. For such materials, the existence of the π–π* interaction between the surface of CNTs and the
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PANI quinoid units (stacking effect) has been established [23,31,32,36,44]. The formation of polymer
on the surface of CNTs provides a charge transfer from the polymer chain to the CNTs [23,36,44]. This
is revealed in the shift of the skeletal oscillation frequencies of the polymer.

CP/MAS 13C NMR data confirm the growth pattern of the polymer chain proposed above. Figure 3
shows the CP/MAS 13C NMR spectra of the PDPAC-1 and PDPAC-2 as well as SWCNT/PDPAC-1 and
SWCNT/PDPAC-2 nanocomposites, prepared at CSWCNT = 10 wt %.

 

Figure 2. Electronic absorption spectra of the PDPAC-1 (a) and PDPAC-2 (b), and SWCNT/PDPAC-1
(a) and SWCNT/PDPAC-2 nanocomposites (b).

The solid-state MAS 13C NMR spectrum of the SWCNT/PDPAC-1 nanocomposite retains all
signals characterizing the polymer PDPAC-1 (Figure 3a). Both spectra show broad signals from 105 to
155 ppm, with the maximum at δC = 129 ppm characterizing carbon centers in benzene rings. The
signal in the region of δC = 149 ppm corresponds to carbon atoms of the C–NH groups. The significant
broadening of all spectrum signals, especially those around δC = 129 ppm, is a characteristic change
in the CP/MAS 13C NMR spectrum of the SWCNT/PDPAC-1 nanocomposite, compared with the
PDPAC-1 spectrum. This indicates the interaction of carbon centers in benzene rings with carbon
nanotubes, which leads to a decrease in the relaxation time, T1, of these centers.
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The CP/MAS 13C NMR spectrum of the SWCNT/PDPAC-2 nanocomposite, compared with the
polymer PDPAC-2 spectrum, shows the increase in signal intensity at 126 and 132 ppm (Figure 3b).
This is related to the fact that the paramagnetic centers of CNT reduce the relaxation times, T1, of carbon
atoms in the polymer. At the same time, previously unobservable quaternary carbon atoms begin
to manifest themselves in the NMR spectrum with the increase in the CNT content. The signal at
δC = 146 ppm corresponds to the carbon atoms of the C–NH groups. The wide signal at δC = 170 ppm
characterizes the carboxyl groups.

Figure 3. CP/MAS 13C NMR spectra of the PDPAC-1 (a) and PDPAC-2 (b), and SWCNT/PDPAC-1 (a)
and SWCNT/PDPAC-2 nanocomposites (b).

3.2. Morphology of Nanocomposites

The morphology and structure of the obtained hybrid nanomaterials were studied by means of
FE-SEM and XRD. Figure 4 shows electron microscopic images of the SWCNT/PDPAC nanocomposites.
According to the FE-SEM data, carbon nanotubes are distributed in an amorphous polymer matrix
(Figure 4).
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Figure 4. Field emission (FE)-SEM images of the SWCNT/PDPAC-1 (a) and SWCNT/PDPAC-2
nanocomposites (b).

Figure 5 shows the diffraction patterns of the SWCNT/PDPAC nanocomposites compared with
PDPAC. According to the XRD data, the SWCNT/PDPAC nanocomposites, as well as PDPAC polymers,
are amorphous irrespective of the preparing method. The XRD patterns of nanocomposites show
an amorphous halo at scattering angles 2θ = 20 to 47◦, and a second diffuse halo at 2θ = 60 to 70◦
characterizing the polymer matrix. The absence of the carbon phase reflection peak in the diffractograms
of the nanocomposites is explained by the impossibility of obtaining a diffraction pattern from a single
SWCNT plane (Figure 5).
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Figure 5. X-ray diffractograms of the PDPAC-1 (a) and PDPAC-2 (b), and SWCNT/PDPAC-1 (a) and
SWCNT/PDPAC-2 nanocomposites (b).

As seen in Figure 4, according to the FE-SEM data, the morphology of the SWCNT/PDPAC
nanocomposites depends on the pH of the synthesis reaction medium. As well as of the original
PDPAC-1 polymer [49], when the SWCNT/PDPAC-1 nanocomposite is synthesized in the heterophase
system, the presence of an organic solvent (chloroform) in an alkaline medium leads to the formation
of the polymer matrix morphology with pronounced cavities. These cavities are formed in the places
of chloroform drops as the monomer transits from the organic phase to the aqueous one (shown in
Figure 4a).

3.3. Thermal Properties of Materials

The thermal stability of the hybrid SWCNT/PDPAC nanocomposites depending on the synthesis
method and the SWCNT concentration was studied by the TGA and DSC methods. Figure 6 shows
TGA thermograms of the SWCNT/PDPAC nanocomposites compared with PDPAC up to 1000 ◦C in
air and argon flow. The carbon nanotube content in nanocomposites was CSWCNT = 3 and 10 wt %
relative to the weight of monomer. Table 2 gives the main thermal characteristics of the materials.
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Figure 6. TGA thermograms of the PDPAC-1 (1,2a) and PDPAC-2 (1,2b), and SWCNT/PDPAC-1 (a)
and SWCNT/PDPAC-2 nanocomposites (b), prepared at CSWCNT = 3 (3,4) and 10 wt % (5,6) at heating
of up to 1000◦C.

Table 2. Thermal characteristics of materials.

Property PDPAC-1
SWCNT/PDPAC-1

PDPAC-2
SWCNT/PDPAC-2

3 wt % 10 wt % 3 wt % 10 wt %

* T5%, ◦C 185/205 174/197 173/178 104/102 88/92 103/107
** T50%, ◦C 523/663 544/834 536/>1000 517/396 473/774 518/789

*** Residue, % 20 44 51 35 45 46

* T5%, ** T50%—5 and 50% weight losses (air/Ar), *** residue at 1000 ◦C in the Ar flow.

As can be seen in Figure 6, the weight loss curves of the obtained materials have a stepwise
pattern. In this case, the weight loss at low temperatures is associated with the removal of moisture,
which is also confirmed by the DSC data. Figure 7 presents DSC thermograms of the SWCNT/PDPAC
nanocomposites. An endothermic peak at ~90 to 97 ◦C is related to the residual moisture removal. The
removal of moisture is confirmed by the absence of this endothermic peak on the DSC thermograms of
nanocomposites registered after re-heating in an inert atmosphere.

83



Polymers 2019, 11, 1181

Figure 7. DSC thermograms of the SWCNT/PDPAC-1 (a) and SWCNT/PDPAC-2 nanocomposites (b)
upon heating in the nitrogen flow to 350 ◦C (1—first heating, 2—second heating).

As seen in Figure 6a, both in the PDPAC-1 polymer and in the SWCNT/PDPAC-1 nanocomposites,
the weight loss at ~170 ◦C is connected with the removal of COOH groups [49], despite the fact that
they are in the associated COOH—N-H state. In this temperature range, the DSC thermogram has an
exothermic peak associated with decomposition. The removal of COOH groups is confirmed by the
absence of an exothermic peak at 173 ◦C on the DSC thermogram plotted after re-heating to 350 ◦C
(Figure 7a). This behavior is also typical of PDPAC-2 obtained in a solution of sulfuric acid [50].

The removal of COOH groups in the SWCNT/PDPAC-1 nanocomposites is also confirmed by
FTIR spectroscopy data. Figure 8a presents the ATR FTIR spectra of the 3 wt % SWCNT/PDPAC-1
nanocomposite before and after heating in air at 200 and 300 ◦C. A comparative analysis of the ATR
FTIR spectra of the original nanocomposite and nanocomposites heated to 200 and 300 ◦C was made.
It was shown that the intensity of the bands at 1680 and 1228 cm−1, characterizing the COOH groups,
decreases as the temperature rises. Additionally, at 300 ◦C, the band at 1680 cm−1 disappears completely.
At the same time, the removal of COOH groups begins at temperatures above 150 ◦C.
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Figure 8. ATR FTIR spectra of the SWCNT/PDPAC-1 (a) and SWCNT/PDPAC-2 nanocomposites
(b) before (1) and after heating in air at 200 (2) and 300 ◦C (3).

As can be seen in Figure 6a, the nanocomposite loses half of the original weight in an inert
atmosphere at 834 ◦C for 3 wt % SWCNT/PDPAC-1, whereas for the PDPAC-1 polymer, this is 663 ◦C.
At 1000 ◦C, the residue is 44% for 3 wt % SWCNT/PDPAC-1 and 51% for 10 wt % SWCNT/PDPAC-1.
The processes of thermo-oxidative degradation of the SWCNT/PDPAC-1 nanocomposites do not
depend on the SWCNT content and begin at 350 ◦C, as well as of the original PDPAC-1 polymer. In air,
a 50% weight loss in the SWCNT/PDPAC-1 nanocomposites is observed at 536 to 544 ◦C. The neat
PDPAC-1 polymer loses half of the initial weight in air at 523 ◦C (Table 2).

As seen in Figure 6b, the absence of weight loss at ~170 ◦C in the SWCNT/PDPAC-2 nanocomposites
is due to the interaction of PDPAC-2 carboxyl groups with the aromatic structures of SWCNTs in the
acidic medium. The DSC thermogram presented in Figure 7b does not show thermal effects in this
temperature range. The FTIR spectroscopy data confirm the absence of weight loss in the range of 150
to 200 ◦C. The ATR FTIR spectrum of the 3 wt % SWCNT/PDPAC-2 nanocomposite heated up to 200 ◦C
retains the absorption bands at 1655 and 1218 cm−1, which characterize the COOH groups (Figure 8b).

A comparative TGA analysis of the PDPAC-2 polymer and SWCNT/PDPAC-2 nanocomposites
obtained at CSWCNT = 3 and 10 wt % was made. It revealed that the main processes of thermal oxidative
degradation of nanocomposites begin at 395 and 435 ◦C, respectively. That is significantly lower than
the starting temperature of PDPAC-2 polymer degradation at 570 ◦C (Table 2). This is due to the fact
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that in PDPAC-2, after the removal of COOH groups at ~170 ◦C with the temperature growth, there
is the process of additional polymerization, which is induced by atmospheric oxygen [50]. It should
be noted that in the argon atmosphere in this temperature range, there is a weight loss in PDPAC-2.
In air, a 50% weight loss in the polymer and nanocomposites is observed at 517 ◦C for PDPAC-2 and
473 ◦C for 3 wt % SWCNT/PDPAC-2 and 518 ◦C for 10 wt % SWCNT/PDPAC-2. In an inert atmosphere,
PDPAC-2 loses half of its original weight at 396 ◦C, whereas the SWCNT/PDPAC-2 nanocomposites
lose it at 774 to 789 ◦C. The residue of the SWCNT/PDPAC-2 nanocomposites at 1000 ◦C is 45% to 46%,
which is higher than the same value for PDPAC-2 (35%).

3.4. Electrical Characterization of Materials

The frequency dependences of the ac conductivity (σac) for the PDPAC and the SWCNT/PDPAC
nanocomposites were studied. Figure 9 shows the dependence of the conductivity for SWCNT/PDPAC-1
and SWCNT/PDPAC-2 nanocomposites prepared at CSWCNT = 3 and 10 wt % on the ac frequency
compared with PDPAC-1 and PDPAC-2. Table 3 gives the ac conductivity (σac) of materials.

Figure 9. Frequency dependence of the conductivity for the PDPAC and SWCNT/PDPAC nanocomposites.

Table 3. The ac conductivity (σac) of materials.

Property PDPAC-1
SWCNT/PDPAC-1

PDPAC-2
SWCNT/PDPAC-2

3 wt % 10 wt % 3 wt % 10 wt %

* σ1, S/cm 3.10 × 10−12 1.93 × 10−10 2.85 × 10−4 1.35 ×10−5 4.48 ×10−5 2.52 ×10−3

** σ2, S/cm 1.12 ×10−7 1.87 × 10−6 3.32 × 10−4 2.17 ×10−5 8.07 ×10−5 5.15 ×10−3

* σ1, ** σ2—The ac conductivity at 0.1 Hz and 1.15 MHz.

As seen in Figure 9, the PDPAC-1 polymer shows the linear dependence of the conductivity on
frequency typical of non-conductive materials [57]. The 3 wt % SWCNT/PDPAC-1 nanocomposite
material shows a gradual increase in electrical conductivity over the entire researched frequency range
(0.1–106 Hz). As the frequency grows, the electrical conductivity of the 3 wt % SWCNT/PDPAC-1
material increases by four orders of magnitude from 1.93 × 10−10 to 1.87 × 10−6 S/cm. This nature
of frequency dependence of conductivity indicates a hopping mechanism of charge transfer [58,59].
With an increase in the content of SWCNTs from 3 to 10 wt %, the ac conductivity increases by six
orders of magnitude from 1.93 × 10−10 to 2.85 × 10−4 Sm/cm (Table 3). In this case, there is a weak
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frequency dependence of the conductivity at CSWCNT = 10 wt %. This is due to the fact that the 10 wt %
SWCNT/PDPAC-1 nanocomposite has passed its percolation threshold.

As for the 10 wt % SWCNT/PDPAC-1, the SWCNT/PDPAC-2 nanocomposites show very weak
dependence of the conductivity, σac, on the frequency (Figure 9). As the ac frequency grows, the
conductivity of the 3 wt % SWCNT/PDPAC-2 nanocomposite increases only from 4.48 × 10−10 to
8.07 × 10−4 S/cm. However, it should be noted that in the low-frequency range, the conductivity of
the 3 wt % SWCNT/PDPAC-2 nanocomposite is significantly higher (by five orders of magnitude)
than the conductivity of the 3 wt % SWCNT/PDPAC-1 material. This is due to the fact that during
the nanocomposite synthesis in an acidic medium, doping of the polymer component occurs, which
makes the main contribution to the 3 wt % SWCNT/PDPAC-2 nanocomposite conductivity. Also,
as seen in Figure 9 and Table 3, the ac conductivity of the doped PDPAC-2 is much higher than the
neutral PDPAC-1 conductivity. The weak frequency dependence of the SWCNT/PDPAC-2 electrical
conductivity can be associated with a small value of the imaginary part of the complex dielectric
capacitivity, ε”, characteristic of the conductive materials. Therefore, its contribution to conductivity is
manifested only at high frequencies [57,60].

Therefore, the results indicate that prepared hybrid thermally stable and electrically conductive
nanomaterials have potential applications in the manufacture of supercapacitors [61,62], rechargeable
batteries [63,64], sensors [41,45,65–68], sorbents [69], field-emission devices [70], anti-corrosion
coatings [71], dye-sensitized solar cells [72–79], etc.

4. Conclusions

Polymer-carbon nanocomposites based on polydiphenylamine-2-carboxylic acid (PDPAC) and
single-walled carbon nanotubes (SWCNTs) were synthesized for the first time in the heterophase
system in an alkaline medium and in an acidic medium. The dependence of the chemical structure and
morphology of the polymer matrix on the pH of the reaction medium of the nanocomposites’ synthesis
was shown. It was found that during the polymerization in 5 M H2SO4 (pH 0.3), the polymer chains
grow via the C–C bonding into the para position of the phenyl rings relative to nitrogen (δC–H = 892
and 803 cm−1). In the heterophase system in an alkaline medium (pH 11.4), the growth of the polymer
chain occurs via the C–C bonding into the 2- and 4-positions of the phenyl rings relative to nitrogen
(δC–H = 828 and 753 cm−1). The presence of an organic solvent in the reaction medium leads to a
change in the polymer matrix morphology. As a result, cavities formed in the place of chloroform
drops. The resulting SWCNT/PDPAC nanocomposites are electrically conductive and thermally
stable. The nanocomposites’ ac conductivity (σac) relates to the polymer component nature in the
hybrid nanomaterial and the CNTs’ presence. In the low-frequency range, because of doping of the
polymer component in an acidic medium, the conductivity of the SWCNT/PDPAC-2 nanocomposites
is significantly higher than the SWCNT/PDPAC-1 material’s conductivity. It was shown that the
SWCNT/PDPAC nanocomposites show weak dependence of the conductivity, σac, on the frequency.
In an inert atmosphere, the residue of the SWCNT/PDPAC nanocomposites at 1000 ◦C was 44% to 51%
for SWCNT/PDPAC-1 and 45% to 46% for SWCNT/PDPAC-2.
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Abstract: A polyacrylamide-alginate hydrogel electrolyte, blended with Multi-Walled Carbon
Nanotubes (MWCNT) as an electronically conductive fraction, allows for the creation of a flexible,
durable, and resilient electrode. The MWCNT content is correlated with mechanical characteristics
such as stretch modulus, tensile resistance, and electrical conductivity. The mechanical analysis
demonstrates tensile strength that is comparable to similar hydrogels reported in the literature,
with increasing strength for MWCNT-embedded hydrogels. The impedance spectroscopy reveals
that the total resistance of electrodes decreases with increasing MWCNT content upon elongation
and that bending and twisting do not obstruct their conductivity. The MWCNT-inserted hydrogels
show mixed ionic and electronic conductivities, both within a range of 1–4 × 10−2 S cm−1 in a steady
state. In addition, the thermal stability of these materials increases with incrementing MWCNT
content. This observation agrees with long-term charge-discharge cycling that shows enhanced
electrochemical durability of the MWCNT-hydrogel hybrid when compared to pure hydrogel
electrolyte. The hydrogel-carbon films demonstrate an increased interfacial double-layer current at a
high MWCNT content (giving an area-specific capacitance of ~30 mF cm−2 at 2.79 wt.% of MWCNT),
which makes them promising candidates as printable and flexible electrodes for lightweight energy
storage applications. The maximum content of MWCNT within the polymer electrolyte was estimated
at 2.79 wt.%, giving a very elastic polymer electrode with good electrical characteristics.

Keywords: flexible electrode; cross-linked acrylamide/alginate; carbon nanotubes; tensile strength;
impedance spectroscopy

1. Introduction

Advances in hydrogel performance, when combined with interstitial conductive materials, have
shown potential for incorporation with modern electronic applications [1,2]. Technological products,
such as wearable electronics [3,4], personal sensors [5–7], and smart textiles [8,9], are examples where
these novel materials can enhance their functionality. Successful implementation requires materials
that are durable, flexible, and resilient, capable of meeting the conductivity and physical requirements.
Modularity is a central asset, as many modern devices currently are rigid and bulky. Innovations may
allow for new materials and devices that are able to conform to human mobility demands.

These electronics can be utilized either in an active or passive way. An active device responds to
user input; for example, as two-way radio communications or live GPS data transmissions to emergency
responders [10,11]. Passive devices do not require user input, but rather provide sensory data or function
to the user, or to an external support point [12]. Examples include providing vital signs to medical
staff (such as the Georgia Tech Wearable Motherboard, or Smart Shirt) [13,14], body armor cooling
devices by police and military [15], or smart GPS tracking for the elderly suffering from dementia [16].
The applications can also be implemented into personal electronic devices—smartwatches and fitness
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trackers are increasingly common in everyday usage [17]. Additionally, new lightweight energy
materials are highly sought after in applications such as exoskeletons for physical rehabilitation [18],
biomimetic actuators [19], field-effect transistors [20], and chemical sensing for air pollution and other
biohazards [21].

For this research, in order to determine a suitable basis for composition, we examined an
acrylamide-alginate flexible material pioneered by Sun et al. [22]. Polymers, with the applications
in mind, must endure various physical stresses, such as stretching, twisting, and bending.
The double-network structure made of cross-linked polymers results in a greater fracture strength
compared to single networks, with high retention of shape against temporary mechanical
deformations [23]. This is attributed to the combined interactions of short-chain polymers providing
mechanical strength, and long-chain polymers providing elasticity. Previous research in this area shows
that short-chain polymers cross-linked covalently suffer permanent damage upon deformation of the
material [22]. However, a known method of minimizing this unwanted effect is the replacement of the
covalent cross-linking bonds with non-covalent (i.e., ionic) using multivalent ion coordinators [24].
This allows a formation of much weaker ionic linkage between the rigid polymer blocks, observed
as reduced stiffness of the gel, and thus resulting in more stretchable material. Among multivalent
cations that generated suitable ionic cross-linking were Ca2+, Sr2+, Ba2+, Al3+, and Fe3+ [25]. Calcium
was chosen due to the relative minor environmental impact that it has upon degradation, along with
a relatively strong ionic coordination strength. Initial formulations were based on similar work by
Demianenko et al. [26], in part due to the utilization of UV irradiation in the curing process that
shortens the synthesis time.

Multi-Walled Carbon Nanotubes (MWCNTs) were chosen as the electron-conducting component of
the flexible electrode proposed in this work. MWCNT-alginate hydrogels have been previously explored
by Joddar et al. [27], with a focus on mechanical properties—notably with overall declining performance
above 1 mg/mL of MWCNT (to a tested max of 5 mg/mL). Hong et al. [28] integrated single-walled
CNTs in poly (dimethyl siloxane) and analyzed their electrical characteristics in various circuits,
as well as under differing mechanical strain. Sudha et al. [29] created an MWCNT-polyacrylamide
hydrogel, exploring dehydration and rehydration properties, with a brief examination of their
conductivities. Among other carbon allotropes, carbon nanotubes are particularly researched as they
show several benefits when combined with various polymer electrolytes. CNTs not only facilitate
good electronic conductivity, but also improve the overall mechanical strength and thermal stability
of these hybrid materials [30]. In addition, they are excellent double-layer capacitors that cannot
be outperformed by more affordable carbons. Thus, CNTs are of interest in energy harvesting and
reposition applications [28,31].

In this study, we have investigated the conductivity and mechanical features of a
polyacrylamide-alginate hydrogel electrolyte, combined with MWCNTs as the electronically conductive
component. The effect of MWCNT content in the flexible electrode is verified by mechanical
characteristics such as stretch modulus and tensile resistance. In addition, electrochemical characteristics
such as conductivity, long-term electrochemical stability upon charging, potential stability, and thermal
stability were examined. Mechanical impact and deformation on conductivity were analyzed by
impedance spectroscopy upon elongation, bending, and twisting of the hydrogel electrolyte and
MWCNT-embedded electrodes. On the macroscopic level, we determined the maximum loading of
MWCNT within the hydrogel with an overall aim to create an electrode that has the flexibility to
endure moderate strains and stress. Ultimately, this material can be used as a conducting platform
in applications such as smart textiles, personal sensors, wearable electronics, and lightweight energy
storage and conversion.

2. Materials and Methods

Materials: Calcium chloride dihydrate (99.0–105.0%) was purchased from Fisher Scientific
(Ottawa, ON, Canada). Multi-walled carbon nanotube (thin and short, <5% metal oxide), potassium
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chloride (99.6%), N,N′-methylenebisacrylamide powder (≥99.5%), acrylamide powder (≥99%, HPLC
grade), alginic acid sodium salt powder, N,N,N′,N′-tetramethylethylenediamine (≥99%, GC grade),
and ammonium persulfate (≥98%) were obtained from Sigma Aldrich (Oakville, ON, Canada).
Ultra-pure distilled water (18 MΩ) was used as the reaction solvent. Fluorine-doped tin oxide
(FTO) glass with a surface resistivity of 7 Ω (Sigma Aldrich, Oakville, ON, Canada) was cut into
2.5 cm × 5.5 cm × 0.2 cm slides, acting as the current collector in electrochemical tests, and layered
with copper foil at the electrode clip contact area.

Methods: Tensile tests were performed using an Instron 4465 Tensile test workstation equipped
with 1 kN of load cell under air. The elongation rate was kept as 40 mm min−1. Thermogravimetry
analysis (TGA) was carried out on the TA Instruments analyzer model Q50 (TA Instruments, Mississauga,
ON, Canada). The mass of samples ranged from 9.0 to 10.3 mg. N2 gas was kept at the flow rate of
90 mL min−1. A ramp temperature was 10 ◦C min−1 over the range from 25 to 600 ◦C. Fourier-transform
infrared (FTIR) analysis was carried out using a Bruker spectrometer model ALPHAII with a single
reflection ART diamond accessory (Bruker, Billerica, MA, USA). All hydrogels were dehydrated prior
to TGA and FTIR tests by drying at 70 ◦C for 24 h in a laboratory oven.

Electrochemical tests were carried out using a CH Instruments electrochemical workstation (model
CHI660E, CH Instruments Inc., Austin, TX, USA). All electrochemical characteristics were done using
a two-electrode cell consisting of two FTO plates used as a current collector. The samples were square
shape with a 12 mm edge, with a typical thickness of 4.5 mm (varying slightly based on the addition of
MWCNT), and mounted between FTO plates. For the conductivity test upon elongation, one of the
FTO plates was moved with a distance increment of 1 cm and the length and the thickness of the sample
were measured using a caliper. The reported conductivity of materials is as-obtained (in siemens, S)
and with the correction to the size (thickness, length, and width) of the stretched sample (in S cm−1).

Cyclic voltammetry was acquired at a scan rate varying from 0.05 to 0.2 V s−1 and from −0.8 V to
0.8 V in the two-electrode cell (without a reference). Impedance spectroscopy was carried out in the
frequency range of 1 × 105–1 Hz, with an amplitude of 0.005 V, and at the constant polarization of
0 V. ZView software (Scribner Associates Inc., Southern Pines, NC, USA) was used for the modeling
of impedance spectra. The electrochemical stability was carried out by applying a 2500 scan of the
charge-discharge at 0.5 mA current load, with a cathodic and anodic time of 30 s and (zero hold time
giving a total time of the degradation test at 21 h). The charge-discharge was also carried out at 0.005,
0.01, 0.05, 0.1, 0.25, 0.5, 0.75, and 1.0 mA for all samples, with preliminary extended testing for pure/360
mg from 0.005 mA to 2.5 mA. However, changes at the interface material-current collector (assumed as
beginning of degradation) were observed at 0.5 mA, which was chosen for the long-term durability test.

Synthesis of Hydrogel Electrolyte and Electrode: Ten milliliters of deionized water (that is a
constant volume of water used for each hydrogel formulation) was purged with dry nitrogen for
30 min prior to use. Then, 1.4470 g of acrylamide, 0.7455 g of potassium chloride, and 0.0016 g of
N,N′-methylenebisacrylamide were dissolved in 4 mL of deionized water. Separately, 0.1809 g of sodium
alginate was dissolved in 3 mL of deionized water and combined with the first mixture under vigorous
stirring. Furthermore, for the MWCNT-embedded electrodes, the designated amount of MWCNTs,
was added (0.010–0.360 g) upon stirring. Afterward, 4.6 μL of N,N,N′,N′-tetramethylethylenediamine
was injected into this mixture. In a separate flask, 0.0435 g of ammonium persulfate and 0.0927 g of
calcium chloride dihydrate were dissolved in 3 mL of water, combined with the remaining reactants
upon stirring, poured onto a petri dish (60 mm diameter), and placed in a UV cross-linker for 60 min
of irradiation at a power of 300.000 μJ cm−2 (254 nm, model VWR® UV Crosslinker, VWR, Ville
Mont-Royal, QC, Canada). All procedures were carried out under ambient conditions. The MWCNT
content was varied resulting in the following formulations (names of hydrogels correspond to the mg
of MWCNT): 40 mg refers to MWCNT concentration of 4 mg mL−1 (mL of water), that is 0.32 wt.%
of MWCNT; 80 mg contains 8 mg mL−1 giving 0.63 wt.% of MWCNT; 120 mg has 12 mg mL−1

corresponding to 0.95 wt.% MWCNT; 240 mg has 24 mg mL−1, that is 1.88 wt.% MWCNT; 360 mg has
36 mg mL−1, that is 2.79 wt.% MWCNT; and 480 mg has 48 mg mL−1, giving 3.69 wt.% MWCNT.
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3. Results and Discussion

3.1. Structure and Thermal Stability: Effect of MWCNT Content on Interactions between Molecular
Components and Morphology

The hydrogel matrix proposed in this work is formed via copolymerization of acrylamide and
bis-acrylamide, with the optimal composition decided based on work reported by Sun et al. [22], and by
a previous study carried out in our group [31]. Briefly, the reaction is vinyl addition polymerization via
a free radical-generating system initiated by ammonium persulfate and TEMED. TEMED accelerates
the rate of formation of radicals from persulfate that reacts with acrylamide monomers (resulting
in radicals that react with neutral monomer and form a polymer). The extending polymer chains
are randomly cross-linked by N,N′-methylenebisacrylamide (Figure 1; blue), resulting in stiff gels.
In addition, in the presence of alginate and calcium chloride, two types of cross-linked polymer blocks
are formed: ionically cross-linked alginate (Figure 1; red), and covalently cross-linked polyacrylamide.
In an aqueous solution, guluronic acid units in alginate chains form ionic crosslinks through Ca2+

coordination. By contrast, in a polyacrylamide hydrogel, the polyacrylamide chains form a network by
covalent crosslinks. There also exist alginate-polyacrylamide hybrid fractions formed when the two
types of polymer networks are joined by covalent crosslinks (Figure 1; green).

The most problematic aspect of these combined materials is the homogenous incorporation of
MWCNT within the polymer. This is because of the tendency of MWCNT to agglomerate under
electrostatic forces. Magnetic stirring, sonication, and other homogenization methods are not effective.
Using surfactants for MWCNT dispersion in the solution of monomers is more challenging, affects
the rate of polymerization, and ultimately the chemical composition of hydrogels, their mechanical
strength, and conductivity. As compared to our previous study [31], Nafion, acting as a surfactant in
an aqueous suspension of MWCNT, has been replaced with the viscous solution of sodium alginate.
The alginate can both participate in the cross-linking and stabilize the MWCNT in water. Based on the
chemical structure of alginate, we can assume that improvement of MWCNT dispersion is related to
the modification of the electrical surface charge of MWCNT, defined as zeta-potential (unlike Nafion,
which is composed of both hydrophobic and hydrophilic fractions that are typical for the surfactant
structure) [30]. This potential is often related to an electric surface potential (EElec) and contributes
to the total surface energy, Etot = EVW + EElec. Etot depends on the sum of attractive and repulsive
forces between particles, which are both dependent on an inter-particle distance. The London-van der
Waals contribution for two particles of the same material (EVW) is always attractive, thus promoting
the aggregation of suspended particles. On the contrary, the repulsive component, EElec, is related to
the formation of an electric double-layer on the particle surface when immersed in a polar solvent.
For example, in an aqueous suspension of functionalized MWCNT, negative charge is developed on the
particle surface during ionization of the oxygen-rich functionalities (e.g., -COOH). Because of the surface
charge, an electrostatic potential is created in the proximity of the nanoparticle, and a concentrated
layer of counter ions, known as the Stern layer, is formed. As a result, the zeta potential at the MWCNT
surface exceeds the total interaction potential barrier (Etot), and at a given distance, the particle
repulsion is stronger and more attractive than the van der Waals forces, resulting in the formation of
homogeneous suspensions [32,33]. With this, the carbon nanotubes could be well-dispersed even at
very high content without the addition of Nafion.
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Figure 1. Structure of a Multi-Walled Carbon Nanotubes (MWCNT)-embedded hydrogel consisting of
an alginate blocks formed via ionic cross-linking through Ca2+ (red); polyacrylamide blocks derived
from covalent crosslinks through N,N′-methylenebisacrylamide (blue); alginate-polyacrylamide hybrid
gel fraction: the two types of polymer network are joined by covalent crosslinks (green).

Figure 2 shows a thermal gravimetric scan of a pure hydrogel (A) and an MWCNT-reinforced
hydrogel at two differing MWCNT contents (8 mg mL−1 and 36 mg mL−1) plotted with the first
derivative of weight loss (in %) as the function of applied temperature. The same tests were done
for newly-prepared materials and the same films after a long-term electrochemical charge-discharge
scanning (accelerated degradation). The latest was used to analyze possible chemical changes related
to electrochemical degradation. All signals acquired below 200 ◦C are related to the removal of residual
water. Regarding this, the hydrogel with the highest MWCNT content (Figure 2C) showed a negligible
amount of water after drying. This is related to the fact that a significant weight fraction of this material
is occupied by MWCNT, not by hydrophilic polymers. For the pure hydrogel (Figure 2A), an initial
decomposition temperature (IDT) is detected at 221 ◦C and the final decomposition temperature
(FDT) at 417 ◦C, resulting in 35% weight loss. The thermal degradation of polyacrylamide occurs in
three pyrolysis phases. The first signal at IDT is attributed to the degradation of the pure and not
cross-linked acrylamide monomer. Afterward, the decomposition of non-cross-linked polyacrylamide
has a peak maximum at 264 ◦C. The main decomposition of the polyacrylamide cross-linked with
N,N′-methylenebisacrylamide showed an onset temperature at 305 ◦C and endset at 440 ◦C. In the
temperature range 221–310 ◦C, one ammonia molecule is liberated for every two amide groups,
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resulting in the formation of imide [22]. Subsequently, thermal degradation of imides and breaking
of the polymer backbone occurs at higher temperatures. As discussed in previous work [22], pure
alginate (not cross-linked with acrylamides) has two pyrolysis stages: the first thermal degradation
process takes place in the temperature range 225–300 ◦C. The weight loss in the first stage is attributed
to the degradation of the carboxyl groups (leading to CO2 release). The second stage occurred at much
higher temperatures (650–740 ◦C) and corresponds to depolymerization resulting in a carbonaceous
residue. Since the first step of decomposition of alginate overlap with signals related to acrylamide
monomers, chemical analysis from the degradation of hybrid gels is difficult. One can observe that
the pure alginate-polyacrylamide hybrid gel (Figure 2A) clearly shows pyrolysis stages shifted from
locations of single networks [22]. This qualitatively demonstrates the formation of new covalent bonds
between alginate and polyacrylamide.

Figure 2. TGA (black) and first derivative of mass loss (red) of pure hydrogel electrolyte (A) and with
80 mg of MWCNT (B) and 360 mg (C). Solid lines refer to freshly prepared samples and dashed lines
refer to samples after long-term electrochemical degradation using charge-discharge techniques.

MWCNT-embedded hydrogels (Figure 2B,C) exhibit improved thermal stability in comparison to
pure hydrogels. This is manifested by the shift of decomposition temperature of the main polymer
blend from 350 ◦C (Figure 2A—pure hydrogel) to 370 ◦C. The percent weight loss also decreases
with increasing MWCNT content, especially for the highest carbon loading (Figure 2C). The higher
resistance to heat in the presence of the MWCNT reinforced within the polyacrylamide/alginate network
can be also related to weak chemical interactions between the MWCNT and the different reaction
sites of both polymers [27,29]. For example, the latest study suggested that carboxyl groups present
on the MWCNT surface can react with hydroxyl functionalities of alginate, resulting in hydrogen
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bridging [27]. These molecular interactions are believed to contribute to both better thermal stability
of the MWCNT/polymer hybrid, and also to improved dispersion of the MWCNT in the solution
of monomers and within the hydrogel itself. More probably, this chemical interaction is based on
the esterification reaction and involves the mentioned carboxylic moieties from oxidized carbon and
the hydroxyl groups of alginates. Nevertheless, this reactivity requires significant oxidization of the
MWCNT surface (high content of -COOH), which was not found in the present study. The surface
elemental analysis of MWCNT using an X-ray photoelectron did not show a significant difference
in oxygen content (related to -COOH, -OH, or other oxygen-containing functional groups on the
MWCNT surface; data not included) for as-obtained (unwashed) and the acid-washed MWCNT
(3 M HNO3, reflux 1 h). Thus, improved dispersion of carbon within the polymer observed in this
work can be assumed as the combined effects of electrostatic interactions (predominant) and a minor
contribution from the chemical bond formation between alginate and carboxylic groups present on the
MWCNT surface.

Figure 3 demonstrates the FTIR spectrum of pure and MWCNT-containing hydrogels with
distinctive signals assigned to acrylamide and alginate polymers. The FTIR spectra for all
MWCNT-embedded hydrogels were similar, and corresponded to hydrogel signals, except an intensity
of peaks decreased with increasing MWCNT content. FTIR showed only signals related to polymers,
which were not influenced by the presence of MWCNT at any loading. Briefly, peaks at 1113 and
1350 cm−1 corresponded to the C-O stretch and at 1181 cm−1 were assigned to the C-N stretch,
together with the N-H vibration at 2940 cm−1. The vibrations at 1316, 1401, 1462, 2762, and 2855 cm−1

corresponded to the C-H bonding, arising from amines and amides present in the hydrogel structure.
The band at 1606 cm−1 was related to the C=C vibration and the band at 1679 cm−1 was a signal of
unreacted carbon double bonds from acrylamide and bis-acrylamide monomers. The amide stretch was
also observed at 3442 cm−1 and the -OH stretch at 3178 cm−1. In summary, FTIR did not demonstrate
chemical interactions between MWCNT and organic fraction. This is presumably due to a very low
carbon content per total hydrogel mass, calc. 2.79 wt.% of MWCNT for hydrogels containing 360 mg
of carbon.

Figure 3. FTIR of pure and MWCNT-embedded hydrogels.
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3.2. Resilience—Mechanical Analysis

Tensile characteristics of pure hydrogel and its combinations with MWCNT are shown in Figure 4.
They were used to explore a maximum elongation length before mechanical failure (Figure 4A–D)
and tensile strength acquired from the load sensor attached to one end of the assembly (Figure 4,
bottom). With an adjustment for area difference (thickness of films was relatively similar for all
samples), pure hydrogel tested at a maximum of 22.3 kPa (1.34 N), at a displacement of 271 mm.
For the hydrogel with the highest MWCNT content (36 mg mL−1), the applied sensor load was 28.8 kPa
(1.76 N), at the displacement of 77 mm. Overall, the stretch modulus is sixteen times higher than
that of the initial length for pure, and almost five times for MWCNT-embedded samples. In trend,
an increase of MWCNT correlates to a general increase in tensile strength, with a more rapid decline
in stretch modulus. A total force resistance of electrodes synthesized in this work was lower, yet
resilience to deformation and stretch modulus held similar (17–21 factor) as compared to pure hydrogel
with a similar composition as reported by others [22]. Although hydrogels fabricated in this work
demonstrated lower force resistance to elongation, the comparison with the referred literature can be
only qualitative since the results strongly depend on the thickness and geometry of the sample [22],
the size of mounting clamps, as well as on the quality of the clamp (e.g., clamps with a sharp, uneven
edge cause the material to be cut through faster). Joddar and colleagues reported the MWCNT
embedded in alginate hydrogel (without acrylamide) at a very low load content [29]. The resilience
ranges from 103.5 kPa for the pure hydrogel, 79.5 kPa (1 mg mL−1 MWCNT), 62 (3 mg mL−1 MWCNT),
and 18 kPa (5 mg mL−1 MWCNT), with the decrease of total strength and stretch modulus with
increasing MWCNT content observed. This conclusion contradicted their early central hypothesis that
increasing the MWCNT content would increase the stiffness of the alginate gel [27]. This could be
related to the weak van der Waals forces occurring between the MWCNT and alginate [27]. An opposite
effect (increase in stiffness with increasing MWCNT content, Figure 4) is observed in this work.
For hydrogels proposed in this work, the role of acrylamide blocks can improve resilience by additional
alginate-acrylamide crosslinks (Figure 1), as well as the weak interactions (possibly hydrogen bringing)
between alginate and acrylamide blocks with oxygen-containing functionalities present on the MWCNT
surface. This suggests the participation of MWCNT strands within the polymer network.

As indicated in Figure 4E, there is a clear correlation between an increase in MWCNT content
and an increase in tensile strength. Notably, the total MWCNT content of 36 mg mL−1 showed both
the best mechanical and electrochemical characteristics. Further testing at 48 mg mL−1 indicated
an oversaturation of the gel matrix, leading to unincorporated deposits of MWCNT on the surface
after cross-linking was complete. The important consideration from this is the retention of physical
properties of the hydrogel, with the addition of the MWCNT. Stretch was significantly reduced but
retains enough capacity to serve practical applicability. An additional benefit is an increase in overall
tensile force, indicating the contribution of MWCNT in the improvement of mechanical strength of
hydrogels proposed in this work.

3.3. Impedance Analysis

For the polarizable electrode in the absence of redox reactions (non-faradaic measurements),
the impedance signal will be dominated by the surface capacitance. This is true at least if the capacitance
is low and the value of electrolyte solution is not too high. Given that electrodes in our study are
symmetric, we can assume that the impedance between the electrodes can be modeled by electrolyte
resistors and interfacial capacitance (Figure 5A). The impedance spectra of dry MWCNTs showed pure
resistive behavior as represented by an absolute resistance that is independent of the frequency shown
in the Bode diagram (red line in Figure 5B) and the phase shift remains at 0◦ in the whole frequency
range (Figure 5C).
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Figure 4. Mechanical tensile strength measurement set-up, showing pure sample under partial
mechanical load (A) and near failure point (B). A 360 mg sample with partial mechanical load (C) and
near failure point (D). Force loading and related displacement recorded during tensile measurements (E).

There are three distinct regions observed in the Bode plots for pure hydrogel (black spectrum).
At the highest frequencies (between 105 and 104 Hz), resistive behavior is observed where the phase
shift passes through 0◦ and the impedance magnitude is a horizontal line (because resistive impedance
is not frequency-dependent). This represents the bulk resistance of the gel/electrolyte, which is used to
calculate the hydrogel conductivities. In a broad range of frequency (800–1 Hz), capacitive behavior
is observed as indicated by the negative |Z| slope (Figure 5B) and the phase angle approaching −90◦
(Figure 5C), which is due to double-layer capacitance formed at the interface of the electrolyte and
FTO plates, and is typically observed in this frequency range. From the narrow range (400–800 Hz),
diffusion behavior is observed as the phase angle approaches −45◦ (and the slope of impedance
magnitude has changed). This represents the diffusion of ions through the finite thickness of the
hydrogel. Considering all these components, the hydrogel EIS spectra can be fitted using an equivalent
circuit shown in Figure 5A as an insert. Hydrogels containing 10, 20, and 40 mg of MWCNTs exhibited
almost identical impedance magnitude over all frequencies when compared to pure hydrogel. Their
slightly decreased conductivity is due to incorporated MWCNT, which has otherwise higher resistivity
(80.7 Ohms, red spectrum) than pure electrolyte. When comparing pure electrolyte with the hydrogel
containing 80 mg of MWCNTs, the most significant differences occurred in the mid and low frequencies,
where interfacial and bulk ion diffusion is predominant.
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Figure 5. (A) Admittance spectra of MWCNT (red), pure hydrogel electrolyte (black), hydrogel with 80
mg MWCNT (green), and with 360 mg of MWCNT (blue). (B) Bode diagram of absolute impedance and
(C) phase angle as the function of frequency. An electrical equivalent circuit representing the distribution
of resistances and capacitances in the electrode was used for the fitting of the impedance spectra and is
shown as an insert (Rhydrogel represents a resistivity of pure hydrogel; CPE1 is a pseudo-capacitance of
the hydrogel; W is a Warburg resistor related to diffusion of ions within hydrogel electrolyte; Rcarbon

and CPE2 are resistance and capacitance of the carbon fraction, respectively).

The weakly resolved semicircles in impedance and admittance spectra (blue and green spectra,
Figure 5A) indicate multiple circuit elements. Clearly, at higher MWCNT content, the two conductivity
components can be separated. The one at higher frequencies is related to the more conducive hydrogel
electrolyte and the second semicircle (at the middle range of frequencies) represents an electronic
conductivity of the MWCNT fraction. This component is more clearly manifested in samples with
360 mg of MWCNT, with the resistance of MWCNT fraction that is very close to that of dry MWCNT
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(Figure 5, red). Yet, the total conductivity of the material is very similar to pure hydrogel over the
broad range of MWCNT content. A significant change can be observed at the lowest frequency in both
Bode diagrams. The magnitude of impedance decreases, and the phase angle changes from capacitive
to diffusive (approaching −45◦) for all hydrogels containing MWCNT. The Warburg is associated with
a semi solid-state diffusion of ions in hydrogel. The Warburg coefficient representing transition time (τ,
s) reflects the diffusion through the hydrogel is inversely related to the diffusion coefficient, according
to Equation (1):

τ = L2/D, (1)

where L (m) is an effective diffusion length and D (m2 s−1) is a diffusion coefficient. The transition
time (τ) is estimated based on fitting of an electrical equivalent circuit to the impedance spectra and
obtaining Warburg resistor defined as:

Z =
Rctnh( jTω)P

( jTω)P , (2)

where Z is impedance, ω is frequency, R represents resistance, and P is a constant (0 < P < 1).
An effective diffusion length (L, m) is calculated using Equation (1) and the results are shown in

Table 1. In general, the transition time τ, estimated from the fitting of the Warburg element, decreases
with an increasing MWCNT content in the hydrogel. This increase for the electrode containing 360 mg
of MWCNT is within two orders of magnitude of that of pure hydrogel. Consequently, an effective
diffusion length for ion transport, L, decreases with increasing MWCNT amount. The trend in both,
the time constant and the diffusion length, indicates that mass transport within the MWCNT-embedded
hydrogels is improved as compared to the pure hydrogel. This can be rationalized as a positive effect
of an increase of surface area between the electronic conductor (MWCNT) and the hydrogel electrolyte,
resulting in the expansion of the double-layer interface within the material and the current collectors.

Table 1. Time constant (τ) representing the transition time of an ion transport within a hydrogel
obtained from the fitting of electrical equivalent circuits (Figure 5A, insert) and the conductivity of the
MWCNT fraction incorporated into the hydrogel electrolyte. A conductivity of the hydrogel fraction in
a steady state (without elongation) is 5 × 10−2 S cm−1, as demonstrated in Figure 6C.

Sample (mg of MWCNTs) τ 1 (s) L 1 (m)
Conductivity of MWCNT

Fraction (S/cm)

0 5.72 × 10−5 1.61 × 10−7 -

20 1.53 × 10−5 8.36 × 10−8 -

40 2.17 × 10−7 9.95 × 10−9 0.014

80 1.82 × 10−7 9.12 × 10−9 0.010

120 1.14 × 10−7 7.21 × 10−9 0.014

240 4.18 × 10−7 1.38 × 10−8 0.015

360 3.36 × 10−7 1.22 × 10−8 0.023

Pure MWCNT - - 0.031
1 τ = L2/D (D = diffusion coefficient estimated for 0.1 M KCl in acrylamide hydrogel as 4.57 × 10−10 m2 s−1 [34],
L = an effective diffusion length for electrolyte species in acrylamide-based hydrogels.

When the concentration gradient vanishes at the hydrogel/current collector interface, the Warburg
impedance transforms into a capacitive behavior for pure hydrogel (black spectrum, Figure 5A) and
for all samples with an MWCNT content lower than 80 mg (green spectrum, Figure 5A). This is
demonstrated as an almost constant phase angle reaching a steady value of 80◦ for pure hydrogel.
The low-frequency region is noticeably affected by the amount of MWCNT embedded in hydrogel.
This is manifested by a change from capacitive behavior observed for pure hydrogel electrolyte to a
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more diffusive behavior for the MWCNT-hydrogel films. An additional diffusion process may occur
at the MWCNT-hydrogel interface together with the surface diffusion of the adsorbed ions at the
material/current collector. With increasing MWCNT content, this effect is stronger. Consequently,
the low-frequency region of the impedance spectra for the film containing 360 mg of MWCNT shows
an infinitive diffusion due to a large MWCNT-hydrogel interface across the material.

Figure 6. An electrochemical set-up for conductivity test upon elongation. (A) A cross-sectional photo
of hydrogel-embedded MWCNTs (2.79 wt.% of MWCNT). (B) Total conductivity upon elongation,
bending, and twisting normalized to the thickness, length, and width of the film upon elongation (C)
and without normalization (D). The conductivity was estimated based on admittance analysis and
example of spectra are shown in Figures 5A and 7.
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Figure 7. Admittance spectra upon elongation for pure hydrogel (A) and with 360 mg of MWCNT
(B). Admittance spectra for as-prepared (black) and after a long-term charge-discharge (red) for pure
hydrogel (C) and hydrogel with 360 mg of MWCNT (D).

Figure 6 shows the electrochemical set-up for testing conductivity upon elongation, bending, and
twisting (A), and a cross-sectional photo of the MWCNT-hydrogel (2.79 wt.% of carbon), (B) together
with a total conductivity of hydrogel electrodes and electrolytes normalized to the thickness, length,
and width of the film upon deformation (C), and without normalization (D). Overall, the pure hydrogel
electrolyte shows slightly higher specific conductivity as compared to the MWCNT-embedded films in
steady state (Figure 6A). This decrease in total conductivity for the MWCNT-containing materials is
because the resistance of pure MWCNTs is slightly higher than the hydrogel, as manifested in Figure 5A
(red spectrum of bare MWCNT). However, the hydrogel with the highest MWCNT content has higher
conductivity than the bare MWCNT. From the fitting of the admittance spectra, the conductivity of ionic
fraction (hydrogel) and an electronic component (MWCNT) could be resolved and is included in Table 1.
The ionic component (conductivity of pure hydrogel) is higher than the electronic one and remains
constant regardless of the MWCNT content (5.2 × 10−2 S cm−1). The electronic counterpart evolves
around values obtained for the bare MWCNT. A minor increase with increasing MWCNT content
results in mixed conductivity that is close to that of pure electrolyte for the film containing 360 mg of
MWCNT. This demonstrates that the hydrogel does not suppress MWCNT conductivity. The hydrogel
matrix shows conductivity similar to liquid electrolyte and the MWCNT response is similar to what is
typically observed in the liquid electrolyte with a similar KCl concentration [31]. All films showed no
influence of twisting at about 180 degrees on the specific conductivity (Figure 6C,D). Furthermore,
impedance was recorded during bending, and demonstrated a weak decrease when normalized
to new geometries (Figure 6C), or no difference without normalization (Figure 6D). Interestingly,
the elongation from original shape (0% elongation corresponds to as-prepared film) causes an increase
in specific conductivity for all hydrogels since their thickness decreased significantly (although they
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were stretched to more than 150% of their original length; Figure 7A,B shows an evolution of admittance
spectra upon elongation for pure hydrogels and with 360 mg of MWCNT). All electrodes demonstrated
excellent reproducibility of electrical characteristics upon multiple stretching and deformation during
repetitions of the same test (unless breaking was anticipated).

Yet, hydrogels with higher MWCNT content (240 and 360 mg, Figure 6C) showed improved
total conductivity upon elongation when compared to pure hydrogel. This indicates that MWCNT
not only generates electronic conductivity, but also enhances the total conductivity of the hydrogel,
especially when subjected to mechanical deformations. This can be rationalized as improved tensile
strength and rigidness of the MWCNT-embedded films. With that, some indication is given that weak
chemical interactions between the MWCNT surface (enriched with oxygen-containing functionalities,
i.e., carboxylic, phenolic, hydroxyl groups) and the acrylamide are possible, and result in improved
mechanical and electrical characteristics of the combined materials. These molecular interactions can
be also confirmed by the shift of onset peaks of hydrogel in the presence of MWCNT in the TGA
spectrum (Figure 2). In addition, optical observations revealed a uniform distribution of MWCNT
within the hydrogel, even at high MWCNT content (Figure 6B). The electrode shows good homogeneity
and carbon dispersion across the film. This could be rationalized as both electrostatic and chemical
effects i.e., related to the negative charge of MWCNT surface and alginate, and/or weak interaction
between carboxyl groups present on the MWCNT surface with hydroxyl functionalities of alginate,
resulting in chemical bond formation or possible electrostatic interaction. Thus, alginate not only
participates in an ionic cross-linking of the base hydrogel matrix, but also modifies the MWCNT surface
resulting in its better dispersion in aqueous solution, keeping in mind that these interactions are rather
weak (hydrogen bridging or Van der Waal forces), unless esterification between these components
is considered. At this point of the study, we can only speculate on the nature of these interactions
since the FTIR did not show a significant difference between pure hydrogel and MWCNT-containing
samples (Figure 4).

3.4. Electrochemical Stability

An accelerated charge-discharge led to degradation of the hydrogel at the point of contact of
materials with the FTO current collector (manifested by slightly darker color at the hydrogel/FTO
contact). Furthermore, TGA analysis of as-prepared and degraded hydrogels showed no differences
in the thermograms, leading to conclusions that the increase in impedance (observed only at lowest
frequencies) are related to the passivation of the FTO when exposed to corrosive components such as
1 M KCl for extended periods of time. Both the thermal and spectroscopic analysis have revealed that
there is no noticeable chemical change within the material after long-term charging at 0.5 mA.

The total conductivity of hydrogel decreases only slightly and within the same order of magnitude
as demonstrated on the admittance spectra in Figure 7C,D. Since the bare MWCNTs did not show
any changes when subjected to charging at various current loads, we concluded that the decrease in
conductivity is primarily due to the passivation of the contacts. The analysis of the Warburg element
did not show any changes in time constant, or if any, the values laid within the calculation error. Yet,
the decrease in admittance is slightly smaller for pure hydrogel as compared to the MWCNT-containing
electrodes when tested in the long-term charge-discharge. This indicates slightly faster degradation
due to the presence of MWCNT. Since the MWCNT enhances electrical contact between hydrogels,
current collectors, and within materials, the degradation due to charging is accelerated.

To further estimate the practical potential windows for hydrogels, samples were polarized at
various regimes and corresponding cyclic voltammograms are presented in Figure 8. In general,
all hydrogels are stable within −0.95 and +0.95 V regardless of the MWCNT content, with a slightly
improved potential stability for samples containing 360 mg of MWCNT. The materials are pronounced
unstable above ±1.0 V due to water evolution as revealed by strong redox signals in CVs in Figure 8.
An important observation was made on the current magnitude recorded for pure (Figure 8B, insert) and
MWCNT-embedded hydrogel (Figure 8A). Due to the high content of MWCNT that are well-known to
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be double-layer capacitors, the current observed for combined hydrogel is two orders of magnitude
higher when compared to pure hydrogel. Both the current and the shape of the CV spectrum indicate
the strong capacitive nature of the latter, making them a potentially good candidate as an electrode
material for flexible capacitor devices.

Figure 8. The cyclic voltammetry of the hydrogel containing 360 mg MWCNT (A) and pure hydrogel
((B), insert) scanned at various potential ranges at 0.2 V s−1.

Cyclic voltammetry (Figure 9A) was utilized to define the area-specific interfacial capacitance of
the material (Cs, F cm−2), calculated through Equation (3):

Cs =
1
2

ACV
aΔVν

′ (3)

where ACV is the area bound by the CV (0.00284 AV), a is the electrode surface area (12.0 mm × 12.0 mm),
ΔV is the potential window (1.6 V), and ν is the scan rate (0.2 V s−1). For the MWCNT-hydrogel
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at 3.69 wt.% of carbon, the area-specific interfacial capacitance was 27 mF cm−2. This interfacial
double-layer capacitance of the carbon is within a range of the thin-film solid-state carbon electrodes
(11 mF cm−2; [35]). The impact of carbon content on a magnitude of charging current has been noticed
only at higher MWCNT concentration (higher than 240 mg of MWCNT, that is 1.88 wt.%; Figure 9A).
This leads to the conclusion that the minimum carbon content of 2.0 wt.% is required in order to create
flexible electrodes with desired electrical characteristics. Figure 9B demonstrates a typical increase of
current with increasing potential scan rate (for the electrode with 2.79 wt.% of MWCNT), showing the
ability of this electrode to pass more charge. The bulk capacitance of these electrodes is expected to be
much higher and will be tested in a three-electrode electrochemical cell in a future study. An increase
in charging current for the carbon-containing hydrogel in comparison to the pure hydrogel electrolyte
shown in Figure 9A (black scan) indicates the viability of this conducting platform and its possible
implementation in stretchable electronics.

Figure 9. (A) CV scans recorded at 0.2 V s−1 of the pure hydrogel (black) and MWCNT-embedded
hydrogel (green—0.93 wt.% and red—2.79 wt.% of carbon). (B) CVs of MWNT-embedded hydrogel
(2.79 wt.%) at various scan rates.
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4. Conclusions

We have investigated the effects of MWCNT addition within polyacrylamide-alginate hydrogels,
on conductivity and mechanical characteristics in their steady state, and upon mechanical stretch.
Based on the mechanical analysis, the tensile strength of pure hydrogel was similar to hydrogels
reported in the literature, with increasing strength for MWCNT-embedded hydrogels synthesized in
this work. The impedance spectroscopy revealed that the total resistance of electrodes decreased with
increasing MWCNT content during their elongation, and that bending and twisting do not change their
conductivity. The MWCNT-embedded hydrogels showed mixed ionic and electronic conductivities,
both within the same range of 5–10 mS cm−1 in a steady state. In addition, the thermal stability of the
electrode increased with increasing MWCNT content. This agreed with the long-term charge-discharge
cycling that resulted in enhanced electrochemical stability of the MWCNT-hydrogel hybrid when
compared to pure hydrogel electrolyte. These hydrogel films showed an interfacial double-layer
capacitance at the high MWCNT content, which demonstrates their applicability in lightweight and
yet flexible energy storage applications.
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Abstract: Flexible pressure sensors have attracted tremendous research interests due to their
wide applications in wearable electronics and smart robots. The easy-to-obtain fabrication and
stable signal output are meaningful for the practical application of flexible pressure sensors.
The graphene/polyurethane foam composites are prepared to develop a convenient method for
piezo-resistive devices with simple structure and outstanding sensing performance. Graphene oxide
was prepared through the modified Hummers method. Polyurethane foam was kept to soak
in the obtained graphene oxide aqueous solution and then dried. After that, reduced graphene
oxide/polyurethane composite foam has been fabricated under air phase reduction by hydrazine
hydrate vapor. The chemical components and micro morphologies of the prepared samples have
been observed by using FT-IR and scanning electron microscopy (SEM). The results predicted that the
graphene is tightly adhered to the bare surface of the pores. The pressure sensing performance has
been also evaluated by measuring the sensitivity, durability, and response time. The results indicate
that the value of sensitivity under the range of 0–6 kPa and 6–25 kPa are 0.17 kPa−1 and 0.005 kPa−1,
respectively. Cycling stability test has been performed 30 times under three varying pressures.
The signal output just exhibits slight fluctuations, which represents the good cycling stability of
the pressure sensor. At the same stage, the response time of loading and unloading of 20 g weight
turned out to be about 300 ms. These consequences showed the superiority of graphene/polyurethane
composite foam while applied in piezo-resistive devices including wide sensitive pressure range,
high sensitivity, outstanding durability, and fast response.

Keywords: reduced graphene oxide; polyurethane foam; flexible electronics; pressure sensing

1. Introduction

With the rapid development of the information technology, flexible pressure sensors have been
extremely concerned due to their potential in human machine interface, flexible robots, wearing
electronic equipment, and flexible electronic skin [1–15]. Normally, flexible pressure sensors are
divided into three types: capacitive, piezoelectric, and piezo-resistive. Among them, piezo-resistive
sensor is the most favorite because of its simple manufacturing techniques and easily collecting signal
output [2,16–19].

A typical method to prepare the flexible pressure sensors is to construct a composite with elastomer
material as the matrix and the conductive filling materials. The external force induced compression
deformation would lead to the rearrangement of the conductive fillings, which finally changed the
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resistance of the elastic composite [13,20–23]. Generally, the piezo-resistive materials were mainly
fabricated with conductive particles filled with elastomer composites. The deformation of the elastomer
would force the conductive particles to form another electrical conductive network. Besides, thin
conductive film such as carbon nanotubes (CNTs) and graphene were laminated on the elastomer film
to improve the connecting efficiency of the conductive components. However, the deformations of
these solid materials required overcoming strong energy to move the molecular chains, which seriously
restricts the sensitivity of the manufactured piezo-resistive materials [24–26]. Obviously, substrate
with lower Young’s modulus possesses stronger deformation ability which significantly contributes the
sensitivity. Polyurethane (PU) foam, which is an elastic material with large amount of through-pore
structures and exhibiting low Young’s modulus and high resilience, is an ideal candidate for high
performance substrate for piezo-resistive sensors.

Graphene is a two-dimensional (2D) carbon material which has excellent physical
properties [16,19,27]. It is a honeycomb shaped 2D planar crystal which is composed of 6 sp2

hybrid carbon atoms connected by σ bond. As reported [28–31], graphene has exhibited excellent
physical properties. For instance, specific surface area is as high as 2600 m2g−1, ultralow areal density
of 0.77 mg/m2, the optical transmittance can be as high as 98%, high electron mobility and thermal
conductivity of 2.5 × 105 cm2/Vs and 5000 Wm−1K−1, respectively. Therefore, graphene shows great
potential in many fields.

In this paper, a convenient method of preparing the flexible piezo-resistive sensors is proposed.
the reduce graphene oxide (rGO)/PU foam composite are fabricated via soaking the GO aqueous
solution with pure PU foam and then reduced with hydrazine hydrate vapors. The chemical structure
as well as the micro morphologies have been observed. Except that, the pressure sensing performance
such as sensitivity, recognition ability to different pressures, cycling stability and response time have
been systematically investigated. Due to the simple fabrication method, easily obtained raw materials
and controllable preparation conditions, the composite materials can be manufactured with high
reproducibility and very low cost. Except that, the chemically inert of the rGO enables it with good
reusability over time as long as they were stored and used within the moderate environment.

2. Experimental

2.1. Materials

Fourier infrared tester (Tensor 27, Bruker, Ettlingen, Germany) and scanning electronic microscope
(6510LV, JEOL, Tokyo, Japan) are applied for chemical structure and micro morphologies measurements.
Electrochemical workstation (PGSTAT302N, Metrohm Autolab, Utrecht, Netherlands) and RLC digital
electric bridge (TH2818, Tonghui, Changzhou, China) are used to detect and record the resistance of the
composites foam under varying pressure. Digital display force gauge (Mark-10, ESM301, MARK-TEN,
New York, NY, USA) and relative tension and compression testing bench used for applying the
pressures. The microcrystal graphite used is purchased from Qingdao Jiaodong graphite Co., Ltd.,
Qingdao, China. The other chemicals used in the experiments are obtained from Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China. The deionized water is self-made in our lab.

2.2. The Preparation of Graphite

Modified Hummers method is used to synthesize the well delaminated GO. The oxidizing agents
were concentrated with sulfuric acid and potassium permanganate. The acid and inorganic salts
were removed from GO by centrifugation and dialysis. The purified GO aqueous solution was then
configured to a fixed concentration for subsequent use.

2.3. Preparation of the Reduced Graphene Oxid/Polyurethane (rGO/PU) Foam Flexible Conductive Materials

As Figure 1 shows, the polyurethane (PU) foam was sliced into a fixed size of 40 × 40 × 30 mm3.
They were pre-cleaned in the alcohol and then dried in oven at 60 ◦C for 2 h. After that, the PU foam
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were dipped into the GO aqueous solution with concentration of 3 mg/mL for 15 min. During this
period, the foam was constantly squeezed in order to adsorb as much GO aqueous solution as possible.
Then, the PU foam was transferred into vacuum oven at 55 ◦C for 4 h. After the drying process,
the GO/PU foam was hanged in a sealed bottle with 8 mL hydrazine hydrate with concentration of
85 wt.%. The bottle was heated with oil bath with temperature of 100 ◦C for 90 min. The rGO/PU foam
composite was obtained after three times cleaning and drying. The digital camera photographs of the
pure PU foam and the rGO/PU composite foam was displayed in Figure S1.

Figure 1. Schematic figure of Preparation and assembling of the reduced graphene oxide/polyurethane
(rGO/PU) foam piezo-resistive sensor.

2.4. Characterization and Methods

The quality of the GO and rGO were measured and analyzed by using X-ray diffraction (XRD).
The chemical structure as well as the micro morphologies were observed with Fourier Transform
infrared spectroscopy (FTIR) and Scanning electronic microscope (SEM). After that, the piezo-resistive
sensor was assembled by adhering the copper electrodes to the two surfaces with 4 × 4 cm2 of the
conductive sponges. The pressure sensing performance such as sensitivity, recognition ability to
different pressures, cycling stability, and response time were systematically investigated by using
the electrochemical workstation, RLC digital electric bridge, digital display force gauge, and relative
tension and compression testing bench.

3. Results and Discussions

3.1. X-ray Diffraction (XRD) Spectrum of Graphene Oxide (GO) and Reduced Graphene Oxide (rGO)

Figure 2 presents the XRD spectrum of the prepared GO and rGO. As can be seen, both spectra
show an upward single peak. Being different, the peak position of the GO and rGO were 9.92◦ and
24.10◦. Relying on the Bragg’s law, the crystals distance of GO and rGO are observed 0.891 nm and
0.368 nm respectively. Due to the violent oxidation reaction, large amounts of oxygen-containing
groups occur in layers of the graphite during the preparation, and bigger inter planar spacing forms.
These oxygen-containing groups are progressively removed during the reduction, so that the layer
spacing decreases to 0.368 nm. It is closed to the layer spacing of natural flake graphite, which is
0.34 nm. This is the main reason to showing XRD results. The GO and rGO were prepared accordingly
previous reported literatures [32,33].
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Figure 2. The X-ray diffraction (XRD) spectrum of graphene oxide (GO) and reduced graphene oxide
(rGO) prepared with modified Hummers method.

3.2. Chemical Structure Analysis

Figure 3 shows the FTIR spectra of GO and rGO, blank PU foam obtained using Fourier Transform
infrared spectroscopy. Infrared characteristic absorption peak of GO is shown in above figure.
The stronger wide peak for free hydroxyl stretching resonance absorption at 3430 cm−1. The tip of peak
for telescopic resonance absorption peak of carboxyl-carbon-oxygen double bond in GO at 1725 cm−1.
The bending resonance absorption peak of C–OH is at 1630 cm−1. Carbon oxide carbon epoxy bond
absorption peak is at 1110 cm−1. This indicates that the prepared GO have free hydroxyl and carboxyl
groups and these groups are reduced by hydrazine hydrate vapor. The rGO has a little hydroxyl and
epoxy groups. Comparing the change of the characteristic absorption peak in 5 infrared absorption
curves, it could be known that after the compounding of PU foam and rGO, the peak of PU, itself
has been weakened and the absorbing peaks of GO have occurred. In addition, the characteristic
absorption peaks in the infrared spectra of rGO/PU foam are similar with the pure rGO. It can be
inferred that the hydrazine hydrate vapor reduced rGO completely wrapped the PU foam because the
specific absorption peaks of PU foam completely disappeared.
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Figure 3. Fourier-transform infrared (FT-IR) of the graphene oxide (GO), reduced graphene oxide
(rGO), pure polyurethane (PU), graphene oxide/polyurethane (GO/PU) and reduced graphene
oxide/polyurethane (rGO/PU) composite foam.

3.3. Micro Morphology

Figure 4 shows the SEM images of a pure PU foam and rGO/PU foam, where Figure 4A, and B
are images of pure PU foam at different magnifications, Figure 4C–F are rGO/PU foam at different
magnifications. It can be seen from the images that the pores of the PU foam are regular, evenly
distributed, and the surface is rough, which helps for the adhesion of GO.

Figure 4. Scanning electron microscopy (SEM) images of pure polyurethane (PU) foam (A,B) and
reduced graphene oxide/polyurethane (rGO/PU) foam (C–F) with varying magnifications.

From the Figure 4C–F, the rGO is sufficiently arranged on the wall of the foam pores. The surface
of the rGO/PU foam exhibits lots of wrinkles and burrs. The directional arrangements of the rGO can be
easily observed though the SEM image with high magnification (Figure 4E). The through-pore structure
would be compressed while the external pressure was loaded on the composite foam. The wall of
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the foam pores that consisted of direactional arrangement rGOs would contact to each other forming
electron transmission pathways. The wrinkles and burrs becomes “micro-switches” to adjust the
contact area and quantity that dominated the equivalent circuit of the composite foam. As a result, the
resistance would change rapidly when the rGO were rearranged under the pressure. This process was
illustrated in Figure S2.

3.4. Sensitivity

To evaluate the sensing performance of the prepared rGO/PU foam composite, a series of different
pressures were loaded on the assembled piezo-resistive sensor. The resistance and the compression
amount were recorded. The original electrical resistance of the assembled piezo-resistive sensor was
about 7.35 kΩ. Figure 5 represents the calculated relative resistance changes (ΔR/R0) and compression
amount (ΔL) curves to the varying pressure. As can be seen, the relative resistance change shows
similar trend with the compression. The relative resistance change and compression amount increased
rapidly both in the pressure range of 0–6 kPa and then the rate of rise gradually decreases in the larger
pressure range of 6–25 kPa. This may be caused by the variation of the pore structure during the
compression process, which result in the different change rate of the contact area of the graphene sheets
on the pore walls.

S =
∂(ΔR/R0)

∂P
(1)

ΔR = R−R0 (2)

where the R refers to the resistance under the pressure p and the R0 refers to the original resistance of
the piezo-resistive device.

Figure 5. Relative resistance changes and compression amounts of reduced graphene
oxide/polyurethane (rGO/PU) composite foam under pressure bellow 30 kPa.

According to the definition of equation of sensitivity (Equations (1) and (2)) [8,9] the ΔR/R0 curve
can be divided into two linear sections and fitted. The slope of the two linear fitted line can be
considered as the sensitivity in that pressure range. From the figure, the value of sensitivity under the
range of 0–6 kPa and 6–25 kPa are 0.17 kPa−1 and 0.005 kPa−1, respectively.
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3.5. Pressure Discrimination

Figure 6 presents the real-time current response under constant voltage supply of 0.5 V when
varying pressure (ranging from 0.625 kPa to 10.4 kPa) were loaded on the rGO/PU foam composite.
As can be seen, lots of current stages existed in the very stable based line. What is worth noting
is that the stage and the baseline are almost parallel to the horizontal axis. This indicates the high
signal to noise ratio of the piezo-resistive sensor. The height of the current stage increased while the
applied pressure increased which means the resistance of the device decreased. What is more, the
different stable current stages induced by various pressures shows the excellent pressure discrimination
of the piezo-resistive sensor which is practical useful to the application scenario requiring specific
pressure value.

Figure 6. Real-time current response of reduced graphene oxide/polyurethane (rGO/PU) composite
foam under different pressure.

3.6. Cycling Stability

In order to measure the cycling stability of the sensor, the different pressure of 0.625 kPa, 2.083 kPa,
and 3.125 kPa were repeatedly applied and removed on the rGO/PU foam composite sensor for 30 times
with time interval of 0.5 s. The results were displayed in Figure 7. As can be seen, there are several slight
fluctuations for the cycling stability testing of each pressure. This may be caused by the little difference
of the contacting area even under the same pressure. Actually, the rigid rGO plane fulfilled in the PU
foam pore could contribute to the cycling stability by limiting the compression deformation trajectory.

In addition, comparing with different pressures, there is a little offset of the current change while
removing the pressure. This may be caused by the inherent creep and stress relaxation properties of
the PU foam. In other word, the PU foam structure changed themselves to resist the applied pressure
but need a long time to recover, which is expressed as the offset of baseline.
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Figure 7. The 50 times cycling stability of the prepared reduced graphene oxide/polyurethane (rGO/PU)
foam composite sensor under 0.625, 2.083 and 3.125 kPa.

3.7. Response Time

The response time was tested by loading and unloading a fixed pressure with 20 g weight on
the piezo-resistive sensor with fast speed. The response time (τ) could match the formula τ = τm + τs.
Among them, τm is the time that the rGO/PU composite foam induct the pressure change when adding
or removing the force; τs is the time which start from the rGO/PU composite foam inducting the
pressure to the electrical parameters finishing the change. As τm is small and cannot be detected
accurately, the value of τs is used to represent the completely response time of rGO/PU in this study.
From Figure 8, we can find that the τs is about 0.3 s while using the 20 g weight as the pressure
applying object.
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Figure 8. The response time and the recovery time of the reduced graphene oxide/polyurethane
(rGO/PU) composite foam sensor.

4. Conclusions

In this present research, the graphene/polyurethane foam composites are prepared to develop
a convenient method for piezo-resistive devices with simple structure and outstanding sensing
performance. The chemical components and micro morphologies have been observed by using FT-IR
and SEM. The results predicted that the graphene is tightly adhered to the bare surface of the pores.
The pressure sensing performance has been also evaluated by measuring the sensitivity, durability,
and response time. The results indicate that the value of sensitivity under the range of 0–6 kPa and
6–25 kPa are 0.17 kPa−1 and 0.005 kPa−1, respectively. Cycling stability test has been performed 30 times
under three varying pressures. The signal output just exhibits slight fluctuations, which represents
the good cycling stability of the pressure sensor. At the same stage, the response time of loading and
unloading of 20 g weight were turn out about 300 ms. These consequences showed the superiorities
of graphene/polyurethane composite foam while applied in piezo-resistive devices including wide
sensitive pressure range, high sensitivity, outstanding durability, and fast response.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/8/1289/s1,
Figure S1: The digital camera photographs of (a) pure PU foam, (b) prepared rGO/PU composite foam, (c) Digital
display force gauge and relative tension and compression testing bench and (d) Electrochemical workstation;
Figure S2: The pressure sensing mechanism of the rGO/PU composite foam sensor with pore structures and
switchable rGO wrinkles and burrs.
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Abstract: Biobased thermoplastic polyurethane (bTPU)/unmodified graphene (GR) nanocomposites
(NCs) were obtained by melt-mixing in a lab-scaled conventional twin-screw extruder. Alternatively,
GR was also modified with an ionic liquid (GR-IL) using a simple preparation method with the aim
of improving the dispersion level. XRD diffractograms indicated a minor presence of well-ordered
structures in both bTPU/GR and bTPU/GR-IL NCs, which also showed, as observed by TEM,
nonuniform dispersion. Electrical conductivity measurements pointed to an improved dispersion
level when GR was modified with the IL, because the bTPU/GR-IL NCs showed a significantly
lower electrical percolation threshold (1.99 wt%) than the bTPU/GR NCs (3.21 wt%), as well as
higher conductivity values. Young’s modulus increased upon the addition of the GR (by 65% with
4 wt%), as did the yield strength, while the ductile nature of the bTPU matrix maintained in all the
compositions, with elongation at break values above 200%. This positive effect on the mechanical
properties caused by the addition of GR maintained or slightly increased when GR-IL was used,
pointing to the success of this method of modifying the nanofiller to obtain bTPU/GR NCs.

Keywords: nanocomposites; graphene; melt processing; mechanical properties; electrical
conductivity

1. Introduction

Polymer nanocomposites (NCs) containing carbon-based electrically conductive nanoparticles
have gained a certain advantage over other hybrid polymer systems because, in addition to the
other usual improvements in mechanical and transport properties, they offer enhanced electrical and
thermal conductivity. As a result, these NCs are particularly suitable for different applications such as
low-cost, light-weight, EMI-shielded computer housing and cables, antistatic packaging, high-strength
automotive and aerospace components, high-barrier packaging, and smart clothing/personal sensor
systems [1].

Graphene (GR) is a two-dimensional carbon nanofiller with a one-atom-thick planar sheet of sp2

bonded carbon atoms densely packed in a honeycomb crystal lattice [2]. The good thermal conductivity
and excellent mechanical and electronic transport properties of graphene make it an ideal candidate
for producing thermally and electrically-conductive reinforced NCs [3,4]. However, in order to achieve
these goals, the graphene must be efficiently dispersed in the polymer matrix, a process which is
hindered by the strong intrinsic van der Waals attraction and π–π stacking which tends to cause the
reaggregation of the graphene sheets [5].

Among the different covalent and noncovalent modifications of graphene which are used in order
to overcome the aforementioned restacking problem [6], the use of ionic liquids (IL) as dispersing agents
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has attracted the attention of the scientific community as their use is considered simple, ecofriendly,
and highly efficient [7,8]. ILs are believed to interact with graphene by cation–π stacking and π–π
interactions which prevent the reaggregation of graphene sheets while preserving the electronic
structure of the graphene and its intrinsic properties [9,10]. As a result, ILs have been successfully
used as dispersing agents for graphene in several thermoplastic matrices, including poly(vinyl
alcohol) [11], a copolyamide [12], polylactide [9], polystyrene [13], poly(methyl methacrylate) [14], and
polyvinylidene fluoride [7].

In the search for potential polymer matrices, thermoplastic polyurethanes (TPUs) have attracted
much attention in the recent years [15,16]. This is because they are linear block copolymers with
hard and soft segments and, thus, depending on the composition of the reactants used, such as
isocyanates, polyols, and chain extenders, they can offer a variety of properties, rendering them
suitable for a broad range of applications including automotive, electronics, sports goods, footwear,
and medical devices. The addition of graphene-like structures to TPUs would further broaden the
application potential of these polymers as it would make it possible to obtain electrically conductive
TPUs with improved mechanical and other properties. This is why several papers on TPU-based
NCs containing graphene [17–32] have been included in the bibliography. However, most of these
studies focus on systems prepared by in situ polymerization [21,22,26] and solvent mixing [18–20,23,
26,30–32]. Unfortunately, only a few studies are devoted to TPU/graphene NCs prepared by melt
blending [24–29,31], which is the most practical, versatile, economical, and environmentally-friendly
method as it can be easily adapted to existing conventional plastic processing equipment [33] and does
not require the use of solvents or monomers [34]. Furthermore, in all these last cases, nonindustrial
recirculating mixing equipment was used during processing. Even though the reinforcement effect
of the graphene has been detailed [24–29,31] in several studies, only a few characterize the electrical
conductivity of the NCs [26,28,31] in their analysis of the contribution of graphene as a conductive
nanofiller. Moreover, the use of IL as a dispersing agent to improve the dispersion of graphene in
TPU-based NCs has not been studied to the best of our knowledge.

Finally, the development and production of polymeric materials from renewable resources have
become subjects of considerable interest in the academic and industrial sectors in recent years, due to
their low cost and a growing concern about global warming, carbon emissions and the nonavailability
of certain petrochemical raw materials [35,36]. In fact, biobased TPUs synthesized with polyols
obtained from natural renewable resources are already commercially available [37,38]. The behavior of
these commercial biobased TPUs as potential matrices for the preparation of NCs containing graphene
has not, to our knowledge, been studied.

In this work, electrically conductive NCs with improved mechanical properties were obtained
using conventional industrial-like melt-mixing equipment with a biobased TPU (bTPU) as the
polymeric matrix. Neat GR and GR modified with an IL (GR-IL)—1-butyl-3-methylimidazolium
tetrafluoroborate (BMITFB)—were used as nanofillers. The nanostructure, electrical conductivity,
and thermal and mechanical properties of the bTPU/GR and bTPU/GR-IL NCs were studied
and compared.

2. Materials and Methods

The polymer used in this work was a linear, biobased aromatic polyurethane, Pearlbond® Eco
D590, based on specialty polyols from renewable sources and kindly supplied by Merquinsa (Barcelona,
Spain). Its chemical structure, analyzed by NMR, consists of methylene diphenyl 4,4’-diisocyanate
(MDI) (4 wt%) and polybutylene sebacate (PBSe) (96 wt%). Expanded graphene (GR), comprising
1–2 layers, with a purity > 98.5% and density < 0.2 g/cm2, was purchased from Avanzare (Navarrete,
Spain). The ionic liquid (IL) was 1-butyl-3-methylimidazolium tetrafluoroborate (purity ≥ 98%) from
Aldrich (Saint Louis, MO, USA).
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The modification of GR with IL was performed as follows: first, GR was sonicated in ethanol for
15 min after which the IL was added (in 1:1 ratio). Next, the mixture was sonicated for 1 h. Then it was
dried in an oven at 60 ◦C for 24 h in order to remove the ethanol and obtain the GR-IL powder.

The composition of the prepared bTPU NCs, as well as their real GR content are listed on Table 1.
The NCs were first melt-mixed by extrusion and then injection- or compression-molded to obtain
standard test specimens.

Table 1. Prepared biobased thermoplastic polyurethane (bTPU) polymer nanocomposites (NCs) and
their total nanofiller and graphene (GR) contents.

Composition Nanofiller wt% GR wt%

bTPU-0.5 GR-IL 1 0.5
bTPU-1 GR-IL 2 1

bTPU-1.5 GR-IL 3 1.5
bTPU-2 GR-IL 4 2
bTPU-3 GR-IL 6 3
bTPU-4 GR-IL 8 4

bTPU-1 GR 1 1
bTPU-2.5 GR 2.5 2.5
bTPU-3 GR 3 3

bTPU-3.5 GR 3.5 3.5
bTPU-4 GR 4 4
bTPU-5 GR 5 5
bTPU-6 GR 6 6
bTPU-7 GR 7 7

The extruder used was a Collin ZK25 corotating twin screw extruder-kneader (Collin, Maitenbeth,
Germany) at a melt temperature of 130 ◦C and rotation speed of 400 rpm. The screw diameter and
the L/D ratio were 25 mm and 30, respectively. The extrudates were cooled in a water bath and
pelletized. Injection molding was carried out in a Battenfeld BA-230E reciprocating screw injection
molding machine (Wittman, Wien, Germany) to obtain tensile (ASTM D638, type IV, thickness 1.84 mm)
specimens. The screw of the plasticization unit was a standard screw with a diameter of 18 mm, L/D
ratio of 17.8, and a compression ratio of 4. The melt temperature was 130 ◦C and the mold temperature
was 15 ◦C. The injection speed was 10.2 cm3·s−1. The specimens were left to condition for 24 h in a
desiccator before analysis or testing. The samples used for the electrical conductivity measurements,
which were 70 mm in diameter and 1.1 mm thick, were obtained by hot-pressing at 130 ◦C using a
Collin P200E press (Collin, Maitenbeth, Germany).

X-ray diffraction patterns were recorded in an X’pert X-ray diffractometer (PANalytical, Almelo,
the Netherlands) at 40 kV and 40 mA, using a Ni-filtered Cu-Kα radiation source. The transmission
electron microscopy (TEM) samples were ultrathin-sectioned at 30–40 nm using a cryo-ultramicrotome.
The micrographs were obtained in a Tecnai G2 20 Twin microscope (FEI, Hillsboro, OR, USA) at an
accelerating voltage of 200 kV.

For the electrical conductivity measurements, the electrical resistivity of the compression-molded
sheets was determined and converted to conductivity values. Volume resistances were measured using
a digital Keithley 6487 picoammeter (Keithley Instruments, Cleveland, OH, USA).

Tensile testing was carried out by means of an Instron 5569 machine (Instron, Norwood, MA, USA)
at a cross-head speed of 50 mm/min and at 23 ± 2 ◦C and 50 ± 5% relative humidity. A minimum of
five tensile specimens were tested for each reported value.

The melting and crystallization behavior of the NCs was studied by DSC in a DSC-7 calorimeter
(PerkinElmer, Waltham, MA, USA) calibrated with an Indium standard. The samples were first heated
from 0 to 100 ◦C at a heating rate of 20 ◦C/min, then cooled at the same rate and, subsequently,
reheated in the same conditions. The melting temperature (Tm) and enthalpy (ΔHm) of the bTPU
were determined from the second heating scans using the peak maximum and area, respectively.
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The crystallization temperature (Tc) was determined from the cooling scans. Dynamic mechanical
analysis was carried out in a DMA Q800 apparatus (TA Instruments, New Castle, PA, USA) that
provided the plots of the tanδ against temperature. The scans were carried out from −100 to 60 ◦C at a
constant heating rate of 4 ◦C/min and a frequency of 1 Hz.

3. Results and Discussion

3.1. Nanostructure

The nanostructure of the NCs was analyzed by XRD and TEM with the aim of ascertaining
the effect of the modification of the IL on the dispersion level of the GR. Figure 1 shows the XRD
diffractograms of the bTPU-3 GR and bTPU-3 GR-IL NCs, as well as those of the neat components.
As the section of the figure marked with a circle shows, the diffractograms of the neat GR and GR-IL do
not show the characteristic strong, narrow peak of graphite (2θ ≈ 26◦, not shown in the figure), which
corresponds to the reflection of the 002 planes of well-ordered sheets [1,39,40]; instead, a small peak
of very low intensity appears in the same position. This indicates the absence of ordered structures,
and the exfoliated nature of GR and GR-IL [26,41]. In the case of the NCs, the intensity of this peak is
slightly higher, which could be indicative of the formation of some ordered structures or the stacking
of GR sheets in the NCs during melt mixing [26], caused by the considerable van der Waals forces
and strong π–π interactions between the graphene sheets [41–44]. However, the low intensity of these
peaks points to a minor presence of ordered graphene sheets in the NCs.

Figure 1. XRD diffractograms of the neat components and the bTPU-3 GR and bTPU-3 GR-IL NCs.
The circle indicates the typical position of the corresponding peak of ordered graphene.

Additional information about the degree of dispersion of the nanofillers and the nanostructure
of the NCs was obtained by TEM, and micrographs of the bTPU-3 GR and bTPU-3 GR-IL NCs are
shown, as an example, in Figure 2. Other compositions showed similar nanostructures. As can be
observed, the dispersion of both GR and GR-IL is nonuniform, presenting both relatively large stacks
and stacks with only a few layers (Figure 2a,c), as well as individually dispersed graphene sheets
(Figure 2b,d). The nanostructure of these bTPU NCs is similar to that observed for other NCs obtained
by melt-mixing [26,33,45–47] and, taking into account that the samples for microscopy were prepared
in perpendicular planes with respect to the flow direction, the GR platelets seem to have oriented in
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the flow direction during mold-filling [26,47,48]. Although complete exfoliation was not achieved, the
dispersion of GR and GR-IL in the bTPU NCs was good enough to lead to significant improvements in
the mechanical and electrical properties, as discussed below.

Figure 2. TEM micrographs of the bTPU-3 GR (a,b) and bTPU-3 GR-IL (c,d) NCs, obtained with low
(left) and high (right) magnifications. Some graphene stacks have been highlighted with a circle in
figures (b,d).

Regarding the effect of the IL-modified GR, the nonuniform dispersion makes it impossible to
detect any significant difference in the degree of dispersion between the GR and the GR-IL. However,
electrical conductivity is very sensitive to the dispersion level of nanofillers throughout the matrix and
can be used as a qualitative measurement of this parameter.

Figure 3 shows the electrical conductivity of the bTPU NCs as a function of the GR content. Up to
a graphene concentration of 2.5 wt% in bTPU/GR and 1 wt% in bTPU/GR-IL NCs, the electrical
conductivity remained almost unchanged, but when the graphene concentration exceeded these
contents, the electrical conductivity increased dramatically: from 5 × 10−14 S/cm for the neat bTPU
to 2 × 10−7 S/cm for the bTPU-7 GR NC and to 5 × 10−7 S/cm for the bTPU-4 GR-IL, i.e., 7 orders
of magnitude.
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Figure 3. Electrical conductivity of the bTPU/GR (�) and bTPU/GR-IL (•) NCs as a function of the
GR content. The dotted lines mark the calculated pc.

The electrical percolation threshold (pc) was fitted using the power law function for conductivity
values near the pc [49]: σ(p) = B(p-pc)t, where σ(p) is the experimental conductivity value at
concentrations p > pc, B is the proportionality constant, and t is the critical exponent. The experimental
results were fitted and the pc was determined at 3.21 wt% GR for the bTPU/GR NCs and at 1.99 wt%
GR for the bTPU/GR-IL NCs. Therefore, modifying the GR with the IL leads to a significant reduction
in the percolation threshold of the bTPU NCs. In addition, when conductive NCs with the same amount
of GR are compared (for example, bTPU-4 GR and bTPU-4 GR-IL), the latter showed a significantly
higher electrical conductivity. ILs are known to interact with the graphene by cation–π stacking and
π–π interactions which prevent reaggregation of graphene sheets [9,10]. Their ability to improve the
dispersion of graphene in several thermoplastic matrices has been demonstrated [7,9,11–14]. Therefore,
it can be concluded that, although not clearly detected by TEM, the modification of GR with IL leads
to the enhanced dispersion of the nanofiller, which, in turn, gives rise to a significantly lower electrical
percolation threshold in the bTPU/GR-IL NCs than in the bTPU/GR NCs.

In spite of the important contribution of graphene as a conductive nanofiller, relatively few
research studies have analyzed its effects on the electrical conductivity of this type of polymer NCs.
When compared with other TPU NCs obtained by melt blending, the pcs obtained in this work are
lower than those observed in a study on TPU NCs with expanded graphite [28]. In the same work,
the pc was reduced to 2 wt% upon optimization of the processing parameters; however, the NCs
obtained presented an inhomogeneous nanostructure featuring large elongated aggregates, which
is unsuitable from a mechanical point of view. Kim et al. [26] reported that the surface resistance of
melt-processed TPU NCs with thermally-reduced graphite oxide (TRG) decreased at contents >0.5
vol% (~0.9 wt%). This finding is similar to the one obtained for the bTPU/GR-IL NCs in this work,
where the conductivity increased at GR contents greater than 1 wt% (Figure 3). However, it should
be mentioned that the value reported by Kim et al. refers to surface conductivity, and not volume
conductivity as was measured in this work.

Higher [1,50–53] pc values have been reported for melt-mixed NCs based on other polymer
matrices and graphene. As in other NCs with carbonaceous nanofillers [54], the pc is affected by
various factors including the aspect ratio, the degree of dispersion or orientation of the nanofiller,
the processing method and parameters, and the viscosity, molecular weight, and crystallinity of the
polymer matrix.
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In conclusion, the modification of GR with IL is an effective method of reducing considerably the
electrical percolation threshold in polymer/graphene NCs, as the pc determined in this study is one of
the lowest electrical percolation thresholds reported in the literature for directly melt-blended NCs
with a graphene-like nanofiller.

3.2. Mechanical Properties

As TPUs are used for a wide range of different applications, optimum control of their mechanical
properties is critical. However, the stiffness of TPUs is low, so improving Young’s modulus while
retaining other desirable properties is an objective of particular interest. Therefore, the effects of the
addition of GR and GR-IL on the mechanical properties of the bTPU were analyzed by tensile testing
and the obtained results are summarized in Table 2. As the bTPU/GR NCs showed similar behavior,
only the stress–strain curves of the neat bTPU and the bTPU/GR-IL NCs are shown in Figure 4. As can
be observed, all the samples showed yielding and broke at high elongation values.

Table 2. Mechanical properties of the bTPU NCs.

Composition
Young’s Modulus
(MPa) (±10 MPa)

Elongation at
Break (%) (±20%)

Tensile Strength
(MPa) (±0.5 MPa)

Yield Strength
(MPa) (±0.5 MPa)

bTPU 460 560 24.0 12.5
bTPU-0.5 GR-IL 490 500 20.5 13.5
bTPU-1 GR-IL 530 440 18.5 14.0
bTPU-1.5 GR-IL 550 420 18.0 14.0
bTPU-2 GR-IL 610 340 16.5 14.5
bTPU-3 GR-IL 700 300 15.0 15.0
bTPU-4 GR-IL 740 280 14.5 15.5

bTPU-1 GR 510 400 18.0 14.0
bTPU-2.5 GR 630 320 16.5 14.0
bTPU-3 GR 600 320 16.0 14.0
bTPU-3.5 GR 680 300 16.0 14.5
bTPU-4 GR 770 280 17.0 16.5
bTPU-5 GR 780 280 17.0 17.0
bTPU-6 GR 940 260 15.5 18.0
bTPU-7 GR 980 180 16.0 18.5

Figure 4. The stress–strain curves of the bTPU/GR-IL NCs. The curves are shifted along the
vertical axis.
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Figure 5 represents the Young modulus of the bTPU NCs as a function of the GR content. As can
be seen, it increased almost linearly with the addition of GR and GR-IL. The linear modulus increase
suggests that the dispersion and exfoliation levels of GR and GR-IL do not depend on their content in
the NCs. As Figure 5 also reflects, very slight differences can be observed in the behavior of the GR
and GR-IL NCs. This is a particularly positive result in the IL-modified NCs, because ionic liquids
are known to act as plasticizers when added to polymeric matrices [55,56] and the IL used in this
work did plasticize the bTPU matrix (see Table S1). Moreover, when the modulus increase per unit of
added graphene was calculated, slightly higher values were obtained in the GR-IL NCs than in the
GR NCs (average of 69 MPa vs. 65 MPa, respectively). Although the difference is in most cases close
to the experimental error of measurement, it is deemed significant because the yield strength values
showed a similar, even clearer trend, as discussed below. This enhanced mechanical behavior also
suggests improved dispersion in the IL-modified GR, as already stated from the electrical conductivity
measurements, which leads to greater reinforcing efficiency than the unmodified GR.

Figure 5. Young’s modulus of the bTPU/GR (�) and bTPU/GR-IL (•) NCs as a function of the
GR content.

The reinforcing effect of graphene in melt-mixed TPU NCs has been previously analyzed in the
literature [24,26–29]; the extent of the increase in Young’s modulus varies considerably in the studies.
Maximum increases of 558% and 164% have been reported for TPU NCs with thermally-reduced
graphite oxide [26] and expanded graphite [28], respectively. However, the modulus of the neat TPU
in the referenced studies (6 and 27 MPa) was much lower than that of the bTPU used in this work
(465 MPa), which would limit its applicability considerably. In addition, in the case of the TPU NCs
with expanded graphite [28], the increase in Young’s modulus was not due only to the reinforcing
effect of the expanded graphite, but also to the greater crystallinity of the TPU in the NCs.

According to the bibliography, several factors may affect the stiffening effect of graphene-based
nanofillers in polymer matrices, including the dispersion level, aspect ratio, the concentration, interface
bonding, etc., [44], which helps to explain the broad range of modulus increases found in the literature.
In the studies where graphene was melt-mixed with a variety of polymer matrices [46,47], the polarity
match between the polymer and the filler, the nature of the polymer, and the processing conditions
have all been observed to affect the degree of dispersion of the graphene and, thus, the enhancement
in properties [46,47].

As can be observed in Figure 4, all the compositions broke during the strain hardening stage of
the stress–strain curves, and the tensile strength value corresponds to the stress at break. However,
the elongation at break of the NCs decreased, as discussed below, at increasing GR contents, which is
reflected in the tensile strength values (Table 2). This has also been observed in other TPU/graphene
NCs [28]. In order to analyze the effect of adding the GR, the yield strength of the bTPU NCs as a
function of the GR content is presented in Figure 6, and the values are displayed in Table 2. Both NCs
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showed linear increases as the nanofiller content increased, but, as can be seen in the figure and was
previously discussed, modifying GR with IL leads to enhanced yield strength compared with the
unmodified GR. Young’s modulus and yield strength usually show similar behaviors, as they do in the
present work, but the positive effect of the GR-IL is even clearer in the latter than in the former. In fact,
the average yield strength increase per unit of added graphene is 37% higher in the GR-IL NCs than in
the GR NCs (1.18 MPa vs. 0.86 MPa, respectively).

Figure 6. The yield strength of the bTPU/GR (�) and bTPU/GR-IL (•) NCs as a function of the
GR content.

Finally, and as mentioned in the previous paragraph, the ductility, measured as the elongation at
break, of the bTPU (Figure 7) decreased significantly with a minimum addition (1 wt%) of GR, and more
slowly at higher GR contents. Similar behavior has been reported for other melt-mixed TPU/graphene
NCs [24,28,29]. However, in this work, all the NCs showed a clearly ductile nature, with elongation at
break values above 200%; however, the high standard deviation of the measurements does not allow
for any conclusions to be drawn regarding the effect of modifying GR with IL on ductility.

Figure 7. Elongation at break of the bTPU/GR (�) and bTPU/GR-IL (•) NCs as a function of the
GR content.

3.3. Thermal Properties

Figure 8 shows the DSC cooling (a) and second heating (b) curves of the neat bTPU and the
bTPU/GR-IL NCs. The curves corresponding to the bTPU/GR NCs are not presented as they show a
similar trend. The crystallization temperatures (cooling scans), melting temperatures, and enthalpies
(heating scans) of the bTPU NCs are shown in Table 3.
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Figure 8. Cooling (a) and second heating (b) thermograms of the bTPU/GR-IL NCs.

Table 3. The crystallization temperature (Tc), melting temperature (Tm), melting enthalpy (ΔHm), and
glass transition temperature (Tg) of the bTPU NCs.

Composition
Tc (◦C) a

(±0.5 ◦C)
Tm (◦C) a

(±0.5 ◦C)
ΔHm (J/g) a

(±5 J/g)
Tg (◦C) b

(±0.5 ◦C)

bTPU 38.5 64.0–74.0 70 −16.0

bTPU-0.5 GR-IL 42.0 68.5 70 −16.0
bTPU-1 GR-IL 42.5 69.0 70 −15.5
bTPU-1.5 GR-IL 42.5 68.0 70 −15.5
bTPU-2 GR-IL 42.5 67.0 70 −15.5
bTPU-3 GR-IL 43.5 68.0 70 −15.0
bTPU-4 GR-IL 44.0 68.5 70 −15.0

bTPU-1 GR 42.0 66.5 75 −15.0
bTPU-2.5 GR 40.5 66.0 75 −15.0
bTPU-3 GR 44.5 66.5 70 −15.0
bTPU-3.5 GR 43.5 67.5 70 −14.5
bTPU-4 GR 44.0 67.5 75 −15.0
bTPU-5 GR 43.5 68.0 75 −16.0
bTPU-6 GR 44.0 66.0 75 −15.0
bTPU-7 GR 44.0 68.0 75 −14.5

a obtained by DSC. b obtained by DMTA.
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As can be seen in Figure 8a, a broad crystallization peak appeared on cooling at between 30 and
40 ◦C in the neat bTPU, indicating a broad distribution of the perfection/size of the crystals, which is
attributed to the hard segments of the bTPU. In both the bTPU/GR and the bTPU/GR-IL NCs, the
crystallization exotherms narrowed and shifted to higher temperatures (Table 3) as a result of the
nucleating effect of the GR [1,51]. The increase was pronounced at low GR contents, but Tc remained
unchanged as greater amounts of GR were added.

With respect to the second heating scans (Figure 8b), the neat bTPU showed a very broad melting
endothermic peak at ~64–74 ◦C. The characteristics of this melting endotherm indicate a broad
distribution of crystal sizes, fully consistent with the corresponding exotherm in Figure 8a, attributed
to the crystallization of the hard segments of the bTPU matrix. The melting endotherms were narrower
for the NCs and the main peaks appeared at the lowest values of the melting interval of the neat
bTPU endotherm. This indicates a more homogeneous population of crystal sizes in the NCs [51] and
a smaller mean size of the crystals. As previously proposed for the cooling curves, this is probably
related to the nucleating effect of the GR on the crystallization of the bTPU.

With respect to the melting (Table 3) or crystallization (not shown) enthalpies, they hardly changed
when the GR content changed. Different behaviors have been observed in the crystallinity of the
polymer matrix of NCs when graphene is added: (i) increases in crystallinity resulting from a strong
nucleation effect [1,40] (although the changes were not significant enough to affect the mechanical
properties [57]); (ii) decreases in crystallinity as graphene acts as a physical barrier due to its large
surface area and causes interference in the crystallization process [47,51,58]; and (iii) no change [59].
The behavior observed in Table 3 seems to indicate that even though GR favors the formation of bTPU
crystal sites, the degree of crystallinity of the bTPU is unaffected by its presence.

The glass transition temperatures of the soft segment phase of the bTPU were determined from
the tanδ curves obtained by DMTA and the results are summarized in Table 3. The Tg of unfilled bTPU
was located at −16.0 ◦C and the incorporation of either GR or GR-IL gave rise to a scarcely significant
increase of 1 to 1.5 ◦C, close to the experimental error of the measurement. While the presence of
graphene-like structures has, on occasion, been reported to have hindered the molecular mobility of
the polymer matrix causing an upward shift in Tg [58,60], in most studies the Tg remained unchanged
upon the addition of graphene [1,40,51,61].

4. Conclusions

Electrically and mechanically reinforced biobased thermoplastic polyurethane (bTPU)/graphene
nanocomposites (NCs) were successfully obtained using conventional melt-mixing equipment.
The modification of GR with an IL using a simple and rapid method in order to improve the dispersion
level of the nanofiller was successful since it reduced the electrical percolation threshold and enhanced
the mechanical behavior.

NCs with either GR or GR-IL presented nonuniform dispersion, featuring both relatively large
stacks and stacks with a low number of layers, as well as individually dispersed graphene sheets.
The modification of GR with IL led to an improved dispersion level, as the percolation threshold of
the bTPU/GR-IL NCs was significantly lower (1.99 wt%) than that of the bTPU/GR NCs (3.21 wt%).
In addition, the NCs with GR-IL showed higher electrical conductivity values than the bTPU/GR NCs.

The addition of either GR or GR-IL led to significant improvements in Young’s modulus and
yield strength. The superior mechanical behavior of the modified GR-IL NCs with respect to the
unmodified GR NCs—which was only slightly noticeable in the case of Young’s modulus but more
significant in the yield strength—lends further support to the improved level of dispersion of the
nanofiller. Although the ductility values of neat bTPU could not be maintained in the NCs, all NCs
showed elongation at break values of over 200%.

The NCs showed a more homogeneous population of crystal sizes and a smaller mean size
of crystal than the unfilled bTPU, due to the nucleating effect of the GR. However, the degree of
crystallinity of the bTPU in the NCs remained unchanged. The glass transition temperature of the
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bTPU was also unaffected by the addition of GR. No differences in thermal properties were observed
between the GR and the GR-IL NCs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/3/435/s1,
Table S1: Young’s modulus of the bTPU/IL blends.
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Abstract: Electrostatic spraying (ES) was used to prepare multi-walled carbon nanotube
(MWCNT)/waterborne polyurethane (WPU) abrasion-proof, conductive coatings to improve the
electrical conductivity and mechanical properties of WPU coatings. The dispersity of MWCNTs
and the electrical conductivity, surface hardness, and wear resistance of the coating prepared by
ES (ESC) were investigated. The ESC was further compared with coatings prepared by brushing
(BrC). The results provide a theoretical basis for the preparation and application of conductive WPU
coatings with excellent wear resistance. The dispersity of MWCNTs and the surface hardness and
wear resistance of ESC were obviously better than those of BrC. With an increase in the MWCNT
content, the surface hardness of both ESC and BrC went up. As the MWCNT content increased,
the wear resistance of ESC first increased and then decreased, while the wear resistance of BrC
decreased. It was evident that ESC with 0.3 wt% MWCNT was fully capable of conducting electricity,
but BrC with 0.3 wt% MWCNT failed to conduct electricity. The best wear resistance was achieved
for ESC with 0.3 wt% MWCNT. Its wear rate (1.18 × 10−10 cm3/mm N) and friction coefficient (0.28)
were the lowest, which were 50.21% and 20.00% lower, respectively, than those of pure WPU ESC.

Keywords: electrostatic spraying; multi-walled carbon nanotubes; waterborne polyurethane coating;
dispersity; surface hardness; wear rate; friction coefficient

1. Introduction

Waterborne polyurethane (WPU) with water as the dispersion medium is a class of eco-friendly
coatings [1–3]. It does not volatilize organic solvents into the air and is now widely being used in
the industry to gradually replace solvent-based polyurethane owing to its environmentally friendly
characteristic [4–7]. However, the poor mechanical strength and performance of WPU and its inability
to conduct electricity may restrict its applications in some working conditions where relatively
high antistatic property and wear resistance is required. Therefore, it is necessary for WPU to be
modified to meet the requirements of harsh conditions [8]. Researchers have previously shown that
adding nanoparticles to polymers to prepare organic/inorganic nanocomposites could strengthen the
physical and mechanical properties of polymers [9,10]. As a kind of carbon materials, multi-walled
carbon nanotubes (MWCNTs) holding the performance of conducting electricity are likely to maintain
resistance to generally chemical corrosive media. The addition of MWCNTs in WPU could therefore
effectively improve the electrical conductivity and other mechanical properties of WPU coatings.
Moreover, some polar groups, such as –OH, may be adsorbed on the surface of the MWCNT due to the
fibrous structure of the material and its outstanding surface activity. The crosslinking reaction that
occurs between these polar groups and some polar groups in the molecular chain of WPU during the
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curing process of the coating could make the WPU coating form a crosslinked network structure [11],
thus enhancing the mechanical property of the composite coating [12]. Khun et al. [13] prepared PU
composite coatings with different MWCNT contents and found that the cathodic delamination of PU
coatings was significantly lessened as the MWCNT content increased to 0.5 wt%. Manas-Zloczower et
al. [14] obtained PU nanocomposites with the addition of MWCNTs via the in-situ polymerization
of 1,4-phenyldiisocyanate (PPDI) and polycaprolactonediol, it was concluded that the dispersity
of nano-fillers was well and properties of obtained nanocomposites were superior. Gao et al. [15]
prepared a flexible conductive polymer nanofiber composite (FCPNC) with the addition of carbon
nanotube (CNT) and found that the good electrical conductivity and interconnected porous structure
of the FCPNC made it possible to be used as a chemical vapor sensor. However, MWCNTs are
inclined to aggregate due to their characteristics of high aspect ratio and specific surface area [16].
When the MWCNT content is low, the number of agglomerated MWCNTs might be reduced to a certain
extent. However, the electrical conductivity of the composite coating may be too poor to meet the
requirement of antistatic performance, and its surface hardness and wear resistance may also be weak.
When the MWCNT content is high, the antistatic property of the coating can satisfy the application
requirements [17–19], but the composite coating structure would be loose, and the bond strength of the
coating to the metal substrate may be poor. Thus, the coating will likely peel off in pieces once it is
subjected to external forces during application.

In electrostatic spraying (ES), there is a nozzle with a spiculated edge in the head of the spray
gun, which instantly generates high-voltage discharge as well as air ionization once the high-voltage
negative electricity is connected. The advantage of high-voltage corona discharge is that it leads to the
formation of electrostatic field between the spray gun and the metal substrate. Consequently, the liquid
coating with negative charges ejected from the nozzle is attracted to the metal substrate with positive
charges under the action of electrostatic attraction. If compressed air would be used as the driving force
to transport the liquid coating, the coating could be more effectively atomized with the impact force of
compressed air during spraying, it may prevent the agglomeration of conductive fillers to some extent.
In addition, ES could overcome the problem of controlling the coating thickness, which is difficult for
brushing (Br). In this work, a series of MWCNT/WPU nanocomposite coatings were prepared by ES to
not only enhance the dispersity of conductive fillers to some extent but also promote the antistatic and
mechanical properties of the WPU coating. The dispersity of MWCNTs and the electrical conductivity,
surface hardness, and wear resistance of the coating were studied. The result was further investigated
by comparing the coatings with those prepared by Br. This work provides a theoretical basis for the
preparation and application [20,21] of MWCNT/WPU abrasion-proof, conductive coatings.

2. Materials and Methods

2.1. Experimental Materials

WPU was supplied by Jining Huakai Resin Co. Ltd., Jining, China. Its volatile organic
compound (VOC) concentration, viscosity, and solid content were 253 g/L, 75 cps, and 35%, respectively.
The MWCNTs (FloTube 9000 series) were supplied by Beijing Tiannai Technology Co., Ltd., Beijing,
China. The purity, average diameter, average length, and tap density of MWCNTs were 95–97.5%,
10–15 nm, 10 μm, and 0.03–0.15 g/cm3, respectively.

MWCNTs with different contents (0, 0.3, and 0.6 wt%) were each added in WPU by an 85-2
magnetic stirring device (Hangzhou Instrument Motor Co., Ltd., Hangzhou, China) at a low speed of
200–300 r/min for 30 min. Then, the mixtures were each treated using a KQ-50B ultrasonic dispersion
device (Kunshan Ultrasonic Instrument Co., Ltd., Kunshan, China) for 30 min. The relatively evenly
treated WPU dispersions with different MWCNT contents were obtained.

Q235 steel with a size of 50 × 20 × 3 mm was used as the metal substrate and was roughened
by a YX-6050A sand blasting device (Anbangruiyuxin Machine Technology Development Co. Ltd.,
Wuhan, China). The process condition of sand blasting treatment was as follows. The air pressure was
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controlled at 0.6–0.8 MPa, the distance between the spray gun and the metal substrate was kept at
110–150 mm, and the time of sand blasting treatment was kept at 30–40 s.

2.2. Preparation of Coatings

2.2.1. Coating Prepared by ES (ESC)

Due to the characteristic of self-adjustment of coating thickness, the thickness of ES cannot be
increased any further after reaching a certain thickness. Therefore, a method of multi-spraying was
adopted to obtain a thicker coating. The obtained MWCNT/WPU dispersions were each sprayed on
roughened metal substrates to form an underlayer coating using a NEW KCI-CU801 electrostatic
spraying equipment (Shenzhen Honghaida Instrument Co., Ltd., Shenzhen, China). As the underlayer
coating was in semidry and nonflowing conditions, the same MWCNT/WPU dispersion as the
underlayer coating was sprayed again on the uncured underlayer coating to prepare an upper-layer
coating. The average thickness of the multilayer coating was controlled at 80–87 μm. The samples (the
Q235 steel substrate with a multilayer coating) were first cured at room temperature for 3 days and
then at 70 ◦C for 24 h in an oven (Zhejiang YuyaoYuandong CNC Instrument Factory, Yuyao, China).
The process condition of ES was as follows. The voltage of ES was set at 50–60 KV, the pressure of
the compressed air was kept at 0.6–0.7 MPa, the distance between the spray gun and the Q235 steel
substrate was controlled at 100–120 mm, the feedwell diameter was 1 mm, the liquid flow rate was
2 mL/min, and the spray time was 1–2 min.

2.2.2. Coating Prepared by Br (BrC)

The obtained WPU dispersions with different MWCNT contents were each brushed on roughened
metal substrates to prepare MWCNT/WPU composite coatings. The average thickness of the coating
was 80–87 μm. The samples were first cured at room temperature for 3 days and then at 70 ◦C for 24 h
in an oven.

2.3. Measurements

2.3.1. Wear Resistance of the Coating

The wear resistance of the coating, which was tested according to ASTM G99-05, was evaluated
by its wear rate and friction coefficient [22–24]. The experiment on the wear was conducted with
an HT-1000 high-temperature scratch testing machine (Lanzhou Zhongke Kaihua Development Co.,
Ltd., Lanzhou, China) at room temperature using the Q235 steel substrate (50 × 20 × 3 mm) with the
coating against a steel bearing ball (Φ2.5 mm) with a hardness level of HRC62. The applied load was
4 N, the rotation speed of the steel ball was 400 r/min, the sliding radius was 7 mm, and the wear time
was 10 min. The wear rate was evaluated using Equation (1):

I = Δm/2πrntFρ (1)

where I is the specific wear rate (cm3/mm N), Δm is the loss weight (g), r is the sliding radius (mm),
n is the rotation speed of the steel ball (r/min), t is the wear time (min), F is the applied load (N), and ρ
is the density of the WPU coating (g/cm3).

2.3.2. Surface Hardness of the Coating

The surface hardness of the coating was measured using a LX-A Shore durometer with
a measurement range of 0–100 HA (Leqing Sanwen Metering and Detection Device, Wenzhou,
China). The average value was calculated by five data points.
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2.3.3. Electrical Conductivity of the Coating

The electrical conductivity of the coating was evaluated by its resistivity, which is equivalent to
the multiplication of the thickness and the square resistance. The coating thickness was tested using
a HCC-18 magnetoresistive thickness meter (Shanghai Huayang Testing Instrument Co., Ltd., Shanghai,
China). The square resistance was tested at room temperature using a DY2101 digital multimeter
(Duoyi Multimeter, Xi’an, China). The average value of each parameter was counted by six data points.

2.3.4. Micromorphology of the Coating

The morphology of the MWCNT in the uncured MWCNT/WPU coating that was just brushed
or sprayed on the surface of the steel substrate was observed using a JEM-3010 high-resolution
transmission electron microscope (TEM) (JEOL, Tokyo, Japan) to characterize the dispersion of
MWCNTs in the WPU resins. The cross-sectional morphology of the coating was investigated using
a Merlin Compact scanning electron microscope (SEM) (Zeiss, Oberkochen, Germany) to characterize
the dispersion of MWCNTs in the coating.

When the test on the wear was finished, the surface morphology of the wear track was observed
with a VEGA3 XMU SEM (TESCANSCAN, Brno, Czech) to characterize the effect of ES on the wear
resistance of the water-based conductive coating.

3. Results and Discussion

3.1. Dispersity of MWCNTs

Figure 1 shows cross-sectional morphologies of WPU coatings with different MWCNT contents.
When the MWCNT content was 0.3 wt% (Figure 1A), the MWCNTs in ESC were relatively evenly
dispersed without obvious agglomeration and sedimentation. Although MWCNTs did not come into
contact with each other, the generation of tunneling effect from the close average distance between them
would enable the composite coating to conduct electricity [25]. As the MWCNT content increased to
0.6 wt% (Figure 1B), there were no apparently agglomerated MWCNTs in the ESC, and they intertwined
with each other to form an infinite conductive network. The presence may be explained as follows.
Due to the good atomization performance of ES, the still-agglomerated MWCNTs that had been treated
by magnetic stirring and ultrasonic dispersion could be dispersed again. Thus, the agglomeration
and sedimentation of MWCNTs could be weakened to some extent. Moreover, it was obvious that
the morphology of BrC was different from that of ESC. When the MWCNT content was 0.3 wt%,
there were few MWCNTs in WPU resins in the top area of BrC (Figure 1C), resulting in BrC being
unable to conduct electricity. As the MWCNT content increased to 0.6 wt%, MWCNTs in BrC came
into contact with each other to form a valid conductive network (Figure 1D). However, the MWCNTs
were apparently agglomerated and deposited due to their uneven distributions, and the structure of
BrC was thus less compact. The dispersion of MWCNTs in WPU resins was further studied by TEM.
Figure 2A,B show the morphologies of MWCNTs in uncured ESC with 0.6 wt% MWCNT and BrC with
0.6 wt% MWCNT, respectively, on the surfaces of the steel substrates. Compared with the morphology
of the MWCNT in ESC with 0.6 wt% MWCNT (Figure 2A), there were obvious agglomerated MWCNTs
in BrC with 0.6 wt% MWCNT (Figure 2B), and the size of the agglomerated MWCNT particles was
about 150–200 nm. The result was consistent with that of SEM.
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Figure 1. Cross-sectional morphologies of waterborne polyurethane (WPU) coatings with different
multi-walled carbon nanotube (MWCNT) contents: (A) coating prepared by electrostatic spraying
(ESC) with 0.3 wt% MWCNT, (B) ESC with 0.6 wt% MWCNT, (C) coating prepared by brushing (BrC)
with 0.3 wt% MWCNT, and (D) BrC with 0.6 wt% MWCNT.

  

Figure 2. Morphologies of MWCNTs in uncured (A) ESC with 0.6 wt% MWCNT and (B) BrC with
0.6 wt% MWCNT on the steel substrates.

Table 1 summarizes the electrical conductivity of the coatings. It is evident that ESC with 0.3 wt%
MWCNT was fully capable of conducting electricity, but BrC with 0.3 wt% MWCNT failed to conduct
electricity. The electrical conductivity of ESC was better than that of BrC. Generally, the electrical
conductivity results of the coatings were consistent with that of the dispersity of MWCNTs.
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Table 1. Electrical conductivity of WPU coatings with different MWCNT contents.

Coatings Properties 0 wt% 0.3 wt% 0.6 wt%

ESC
Thickness (μm) 81 ± 4 82 ± 4 83 ± 4

Square resistance (MΩ) 0 156.2 ± 5 2.6 ± 0.2
Resistivity (Ω m) 0 12,808.4 215.8

BrC
Thickness (μm) 82 ± 4 82 ± 4 83 ± 4

Square resistance (MΩ) 0 0 155.7 ± 0.5
Resistivity (Ω m) 0 0 12,923.1

3.2. Surface Hardness

The surface hardness of the WPU coating with different MWCNT content is shown in Figure 3.
It is evident that the surface hardness of ESC was significantly higher than that of BrC with the same
MWCNT content. As the MWCNT content rose, the surface hardness of both ESC and BrC went up.
The difference was that the growth rate of the surface hardness of ESC was more rapid than that of BrC.
The surface hardness of pure WPU ESC (79.5 HA) increased by 8.9% compared with that of pure WPU
BrC (73.0 HA). The reason may be explained as follows. Generally, the reason the structure of ESC
is more compact is that it is under the action of high-voltage electrostatic field. The defects that are
generated in the coating during the former spray can be filled up by the atomized coating during the
latter spray. However, when compressed air is used as the driving force to transport the liquid coating,
the liquid coating may be attracted to the metal substrate by electrostatic attraction during spray, and it
is also more effectively atomized by the impact force of compressed air, thus preventing agglomeration
of conductive fillers. A denser coating structure is therefore formed after curing. Moreover, some of
the moisture in the WPU coating is taken away during the spraying process, and the micropores
caused by moisture volatilization during the curing process of WPU thus falls. Therefore, the coating
structure becomes denser, and the surface hardness of the coating is strengthened. In our study,
as the MWCNT content increased from 0.3 wt% to 0.6 wt%, the surface hardness of ESC increased by
6.6%, but the surface hardness of BrC merely increased by 4.0%. The reason the growth rate of the
surface hardness of ESC was higher than that of BrC may be because the MWCNTs in the coating
were relatively evenly dispersed with the help of ES, which effectively prevented the MWCNTs from
depositing and agglomerating [26]. The MWCNTs with hardness greater than that of WPU resins filled
up the micropores arising from the curing process of WPU, and the hardness of the WPU composite
coating was thus greatly improved. In contrast, the ununiform dispersion of MWCNTs in BrC resulted
in MWCNTs being more likely to agglomerate and deposit, and there might have been few or no
MWCNTs in the WPU resins in the upper area of the coating. This intensified the formation of defects
in the coating and thus weakened the effect additional MWCNTs might have had on improving the
surface hardness of the coating.

 

Figure 3. Surface hardness of ESC and BrC with different MWCNT content.
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3.3. Wear Resistance

Figures 4 and 5 show the wear rates and friction coefficient–time curves of WPU coatings with
different MWCNT contents. During the wear test, the applied load was 4 N, the rotation speed of the
steel ball was 400 r/min, the sliding radius was 7 mm, and the wear time was 10 min. Figure 6 shows the
wear track morphologies of WPU coatings with different MWCNT contents. It can be concluded from
Figures 4 and 5 that, as the MWCNT content increased, the wear rate and friction coefficient of ESC
first decreased and then increased, meaning that its wear resistance first increased and then decreased.
However, the wear rate and friction coefficient of BrC accordingly increased, which meant that its wear
resistance declined. It is apparent that the wear resistance of ESC was lower than that of pure WPU
BrC when the MWCNT content was less than 0.6 wt%. The wear rate (2.37 × 10−10 cm3/mm N) and
friction coefficient (0.35) of pure WPU ESC decreased by 50.00% and 10.26%, respectively, compared
with those of pure WPU BrC.

 

Figure 4. Wear rate curves of ESC and BrC with different MWCNT content.

 
Figure 5. Friction coefficient—time curves of WPU coatings with different MWCNT contents.

143



Polymers 2019, 11, 714

  

 

  
Figure 6. Wear track morphologies of coatings with different MWCNT contents: (A) ESC with 0 wt%
MWCNT, (B) ESC with 0.3 wt% MWCNT, (C) ESC with 0.6 wt% MWCNT, (D) BrC with 0 wt% MWCNT,
(E) BrC with 0.3 wt% MWCNT, and (F) BrC with 0.6 wt% MWCNT.

By analyzing the wear rate and friction coefficient, it was apparent that the best wear resistance
was ESC with 0.3 wt% MWCNT (Figures 4 and 5). Its wear rate (1.18 × 10−10 cm3/mm N) and
friction coefficient (0.28), which were the lowest among all coatings, reduced by 50.21% and 20.00%,
respectively, compared with those of pure WPU ESC. The main reason for this is that, when the
MWCNT content was 0.3 wt%, the relatively evenly dispersed MWCNTs in WPU resins would have
compensated micropores in ESC, thus enhancing the strength of the coating [27]. Therefore, it would
be impossible to peel off the ESC from the steel substrate in pieces during the wear process, and its
friction coefficient–time curve was relatively smooth. When the MWCNT content was lower than
0.3 wt%, the strength of the coating decreased, and the coating would be more inclined to wear. As the
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MWCNT content increased to 0.6 wt%, the surface hardness of the composite coating was greater than
that of ESC with 0.3 wt% MWCNT owing to the greater hardness of the MWCNT. However, the large
addition of MWCNTs would cause a part of the MWCNT to agglomerate and the number of worn
pieces may go up during the wear test. The formation of worn pieces may not only greatly aggravate
the wear rate of the coating but also come into the wear track to become a sort of abrasive material that
exacerbated the wear of the coating and generated a wavy friction coefficient–time curve. Figure 6A–C
show wear track morphologies of ESC after the wear test, which may further explain the results of the
wear experiment. It is obvious that there were fewer worn pieces on the wear track of pure WPU ESC.
Its wear track seemed to be shallow, and there were almost no block pieces on the wear track of ESC
with 0.3 wt% MWCNT. However, there were a large number of flake-like pieces on the wear track of
ESC with 0.6 wt% MWCNT.

The analysis of the wear rate and friction coefficient curves of BrC (Figures 4 and 5) showed that
the wear resistance of BrC was worse than that of ESC, and the friction coefficient–time curve of BrC
was very wavy. This may be due to the uneven dispersion of MWCNTs and the poor compactness
of BrC. In addition, the upward trend of agglomerated MWCNTs with the increase in the MWCNT
content may have increased the microdefects in BrC. As the friction time increased, the number of
worn pieces in the coating also increased. It came into the wear track as a kind of abrasive material,
thus increasing the wear rate and friction coefficient of BrC. Figure 6D–F show wear track morphologies
of BrC after the wear test. It is evident that the wear track of BrC was wider and deeper than that of
ESC, and the number of worn pieces on the wear track of BrC was greater compared with that of ESC.
Additionally, the degree of wear of BrC was aggravated with the increase in the MWCNT content.

4. Conclusions

It can be concluded that the dispersity of MWCNTs and the surface hardness and wear resistance
of ESC were obviously better than those of BrC. When the MWCNT content increased, the surface
hardness of both ESC and BrC went up. The wear resistance of ESC first increased and then decreased,
while the wear resistance of BrC decreased. When the MWCNT content was only 0.3 wt%, the coating
prepared by ES was capable of conducting electricity, but the coating prepared by Br failed to conduct
electricity. The best wear resistance was achieved for ESC with 0.3 wt% MWCNT. Its wear rate
(1.18 × 10−10 cm3/mm N) and friction coefficient (0.28) were the lowest, which were 50.21% and 20.00%
lower, respectively, than those of pure WPU ESC.
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Abstract: Polyacrylonitrile (PAN) grafted amino-functionalized multi walled carbon nanotubes
(amino-MWCNTs) were synthesized by in situ polymerization under aqueous solvent. The grafted
MWCNT/PAN nascent composite fibers were prepared by the wet spinning method. Fourier
transform infrared spectroscopy and Raman spectroscopy indicated that the amino-MWCNTs and
PAN macromolecular chains had interfacial interactions and formed chemical bonds. The grafting
content of the PAN polymer on the amino-MWCNTs was up to 73.2% by thermo gravimetric analysis.
The incorporation of the grafted MWCNTs improved the degree of crystallization and crystal size
of PAN nascent fibers, and changed the thermal properties during exothermic processing in an air
atmosphere. Morphology analysis and testing of mechanical properties showed that the grafted
MWCNT/PAN nascent composite fibers with a more uniform diameter distribution and larger
diameter had higher tensile strength and tensile modulus than the control PAN nascent fibers.

Keywords: multi walled carbon nanotubes; polyacrylonitrile; nascent fiber; thermal properties;
morphological structure

1. Introduction

Owing to their unique structure and properties, such as high strength, low mass density, and large
aspect ratio, carbon nanotubes (CNTs) have been used as an ideal reinforcing agent in composites [1,2].
However, CNTs are easily aggregated because of a strong van der Waals force between them and large
specific surface area, which makes CNTs difficult to disperse into most solvents or polymer matrices.
Moreover, it is difficult for strong interfacial interactions to form between the inert surface of the multi
wall carbon nanotubes (MWCNTs) and the polymer matrix, which limits the excellent properties of the
MWCNTs. Thus, various non-covalent and covalent methods are used to modify the surface of CNTs
for improving the dispersion and interfacial interactions. The non-covalent method is based on the
intermolecular interaction on the surface of CNTs, physical adsorption and/or wrapping [3], but the
weak interfacial interaction between the CNTs and polymer matrix limits the effective transfer of stress.
The covalent method is based on the formation of a chemical bond on the outer CNT wall, which can
form a strong interfacial interaction between CNTs and the functionalized agent [4,5]. Katti et al. [6]
reported that the poly(ether ether ketone) grafted on carboxyl functionalized MWCNTs improved the
dispersion of MWCNTs in the epoxy resin by mechanical stirring and exhibited significant enhancement
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in mechanical properties. Konnola et al. [7] showed that hydroxyl terminated poly(ether sulfone)
grafted on multi walled carbon nanotubes obviously increased the tensile strength and fracture
toughness of the epoxy matrix. Therefore, the covalent method is considered, by many authors, an
effective method to modify CNTs in order to obtain CNT/polymer matrix composites [8–11].

Polyacrylonitrile (PAN) is an important precursor for preparing high performance carbon fibers.
The structure and properties of nascent fibers prepared by wet spinning are formed by liquid solid
phase separation under stretching, which influences the evolution of subsequent properties during
the preparation of PAN precursor fibers, and affects the final properties of carbon fibers. Up to now,
CNT/PAN composite precursor fibers have been reported by many researchers [12–16], but the CNTs
were often directly dispersed in the organic solvent and needed to be removed in the last processing,
which polluted the environment. However, in situ polymerization provides an effective way to solve
this problem, and could improve the interfacial interaction and dispersion of the CNTs. Zhou et al. [17]
reported that multi walled carbon nanotube/polyacrylonitrile composite fibers were obtained by in
situ polymerization, which exhibited better dispersion of CNTs and interfacial interaction between
PAN and CNTs compared with fibers prepared by mechanical mixing. Poochai et al. [18] reported
that PAN grafted CNTs by admicellar polymerization would improve the dispersion of CNTs in
the PAN matrix. However, the effects of grafted CNTs on the structure and mechanical properties
for the PAN nascent fibers were rarely reported. Although our research teams have reported the
orientation, crystal structure and thermal properties of CNT/PAN nascent composite fibers [19],
grafted CNT/PAN nascent composite fibers prepared by the wet spinning method need to be further
researched and discussed.

In this paper, PAN grafted amino-functionalization MWCNT (amino-MWCNT) nanocomposites
were synthesized by in situ polymerization under aqueous solvent with ultra-sonication.
The nanocomposites, acrylonitrile (AN) and itaconic acid (IA) monomer, were dissolved in
dimethylsulphoxide (DMSO) and initiated by solution polymerization to obtain the composite spinning
solutions. The grafted MWCNT/PAN nascent composite fibers were prepared by the wet spinning
method. The interfacial interaction between amino-MWCNTs and PAN polymers was characterized by
Fourier transform infrared (FTIR) spectroscopy and Raman spectroscopy. The grafting amount of PAN
polymer was performed by thermo gravimetric (TG) analysis. The effects of the grafted MWCNTs on
the crystal structure, thermal properties, cross-sectional structure and surface morphology, as well as
mechanical properties of the PAN nascent fibers were analyzed by X-ray diffraction (XRD), differential
scanning calorimetry (DSC), transmission electron microscopy (TEM), scanning electron microscopy
(SEM), and a monofilament tensile testing machine, respectively.

2. Experiment

2.1. Materials

The pristine MWCNTs (≥95 wt %) with 10–15 nm diameter and 1–10 μm length were purchased
from Shenzhen Nanotech Port Co., Ltd. (Shenzhen, China), synthesized using the chemical vapor
deposition method. Acrylonitrile (AN) was provided by Beijing Xingjin Chemical Factory (Beijing,
China) and purified before polymerization. DMSO and IA were supplied by the Beijing Yili Reagent
Corporation (Beijing, China). Hydrochloric acid (HCl), hydrogen peroxide (H2O2), thionyl chloride
(SOCl2), tetrahydrofuran (THF) and triethylenetetramine (TETA) were obtained from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Preparation of the Amino-MWCNTs

The pristine MWCNTs were first purified by HCl to remove the metallic catalysts. The purified
MWCNTs were dispersed in H2O2 solution with a concentration of 30% under ultrasonic bath for
2 h, and then stirred at 70 ◦C for 24 h to obtain the MWCNTs with a carboxyl group. The obtained
MWCNTs were refluxed with SOCl2 solution under ultra-sonication at 23 ◦C for 2 h and stirred at
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75 ◦C for 24 h. The MWCNTs with a Cl element were reacted with excessive TETA by ultrasound for
2 h and stirred at 120 ◦C for 24 h to obtain the amino-functionalized MWCNTs (amino-MWCNTs).
The schematic route is shown in Figure 1.

Figure 1. Schematic representation of the formation of amino-MWCNTs.

2.3. PAN Grafted Amino-MWCNT Nanocomposites

The PAN grafted amino-MWCNT nanocomposites were synthesized in aqueous solvent by in
situ polymerization under ultra-sonication. The AN monomer was dispersed in aqueous solution by
ultrasonic treatment for 10 min under nitrogen atmosphere. The certain amounts of amino-MWCNTs
were placed into the mixed solution by ultrasound at 50 ◦C for 30 min. The initiator was added
and the mixture solution begun to polymerize for 2 h. Finally, the mixture was filtered and dried
under vacuum at 40 ◦C. The control PAN polymer was synthesized under the same conditions
without amino-MWCNTs.

2.4. The Grafted MWCNT/PAN Nascent Composite Fibers

The nanocomposites were dissolved in DMSO solvent under an ultra-sonication bath in a nitrogen
atmosphere for 5 min. The AN and IA monomers were added into solvent, and then initiated by
the initiator after 10 min to obtain the grafted MWCNT/PAN composite spinning solution with a
concentration of about 22%. The grafted MWCNT/PAN nascent composite fibers were prepared by
the wet spinning method. The mass concentration of MWCNTs in the nascent composite fibers was
about 1%. The control PAN nascent fibers were prepared under the same conditions without the
grafted MWCNTs.

2.5. Characterization

The chemical bonds were characterized by FTIR spectroscopy (Nicolet 5700 spectrometer,
Thermo Nicolet Company, Madison, WI, USA), and the samples were pressed into a pellet with
potassium bromide (KBr). The spectra obtained ranged from 400 to 4000 cm−1 at a resolution of
4 cm−1. The Raman spectrum was recorded using a Microscopic Confocal Raman Spectrometer
(RM2000, Renishaw, London, UK) with a He-Ne laser (Spectra-Physics) excitation at 632.8 nm.
The amino-MWCNTs and the PAN grafted amino-MWCNTs were deposited on glass slides, and the
laser beam was focused with a 5 μm diameter spot on the samples. Morphologies of amino-MWCNTs
and the PAN grafted amino-MWCNT nanocomposites were directly observed by transmission electron
microscopy (H-800, Hitachi, Tokyo, Japan) at an operating voltage of 200 kV. The samples were
dispersed into alcohol solvent under ultrasonic bath at 40 kHz for 5 min, and then dripped onto
the copper grid covered with a perforated carbon film. The cross-sectional structure and surface
morphology of the PAN nascent fibers and the grafted MWCNT/PAN nascent composite fibers were
examined by SEM (S 4700, Hitachi, Tokyo, Japan) at an operating voltage of 20 kV. The nascent fibers
were cured in epoxy resin, and then fractured in liquid nitrogen to observe the cross-sectional structure
after sputtering gold. The samples were fixed on the surface of a sample table and sputtered with gold
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to examine the surface morphology. The diameter distribution was carried out using ImageJ software
(National Institutes of Health, Berhesda, Rockville, MD, USA), and 20 positions in a SEM image were
chosen for analyzing. The thermal stabilities of the PAN polymer and the different MWCNTs were
evaluated using a thermo gravimetric instrument (TG 209, Netzsch, Bavarian State, Selb, Germany).
Specimens were heated from 50 to 800 ◦C at a heating rate of 20 ◦C/min in a nitrogen atmosphere.
DSC was carried out in an air atmosphere using a Q 100 instrument (TA Company, Boston, PA, USA).
Samples of about 3.0 mg were used to evaluate the exothermic properties of the different nascent fibers
at 10 ◦C heating rate from 50 to 400 ◦C. The mechanical properties were measured by a monofilament
tensile machine (YG001N, Nantong Hongda Company, Nantong, Jiangsu, China). The specimens
were tested at a crosshead speed of 5 mm/min with gage length of 50 mm at room temperature.
The number of tensile tests performed was 25. XRD was recorded using a D/max 2500VB2+/PC
diffractometer (Rigaku, Japan) with a range of 2θ from 5◦ to 55◦ at the scanning speed of 10◦/min
and a step of 1.0 s. The operation was used at 40 kV and 50 mA with Cu Kα radiation (wavelength
λ = 0.154056 nm). The degree of crystallization and the crystal size were calculated according to the
formula C(%) = Ac/(Aa + Ac)× 100% and the Scherrer equation Lc = Kλ/(β cos θ ), respectively.
Where C % is the degree of crystallization, Ac is the area of the crystalline region, Aa is the area of the
amorphous region; Lc is the crystal size, K is 0.89, λ = 0.154056 nm is the wavelength of the XRD, and β

is the full width at half maximum at 2θ ≈ 17◦ [20,21].

3. Results and Discussion

The FTIR spectra of amino-MWCNTs, PAN polymer and PAN grafted amino-MWCNT
nanocomposites are shown in Figure 2. The FTIR spectrum of amino-MWCNTs, as can be seen
in Figure 2a, showed a very strong absorption peak at 1661 cm−1, which is assigned to the stretching
vibration of amide carbonyl groups, and the band at 1086 cm−1 is attributed to the stretching vibration
of the C–N bond. These results are consistent with previous reports [22,23], indicating that the amino
groups are grafted onto the surface of MWCNTs. The FTIR spectrum of the control PAN polymer
showed a very strong absorption peak at about 2243 cm−1, which is attributed to the nitrile group
vibration, and the peak at 1736 cm−1 corresponds to the carboxylic acid groups of IA on the PAN
macromolecular chains [24]. The peaks at 1454 and 1077 cm−1 are assigned to the bending vibration
of C–H groups. The weak peak at 1628 cm−1 belongs to the NH2 bending that was likely caused by
the hydrolysis of nitrile groups [25]. For the PAN grafted amino-MWCNT nanocomposites, the peak
of the carboxylic acid group shifted from 1736 to 1724 cm−1, and the peak of C–H bending vibration
shifted from 1454 to 1451 cm−1 and from 1077 to 1069 cm−1, respectively. Moreover, the strong peak of
amino-MWCNTs shifted from 1661 to 1632 cm−1 of the PAN grafted amino-MWCNT nanocomposites.
The results coming from these shifted peaks suggest that the amino-functionalized groups on the
surface of MWCNTs reacted with the carboxylic acid groups on the control PAN macromolecule chains,
and a chemical bond was formed between them.

Raman spectroscopy was used to characterize the structural changes of the surface of MWCNTs,
and the interfacial interaction between the MWCNTs and polymer matrix according to the shift
of peaks about MWCNTs. The purified MWCNTs, as shown in Figure 3a, had two significant
peaks. The strong peak at about 1579.0 cm−1 (G-band) is assigned to the sp2 graphite carbon of
the MWCNTs, and the broad weak peak at about 1323.1 cm−1 (D-band) is attributed to the sp3

hybridized carbon of the MWCNTs [26]. After being modified by amino-functionalized groups,
as shown in Figure 3b, the amino-MWCNTs also had two typical peaks. However, the peaks
about the G-band and D-band shifted from 1579.0 to 1583.7 cm−1 and from 1323.1 to 1325.0 cm−1,
respectively. Compared with the amino-MWCNTs, the peak of the G-band for the PAN grafted
amino-MWCNT nanocomposites shifted from 1583.7 to 1585.6 cm−1, and the peak of the D-band
shifted from 1325.0 to 1327.8 cm−1. These results indicate that a strong chemical interfacial interaction
exists between the PAN and the amino-MWCNTs after in situ polymerization [27]. The value of the
G-band/D-band intensity ratio (IG/ID) was used to characterize the surface structure of MWCNTs.
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The value of IG/ID for amino-MWCNTs is 5.98, which is lower than that of purified MWCNTs at 9.84.
This suggests that the surface of the amino-MWCNTs has more relative content of sp3 hybridized
carbon than the purified MWCNTs owing to grafting of the amino-functionalized groups. However,
the value of IG/ID for the PAN grafted amino-MWCNT nanocomposites is 4.87, indicating that the
relative number of sp3 hybridized carbon attaching onto the amino-MWCNTs increased after AN
polymerization [28]. Thus, the Raman results suggest that the PAN polymer covalently attached to the
surface of the amino-MWCNTs.

Figure 2. FTIR spectra of (a) amino-MWCNTs, (b) PAN polymer and (c) PAN grafted amino-
MWCNT nanocomposites.

Figure 3. Raman spectra of (a) purified MWCNTs, (b) amino-MWCNTs and (c) PAN grafted amino-
MWCNT nanocomposites.

The relative amount of the grafted PAN can be calculated by TG curves through thermal
decomposition. The TG curves of purified MWCNTs, amino-MWCNTs, the PAN polymer and the PAN
grafted amino-MWCNT nanocomposites in a nitrogen atmosphere are shown in Figure 4. As can be
seen in Figure 4a, the weight loss of purified MWCNTs was 9.6% at 800 ◦C. For the amino-MWCNTs,
as shown in Figure 4b, rapid weight loss occurred between 250 and 400 ◦C, which is ascribed to some
functional groups on the surface of MWCNTs. The weight loss of the amino-MWCNTs at 800 ◦C was
15.2%, which is larger than that of purified MWCNTs. The PAN polymer had similar weight loss to
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PAN grafted amino-MWCNTs at lower temperatures between 80 and 300 ◦C, as shown in Figure 4c,d,
which is attributed to the loss of the residual water and small molecules. At a temperature above
300 ◦C, the PAN polymer begun to lose weight quickly up to 470 ◦C, and then the rate of weight loss
slowed down. During this process, the PAN polymer underwent a cyclized reaction, dehydrogenation
reaction and oxidative reaction to form a ring structure. The weight loss for the PAN polymer at 800 ◦C
was 50.5%. However, the rate of weight loss for the PAN grafted amino-MWCNTs was lower than that
of the PAN polymer for a temperature from 300 to 470 ◦C, and had the same parallel line as the PAN
polymer between 470 and 800 ◦C. The weight loss of the PAN grafted amino-MWCNTs was 38.9% at
800 ◦C. The higher residual weight suggests that the amino-MNCNTs changed the complex chemical
reaction and promoted formation of a more stable ring structure because of the interfacial interaction
between them [29], which was beneficial for obtaining a high yield of the carbon materials. According
to the weight loss at 800 ◦C for the amino-MWCNTs, PAN polymer and PAN grafted amino-MWCNTs,
the content of grafted PAN on the surface of amino-MWCNTs was about 73.2%.

Figure 4. TG curves of (a) purified MWCNTs, (b) amino-MWCNTs, (c) PAN polymer and (d) PAN
grafted amino-MWCNT nanocomposites.

To confirm the PAN polymer grafted onto the surface of the amino-MWCNTs, the TEM images
of amino-MWCNTs and the PAN grafted amino-MWCNTs nanocomposites are shown in Figure 5.
The amino-MWCNTs, having a smooth surface, are individually dispersed with a diameter of about
10 nm, as shown in Figure 5a, and have a hollow structure with an internal diameter of about 5 nm.
However, the PAN grafted amino-MWCNTs, as can be seen in Figure 5b, exhibit a non-hollow structure
owing to the grafted PAN polymer layer, with a diameter of about 20–25 nm and a rough surface.
These results suggest that the PAN polymer was grafted onto the surface of the amino-MWCNTs by in
situ polymerization.

XRD curves of the PAN nascent fibers and the grafted MWCNT/PAN nascent composite fibers
are shown in Figure 6. A PAN macromolecule is considered as a semi-crystalline polymer because
of the strong interaction of the nitrile groups. PAN nascent fibers show a strong absorption peak at
around 16.8◦, which is ascribed to the (100) crystal plane. The weak peak at about 25.6◦ is assigned to
the amorphous region [30]. Because the mass concentration of the grafted MWCNTs in the composite
fibers is small, the grafted MWCNT/PAN nascent composite fibers show a similar shape to the PAN
nascent fibers, indicating that the incorporation of grafted MWCNTs would not change the crystal
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structure of PAN nascent fibers. From the XRD curves, the degree of crystallization and the crystal size
of different nascent fibers are listed in Table 1.

Figure 5. TEM images of (a) amino-MWCNTs and (b) PAN grafted amino-MWCNTs nanocomposites.

Figure 6. XRD curves of (a) the PAN nascent fibers and (b) the grafted MWCNT/PAN nascent composite fibers.

Table 1. XRD data for the PAN nascent fibers and the grafted MWCNT/PAN nascent composite fibers.

Samples Degree of Crystallization (%) Crystal Size (nm)

PAN 35.23 3.01
grafted MWCNT/PAN 38.73 3.42

From Table 1, it can be seen that the degree of crystallization of the PAN nascent fibers was 35.23%,
which was calculated from the (100) crystal plane. The crystal size of the PAN nascent fibers was
3.01 nm, which is assigned to the rod-like structure due to the intermolecular repulsion of the nitrile
dipoles [31]. The degree of crystallization of the grafted MWCNT/PAN nascent composite fibers
was 38.73%, which is higher than that of the PAN nascent fibers. Meanwhile, the addition of grafted
MWCNTs into the PAN nascent fibers improved the crystal size from 3.01 to 3.42 nm. This is attributed
to the MWCNTs with a small diameter as the nucleating agent, which could induce growth of PAN
crystallites, and transform the amorphous regions around the MWCNTs into a crystal region, resulting
in an improvement in the degree of crystallization [32].
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In order to investigate the effect of grafted MWCNTs on the thermal properties of PAN nascent
fibers during the thermal stabilization, the DSC curves of the PAN nascent fibers and grafted
MWCNT/PAN nascent composite fibers under an air atmosphere are shown in Figure 7. It was
clearly seen that the DSC curves displayed two exothermic peaks. The first strong peak is attributed
to the cyclization reaction of the PAN polymer, and the second weak peak is assigned to the oxygen
reaction. The initial temperature (Ti), the first peak temperature (T1), the second temperature (T2), the
finish temperature (Tf) and the evolved heat (ΔH) are shown in Table 2.

Figure 7. DSC curves of (a) the PAN nascent fibers and (b) the grafted MWCNT/PAN nascent composite fibers.

Table 2. DSC data for the PAN nascent fibers and the grafted MWCNT/PAN nascent composite fibers
in an air atmosphere.

Samples Ti (◦C) T1 (◦C) T2 (◦C) Tf (◦C)
ΔH

(J·g−1)
ΔT (◦C)

ΔH/ΔT
(J·g−1·◦C−1)

PAN 194.0 273.9 340.9 390.3 1546 196.3 7.9
grafted

MWCNT/PAN 188.1 273.0 339.5 388.9 1470 200.8 7.3

According to the data in Table 2, the grafted MWCNT/PAN nascent composite fibers have a much
lower value of Ti than the PAN nascent fibers, indicating a greater ease of initiation of stabilization in
an air atmosphere. This phenomenon may be ascribed to the grafted MWCNTs inducing the onset
temperature of the cyclization reaction. The grafted MWCNT/PAN nascent composite fibers had a
lower T1, T2 and Tf than the PAN nascent fibers, which could be assigned to the MWCNTs having
high heat conductivity. However, the grafted MWCNT/PAN nascent composite fibers with a high
degree of crystallization had lower ΔH and broader ΔT than the PAN nascent fibers, suggesting that
the nascent composite fibers were more easily controlled during the thermal stabilization process.

Figure 8 shows the cross-sectional structure of the PAN nascent fibers and the grafted
MWCNT/PAN nascent composite fibers. The cross-sectional structure of the PAN nascent fibers
in Figure 8a shows some porous structures between the skin and core, which is attributed to the
exchange of water and DMSO solvent when the spinning solution passes through the spinneret holes
and spins into the coagulation bath. Furthermore, there are some nanopores on the cross-sectional
morphology in Figure 8b. However, the addition of grafted MWCNTs into the PAN matrix reduces the
number of porous structures and nanopores in the grafted MWCNT/PAN composite fibers, as shown
in Figure 8c,d. Especially as shown by the arrow in Figure 8d, the individual grafted MWCNTs with a
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diameter about 20 nm was exhibited in the cross-section of the nascent composite fibers. Moreover,
the morphology of cross-section for the PAN nascent fibers shows a lamellar structure in Figure 8b.
However, the composite fibers in Figure 8d exhibit some wire drawing on the cross-section owing to
the PAN macromolecular chains. These structures indicate that the grafted MWCNT/PAN nascent
composite fibers have better tensile properties than the PAN nascent fibers. Meanwhile, a less porous
structure means higher compactness, and higher compactness suggests that the nascent fibers have
higher mechanical properties, as shown in Table 3. The addition of the grafted MWCNTs increases the
tensile strength from 3.83 to 4.37 cN/dtex and the tensile modulus from 101.73 to 121.82 cN/dtex, and
decreases the breaking elongation from 50.63% to 32.68%, respectively. Moreover, this porous structure
would continue to be retained in the PAN precursor fibers through the drawing process, which reduced
the tensile strength of the final carbon fibers. Therefore, the grafted MWCNT/PAN nascent composite
fibers would achieve high performance carbon fibers compared with the PAN nascent fibers.

Figure 8. SEM images of cross sectional structure: (a,b) the PAN nascent fibers and (c,d) the grafted
MWCNT/PAN nascent composite fibers.

Table 3. The mechanical properties of the PAN nascent fibers and the grafted MWCNT/PAN nascent
composite fibers.

Samples
Tensile Strength

(cN/dtex)
Tensile Modulus

(cN/dtex)
Breaking Elongation

(%)

PAN 3.83 ± 0.34 101.73 ± 9.32 50.63 ± 4.24
grafted MWCNT/PAN 4.37 ± 0.28 121.82 ± 8.13 32.68 ± 2.33

Figure 9 shows the surface morphology of the PAN nascent fibers and the grafted MWCNT/PAN
nascent composite fibers. Compared with the PAN nascent fibers in Figure 9a,d, the grafted
MWCNT/PAN nascent composite fibers in Figure 9e,h had more uniform diameter distribution
than that of the PAN nascent fibers. Moreover, at the same wet spinning conditions, the average
diameter of the grafted MWCNT/PAN nascent composite fibers was about 44 μm, which is larger
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than that of the PAN nascent fibers with a diameter of about 41 μm. These may be ascribed to the
effects of the grafted MWCNT on the rheological properties of spinning solutions [33], and indicated
that network structures were formed between the grafted MWCNTs and the PAN polymer during
polymerization. These results are beneficial for improving the mechanical properties of the nascent
composite fibers, which can be proved in Table 3. The surface morphology of the PAN nascent fibers
in Figure 9b,c shows an amount of relatively parallel grooves along the axes of the fibers, which is a
typical surface structure of PAN fibers by the wet spinning method. These grooves would last until
the final carbon fibers, and increase the surface area and improve the interfacial interaction between
the carbon fibers and polymer matrix. However, the grafted MWCNT/PAN nascent composite fibers
in Figure 9f,g have a relatively smooth surface, and the grooves of which are not obvious compared
to that of the PAN nascent fibers. These results indicate that the grafted MWCNT affected the phase
separation and solidification behaviors and changed the parameters of crystal structure.

Figure 9. SEM images of surface morphology and corresponding diameter distribution: (a–d) the PAN
nascent fibers and (e–h) the grafted MWCNT/PAN nascent composite fibers.
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4. Conclusions

In this paper, amino-MWCNTs were obtained by chemical modification. In aqueous solvent, the
PAN polymer synthesized by an AN monomer under initiator, was grafted onto the surface of the
amino-MWCNTs by in situ polymerization. The grafted MWCNT/PAN nascent composite fibers with
parallel grooves on the surface were prepared by the wet spinning method, which would increase
the surface area of fibers and improve the interfacial interaction between the fibers and polymer
matrix. The results from the FTIR spectroscopy suggest that a chemical bond was formed between the
amino-MWCNTs and the PAN macromolecular chains. The shift of the G-band for amino-MWCNTs
coming from Raman spectroscopy indicates that a strong interfacial interaction existed between the
amino-MWCNTs and the PAN polymer. TEM images showed that the grafted MWCNTs after in situ
polymerization had larger diameters, of about 20–25 nm, compared to the control amino-MWCNTs
with a diameter of 10 nm. TG curves showed that the amino-MWCNTs decreased the rate of weight
loss at temperatures between 300 and 470 ◦C, and the grafted content of the PAN polymer on the
surface of amino-MWCNTs was 73.2%. The addition of the grafted MWNCTs into the PAN nascent
fibers improved the degree of crystallization from 35.23 to 38.73% and the crystal size from 3.01 to
3.42 nm. The DSC data indicated that the grafted MWCNTs in the nascent composite fibers at an
air atmosphere decreased the initial exothermal temperature about 5.9 ◦C, and broadened the range
of exothermic temperature from 196.3 to 200.8 ◦C. The cross-sectional structure coming from SEM
images showed that the PAN grafted amino-MWCNTs nascent composite fibers had more compactness
structure than the PAN nascent fibers, and the surface morphology showed that the composite fibers
with more uniform diameter distribution had a higher diameter than the control PAN nascent fibers.
Furthermore, the incorporation of the grafted MWCNTs improved the tensile strength by 14.1% and
the tensile modulus by 19.7%. These results suggest that the PAN grafted MWCNT/PAN nascent
composite fibers are beneficial for preparing a high performance carbon fiber.
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Abstract: Thermoelectric (TE) generators consisting of flexible and lightweight p- and n-type
single-walled carbon nanotube (SWCNT)-based composites have potential applications in powering
wearable electronics using the temperature difference between the human body and the environment.
Tuning the TE properties of SWCNTs, particularly p- versus n-type control, is currently of significant
interest. Herein, the TE properties of SWCNT-based flexible films consisting of SWCNTs doped
with polyethyleneimine (PEI) were evaluated. The carrier type of the SWCNT/PEI composites was
modulated by regulating the proportion of SWCNTs and PEI using simple mixing techniques. The
as-prepared SWCNT/PEI composite films were switched from p- to n-type by the addition of a high
amount of PEI (>13.0 wt.%). Moreover, interconnected SWCNTs networks were formed due to the
excellent SWNT dispersion and film formation. These parameters were improved by the addition of
PEI and Nafion, which facilitated effective carrier transport. A TE generator with three thermocouples
of p- and n-type SWCNT/PEI flexible composite films delivered an open circuit voltage of 17 mV
and a maximum output power of 224 nW at the temperature gradient of 50 K. These promising
results showed that the flexible SWCNT/PEI composites have potential applications in wearable and
autonomous devices.

Keywords: single-walled carbon nanotubes; polyethyleneimine; thermoelectric properties;
carrier type

1. Introduction

Thermoelectric (TE) energy-harvesting generators, composed of multiple p- and n-type TE
materials that are electrically and thermally connected in series and in parallel, respectively, can
directly convert heat energy into electric energy and vice versa under a temperature gradient without
moving parts. These generators are also quiet, exhibit long lifetimes, and are environmentally friendly
which gives them wide applicability in power generation for frontier electronic devices [1–3]. The
performance of TE materials is evaluated by a dimensionless figure of merit, ZT, through the equation
ZT = S2σT⁄κ (where S is the Seebeck coefficient, σ is the electrical conductivity, κ is the thermal
conductivity, and T is the absolute temperature), wherein S2σ is defined as power factor (PF) [4–6].
The Seebeck coefficient can be positive (holes, p-type) or negative (electron, n-type) depending on the
main charge carrier type [7–9]. Inorganic semiconductors, such as Bi2Te3, PbTe, and Sb2Te3, are often
used as TE materials due to their high ZT values. However, their relatively high cost, high toxicity, and
poor processability impede their application in flexible electronics [10,11]. Therefore, it is necessary to
develop advanced p- and n-type TE materials for flexible electronic devices.

Recently, carbon nanotubes (CNTs) and their composites have been intensively studied and utilized
as TE materials for energy harvesting due to their mechanical flexibility, light-weight characteristics,
and facile processability [11–15]. By improving the dispersion of CNTs in CNT/polymer composites,
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the TE performance of the composite could be effectively enhanced. For example, through non-covalent
modification of the surface of single-walled carbon nanotubes (SWCNTs) with polymer, He et al.
prepared a substrate-free and well-dispersed polythiophene/SWCNT composite, which exhibited a
ZT of 3.1 × 10−2 with a PF of 28.8 μW/(m·K2) at room temperature [16]. Kim et al. improved the
dispersion state of SWCNTs in composite fibers via simple wet-spinning of SWCNT/poly(vinylidene
fluoride) (PVDF) pastes and achieved optimized PFs for the p- and n-type SWCNT/PVDF composite
fibers of about 378 and 289 μW/(m·K2), respectively [17]. It was noted that the simultaneous increase in
electrical conductivity and the absolute value of the Seebeck coefficient is a useful way to enhance the
PF, as observed for CNT-based TE materials, such as polyaniline (PANI)/CNTs [18] and paper-based
CNT composites [19]. Yao et al. reported that the carrier mobility, which contributes to the increase
in electrical conductivity, of PANI/SWCNT composites increased with increasing SWCNT content,
which was ascribed to the ordering of PANI chains induced by π–π interactions between SWCNTs
and PANI [18,20]. Most of the CNT-based materials reported in the past few decades have been
p-type, due to oxygen impurities [21]. Recently, unstable n-type CNT composites have attracted great
attention due to their role in fabricating complete TE generators [22–24]. Doping CNTs with n-type
polymers or molecules containing electron donor groups, such as poly (vinyl pyrrolidone) [25], poly
(vinyl chloride), PVDF [26], polyethyleneimine (PEI) [23,27], NaBH4 [23], and N2H4 [28], has been
considered a promising strategy for obtaining n-type CNT-based TE materials. Yu et al. reported that
treatment with the strong reducing agent NaBH4 followed by lamination improved the air stability of
n-type PEI-doped CNT composites, yielding Seebeck coefficients as large as −80 μV/K [23]. PEI is a
relatively simple, effective, and low-cost n-type doping agent for CNTs. Also, branched PEI can be
physically adsorbed onto the sidewalls of CNTs by facile techniques such as solution mixing [22,25],
spin coating [28], or layer-by-layer (LbL) assembly [29]. Therefore, PEI-doped CNT composites have
been widely used as n-type legs for flexible TE generators [22,23,30]. While most studies only report
the instability of the composite in the air and methods to improve the air stability of PEI-doped
CNTs [21,23,30], little work has been focused on the effect of PEI on the dispersion of SWCNTs and
the comprehensive TE performance of SWCNT/PEI composites. Our recent findings demonstrated
that a small amount of PEI improves the dispersion and film-forming properties of SWCNTs, causing
a simultaneous increase in the electrical conductivity and Seebeck coefficient of p-type SWCNT/PEI
composites as compared to pure SWCNTs.

In this work, both p- and n-type SWCNT/PEI composite TEs were developed by modulating the
proportion of SWCNTs to PEI using simple mixing techniques. Through controlling the carrier type
of SWCNT/PEI composites, the prepared composites exhibited maximum Seebeck coefficients of 49
and −40 μV/K with electrical conductivities of 210 and 170 S/cm for p- and n-type legs, respectively.
Furthermore, a flexible TE generator comprising p- and n-type SWCNT/PEI composites has been
assembled to demonstrate the TE energy conversion ability of these composites.

2. Experimental

2.1. Materials

SWCNTs were purchased from the Shenzhen Nanotech Port Corporation (Shenzhen, China) at
>83% purity, > 15 μm in length, and 1–3 nm in diameter. Branched PEI (molecular weight: 1800, 99%)
was purchased from Aladdin Industrial Corporation (Shanghai, China). The Nafion solution (5.2 wt.%)
was bought from DuPont Corporation (Wilmington, DE, USA). All other analytical reagents were
purchased from the Sinopharm Chemical Reagent Corporation (Shanghai, China). All of the chemicals
were used as received without further purification.
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2.2. Preparation of Flexible p- and n-Type Single-Walled Carbon Nanotube/Polyethyleneimine
(SWCNT/PEI) Films

In order to obtain a SWCNT/PEI composite film, 12.0 mg SWCNTs and certain amount of PEI
were dispersed in 6.0 mL ethanol to obtain a suspension. The PEI content was varied from 0.0 to
20.0 wt.% to adjust the TE performance. Accordingly, the concentration of PEI was selected as 0.0 wt.%,
2.0 wt.%, 7.0 wt.%, 13.0 wt.%, 15.0 wt.% and 20.0 wt.%, named as SWCNT/PEI-0, SWCNT/PEI-2,
SWCNT/PEI-7, SWCNT/PEI-13, SWCNT/PEI-15 and SWCNT/PEI-20, respectively. Then, 0.05 mL of
a 1.0 wt.% Nafion solution was added to improve the dispersion of the mixture. The mixture was
then stirred at room temperature for 12 h to form a homogeneous, well-distributed solution. Finally,
the SWCNT/PEI composite film was prepared via vacuum filtration of the SWCNT-PEI dispersion
onto a PVDF membrane (0.22 μm) and subsequent drying at 55 ◦C overnight in a vacuum oven
(Shanghai Soxpec Instrument„ Shanghai, China). The thickness of the obtained SWCNTs/PEI film was
approximately 30 μm, which was measured with a thickness gauge (Resolution: 1 μm).

2.3. Thermoelectric Device Fabrication

The as-prepared p- and n-type SWCNT/PEI films were cut into rectangular shapes (5 × 20 mm) and
pasted onto a polypropylene (PP) substrate. Then, p- and n-type SWCNT/PEI films were alternately
linked with conductive silver paste to fabricate a flexible TE generator consisting of 3 p-n junctions.
Finally, the TE generator was sealed with a transparent PP film. A temperature gradient was used to
measure the output voltage and current of the TE generator. These parameters were also measured
under different load resistances.

2.4. Characterization

Raman spectra were recorded using a Raman spectrometer (DXR, USA) at a wavelength of 532 nm.
The surface microstructures of the SWCNT/PEI composite films were characterized using scanning
electron microscopy (SEM, Phillips XL30). Transmission electron microscopy (TEM) images were
recorded on a JEOL 2010 electron microscope at an accelerating voltage of 200 kV. X-ray diffraction
(XRD) patterns (from 10◦ to 90◦ of 2θ, Cu-Kα radiation, λ = 1.54 Å) were obtained using a New
D8-Advance/Bruker-AXS (Karlsruhe, Germany) powder X-ray diffractometer operating at 40 kV and
30 mA, with a scanning rate of 6◦/min and a scanning step of 0.02. The electrical conductivity and
Seebeck coefficients were measured using a TE parameter test system (Namicro-III, Wuhan Schwab
Instruments, Wuhan, China). When measuring the Seebeck coefficient, all of the samples had similar
dimensions of 14.0 mm × 14.0 mm × 30 μm. The temperature gradient was set from 0.3 to 3.5 ◦C
along the longitudinal direction of the samples. The PF was obtained via the formula PF = S2σ. The
Hall effect measurement was recorded under a magnetic field of 0.68 T using a Hall effect test system
(HET-RT, Wuhan Schwab Instruments, Wuhan, China). The voltage and power generated by the TE
generator were measured with a home-built system in an ambient environment and calculated by the
temperature difference (ΔT, provided by Peltier devices and determined by T-type thermocouples)
and the change in thermal electrical voltage (ΔV, measured with Keithley 2000 multimeter). Then,
the output power of the TE generator was obtained as a function of the load resistance (R) using the
equation P = V2/R [31].

3. Results and Discussion

Figure 1a indicates that the dispersion ability of SWCNTs was improved by the addition of PEI
and Nafion. Also, all of the prepared films were smooth and compacted and showed great flexibility
(Figure 1b), wherein they could endure bending without destruction, which is beneficial for the
assembly of these films into TE devices.
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Figure 1. Photograph of SWCNT dispersions containing PEI or Nafion (a) and the SWCNT/PEI
composite containing 2.0 wt.% PEI (b).

Figure 2a–c displays typical SEM images of the SWCNT/PEI composites containing 0, 2, and
15 wt.% PEI, respectively. In these images, it is clearly seen that numerous interconnected tubes form a
porous network due to the excellent flexibility of the individual SWCNTs. The TEM images of the
composites (Figure 2e–f) show that the SWCNTs’ surface was mainly coated with PEI while some parts
were naked (indicated by arrows), implying strong binding between the SWCNTs and PEI. The black
patches visible in the TEM images might be ascribed to Nafion adsorption on the surface of the tubes.

 

Figure 2. Transmission electron microscope (TEM) and scanning electron microscope (SEM) images of
single-walled carbon nanotubes (SWCNTs) doped with different amount of polyethyleneimine (PEI).
(a,d) 0 wt.%, (b,e) 2 wt.%, (c,f) 15 wt.%.

Raman spectrometry was used to examine the defects and disordered structures of the carbon-based
materials. Raman spectra of the pristine SWCNTs and the PEI-doped SWCNTs are shown in Figure 3.
The G band (in-plane stretching, E2g mode) can be attributed to the vibration of sp2 bonded carbon
atoms while the D band corresponds to the vibration of carbon atoms with dangling bonds, which
reflects the defects and the disordered structures of the SWCNTs [23,31–33]. The D bands of both
the pristine and PEI-doped SWCNTs were found at approximately 1337 and 2670 cm−1 (D1 and D2,
respectively), while the G bands were located at about 1587 cm−1. Usually, the intensity ratio of D:G
(ID:IG) qualitatively indicates the amount of PEI that is attached to the carbon nanotubes. In this
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work, as the PEI content increased from 0 to 20 wt.%, the intensity ratio was similar and around 0.015.
These values are quite small compared with the reported results [23,34]. The SWCNTs employed here
were not functionalized for the purpose of high electrical conductivity; therefore, we believe that the
interaction between PEI and the SWCNTs was non-covalent.

 

Figure 3. Raman spectra of pristine SWCNTs and PEI-doped SWCNTs.

XRD measurements were employed to identify the crystalline phase and structure of pristine
SWCNTs and SWCNT/PEI composites (Figure 4). The XRD patterns of the pure SWCNTs exhibit a
typical diffraction peak at 2θ = 26.5◦, which corresponds to graphite reflection [18,20]. The diffraction
peak at 2θ = 26.4◦ of the SWCNTs was observed in all four samples, indicating that their crystalline
structure remains intact and was not destroyed during the composite preparation process. A SWCNTs
bundle diffraction peak below 16◦ was not found, which might be ascribed to low quality of SWCNTs.
The peaks located at 18.1, 21.6, 23.9, and 36.8◦ (2θ) were assigned to Nafion [35,36] and these peaks
were observed in all four samples. Compared with pristine Nafion, the crystallinity of Nafion mixed
with SWCNTs was increased, suggesting that strong interfacial interactions between SWCNTs and
Nafion induced the crystallization of Nafion [29]. The Nafion present in the composites might act as a
barrier to permeating oxygen, imparting long-term air stability to the composites.

 

Figure 4. X-ray diffraction (XRD) patterns of pristine SWCNTs and SWCNT/PEI composites.
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Figure 5a shows the influence of PEI content on the electrical conductivity, Seebeck coefficient,
and PF of SWCNT/PEI composite films. With an increase in PEI content, the electrical conductivity
of the composite first shows an increasing trend, reaching maximum conductivity at 13 wt.% PEI
content, followed by a rapid decrease. The increase in electrical conductivity might be attributed to
the formation of an interconnected SWCNT network, due to improved dispersion and film formation
prompted by the addition of PEI and Nafion, which facilitates effective carrier transport. Since PEI is
an electrical insulator, when a large amount of PEI is coated on the surface of the SWCNTs, it may
prevent carrier transport across the junctions between the SWCNTs, resulting in a reduction in electrical
conductivity [37]. Amine-rich PEI was adsorbed onto the surface of the SWCNTs where it acts as
an electron donor, which changed the carrier type of the SWCNT/PEI composites from p- to n-type
when high amounts of PEI were used (Figure 5b) [22,38]. The composite films exhibited p-type TE
behavior when the PEI content was below 13 wt.%, and n-type behavior when the PEI content was
above 13 wt.%, as shown in Figure 5a, where the maximum Seebeck coefficients of the p- and n-type
composites are 43 μV/K (SWCNT/PEI-2) and −40 μV/K (SWCNT/PEI-15), respectively. Consequently,
the maximum PFs of the p- and n-type composites reached 40.5 and 25.5 μW/(m·K2), respectively.

 

Figure 5. (a) The influence of PEI content on the thermoelectric properties of SWCNT/PEI composites.
(b) Schematic representation of the carrier type of SWCNT/PEI composites tuned by PEI content.

Air stability is a critical issue for n-type PEI-doped CNT TE materials. In previous works,
negative Seebeck coefficient values of PEI-doped CNTs became positive after 10 h [21] or 9 days [22].
Song et al. [22] and Yu et al. [23] reported that an oxygen adsorption and oxidation reaction may be
taking place in the n-type PEI-doped CNTs, which changes the sample from n to p-type. In our work,
the prepared n-type SWCNTs/PEI sample is also suffering the problem of being oxidized to p-type.
For example, the Seebeck coefficient of SWCNT/PEI-15 as a function of exposure time in an ambient
environment has been examined and the results are shown in Figure 6. It can be observed that the
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Seebeck coefficient value of SWCNT/PEI-15 decreases dramatically after it is exposed to air for the
given period of time. The Seebeck coefficient value began to change from negative to positive (1.3 μV/K)
after 12 days of exposure and became stable (21.9 μV/K) after 16 days of exposure. Therefore, for the
practical application of PEI-doped CNTs, strategies such as providing a protective coating, sealing or
lamination should be considered to preserve the n-type characteristics of the composites [22,23].

 

Figure 6. Seebeck coefficient of the SWCNT/PEI-15 composite as a function of exposure time in an
ambient environment.

The Hall effect measurement was used to study the carrier concentration and carrier mobility
of SWCNT/PEI samples (see Table 1). Compared with pristine SWCNTs, the carrier concentration of
SWCNT/PEI composites increased with the addition of PEI. This is most likely due to the action of the
amine-rich PEI, which acts as an electron donor, wherein a large amount of lone pair electrons might
be donated to the PEI-doped SWCNTs. However, the carrier mobility of SWCNT/PEI composites
decreased with the addition of PEI compared with pristine SWCNTs. This could be due to the high
density of amine groups with lone pairs of electrons acting as scattering points for the carrier [25,38,39].
Therefore, the electrical conductivity of heavily doped SWCNT/PEI composites was reduced because
of the low carrier mobility.

Table 1. Results of Hall effect test of SWCNT/PEI films at room temperature.

Sample Carrier Type Carrier Concentration (n/(cm3)) Carrier Mobility (μ/(cm2/V·s))

SWCNT/PEI-0 p 4.6 × 1020 5.314
SWCNT/PEI-2 p 3.7 × 1021 0.252

SWCNT/PEI-15 n 9.3 × 1020 0.814
SWCNT/PEI-20 n 2.6 × 1022 0.057

A flexible TE generator was assembled by electrically connecting the p-type SWCNT/PEI-2 film
with the n-type SWCNT/PEI-15 film using silver paste. Figure 7a,b depict the schematic representation
and demonstration of the prepared flexible TE generator consisting of three p-n junctions pasted on
a PP substrate, respectively. The temperature gradient (50 K) provided an output voltage of ~6 mV
for one p-n junction couple in our experiment. Figure 7c shows the relationship between the total
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output voltage and current versus temperature for the TE generator with three p-n junctions. As the
temperature gradient increased, both output voltage and current increased linearly, which is ascribed to
the Seebeck effect. When temperature gradients of 26 and 50 K were separately applied to the prepared
TE generator, the voltage was approximately 8.8 and 17 mV, respectively. Power measurements were
conducted for several different load resistances and the results are shown in Figure 7d. It was seen that
the power reached maximum output (224 nW) when the load resistance was 330 Ω, which is close
to the resistance of the TE generator. Despite the fact that the prepared TE generator was composed
of only three p-n junctions, the power output is higher than that of generators composed of six p-n
junctions or p- and n-type SWCNTs [22,38], which can be attributed to the high PF of both the p- and
n-type SWCNT/PEI composites that were synthesized and investigated in this work.

 

Figure 7. (a) Scheme and (b) demonstration of the TE generator comprised of three thermocouples.
(c) Output voltage generated by a three p-n junction couples as a function of temperature gradient.
(d) Output voltage and power as functions of different load resistances for the prepared device with a
temperature gradient of 50 K.

The output voltage (8.6 mV) is lower than that of the open circuit voltage (17 mV) of the generator
at the load resistance of 330 Ω and the temperature gradient of 50 K. This is mainly due to the relatively
high internal resistance of the TE generator [22]. Although the output voltage here is low, it can be
scaled up by increasing the number of p-n junctions, making the fabrication of flexible TE generators
with much higher power outputs feasible.

Table 2 shows a comparison of the thermoelectric performance obtained from this work as
compared with the results of some typical flexible thermoelectric devices. It is found that the output
voltage and power of SWCNTs/PEI devices with small dimensions prepared in this work are superior
to most of the reported low toxic flexible composite devices, which exhibit high potential for producing
flexible thermoelectric devices.
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In general, regulating the proportion of SWCNTs and PEI can modulate the carrier type and
balance the thermal conductivity and electrical conductivity of the SWCNTs/PEI composites. The
SWCNTs/ PEI composites and the preparation method demonstrated in this study are environmentally
friendly, cost effective, and easy for large scale production. The prepared SWCNTs/PEI composites
exhibited high Seebeck coefficient and relative high power factor, demonstrating a great potential in the
preparation of lightweight and cheap thermoelectric devices, such as wearable thermoelectric devices.

4. Conclusions

In summary, our work demonstrates for the first time the feasibility of fabricating both p- and
n-type SWCNT/PEI composites with enhanced thermoelectrical properties by modulating carrier type
via simple mixing techniques. The addition of PEI and Nafion increased the dispersion of the SWCNTs
and improved the electrically percolated SWCNT network as a carrier transport pathway. The addition
of 13 wt.% PEI modulates the carrier type from p- to n-type. The Seebeck coefficient of the SWCNT/PEI
composite was changed from 49 to −40 μV/K under the experimental range of PEI content. High
PFs were obtained with values of 40.5 and 25.5 μW/(m·K2) for p- and n-type SWCNT/PEI composites,
respectively. A TE generator consisting of three thermocouples of p- and n-type SWCNT/PEI composite
films delivered an open circuit voltage of 17 mV and a maximum output power of 224 nW at the
temperature gradient of 50 K.
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Abstract: Effective multiwalled carbon nanotube (MWCNT) fiber manufacturing methods have
received a substantial amount of attention due to the low cost and excellent properties of MWCNTs.
Here, we fabricated hybrid microfibers composed of hyaluronic acid (HA) and multiwalled carbon
nanotubes (MWCNTs) by a wet-spinning method. HA acts as a biosurfactant and an ionic crosslinker,
which improves the dispersion of MWCNTs and helps MWCNT to assemble into microfibers.
The effects of HA concentration, dispersion time, injection speed, and MWCNT concentration on
the formation, mechanical behavior, and conductivity of the HA/MWCNT hybrid microfibers were
comprehensively investigated through SEM, UV-Vis spectroscopy, tensile testing, and conductivity
testing. The obtained HA/MWCNT hybrid microfibers presented excellent tensile properties in
regard to Young’s modulus (9.04 ± 1.13 GPa) and tensile strength (130.25 ± 10.78 MPa), and excellent
flexibility and stability due to the superior mechanical and electrical properties of MWCNTs. This work
presents an effective and easy-to-handle preparation method for high-performance MWCNT hybrid
microfibers assembly, and the obtained HA/MWCNT hybrid microfibers have promising applications
in the fields of energy storage, sensors, micro devices, intelligent materials, and high-performance
fiber-reinforced composites.

Keywords: multiwalled carbon nanotube; hyaluronic acid; microfibers; wet-spinning; microstructures;
tensile properties

1. Introduction

Carbon nanotubes (CNTs) are very promising materials for electronic and energy storage devices,
sensors, biosensors, composites, and transparent conducting films, etc., due to their high specific
surface areas, excellent mechanical properties, and good electrical conductivities [1–3]. In recent
years, individual CNTs have often been assembled into macro/micro structures, such as CNT fibers,
CNT films, and CNT arrays, to improve their application [4–6]. Among these CNT products,
CNT fibers are microsized materials with suitable electrical conductivities, stable electrochemical
properties, significant specific moduli, and specific strengths [7,8]. Furthermore, CNT fibers are very
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flexible and can easily be prepared in different shapes to meet the special requirements of an application,
such as woven fabric or artificial muscle bundles [9,10]. For instance, Peining Chen et al. developed
actuating fibers that can contract and rotate in response to solvents and vapors [11]. Huhu Cheng et al.
wove CNT/G hybrid fibers into textile electrodes for the construction of flexible supercapacitors [12].
Recently, several approaches have been applied to assemble macroscopic fibers of either pure CNTs or
CNT-polymer composites. These methods can be summarized as the direct growth of the CNT fibers,
dry spinning from a nanotube mat, and coagulation spinning methods [13–16]. However, it cannot be
ignored that the applications of CNT fibers prepared by the first two methods are limited by the high
costs of the super-aligned carbon nanotube arrays, strict conditions, complex operational procedures,
and low quantities from production [17]. In comparison, the latter process, reminiscent of the so-called
wet-spinning method, is particularly simple and potentially scalable for large-scale production. In
this method, homogeneous CNTs will be injected into a rotating coagulation medium by a syringe to
form a fiber shape. The most common approach for getting stabilized and uniform CNTs dispersion
involves the use of surfactants, which can be adsorbed on the out surface of each carbon nanotube to
overcome the attractions of van der Waals. The common surfactants are sodium dodecyl sulfate (SDS),
sodium dodecyl benzene sulfonate (SDBS), lithium dodecyl sulfate (LDS), and triton X-100. It is worth
noting that biomolecules such as single-stranded DNA [10] and chitosan (CHI) [18] have also showed
good dispersion property for CNTs in recent literature [19,20]. The typical coagulation medium is
polyvinylalcohol (PVA), and other polymer coagulation mediums such as polyethylene-imine (PEI)
and polylactic acid (PLA) are also reported. The diameter of CNT fibers varies from several microns
to 100 microns, which is mainly affected by the processing conditions, such as the diameter of the
syringe, the flow rate of the injection solution, and the condition of the polymer coagulant. Thus,
wet-spinning preparation technology of CNT fibers can use any disordered carbon nanotube powder
or array as raw material to process into fibers. The raw materials are low cost, equipment is simple,
and the operation is easy. However, very few studies have been made on macroscopic finely assembled
MWCNT fibers with a controllable, uniform, and large-scale synthetic method that can be used for
potential applications until now. Because this method still has many shortcomings, deficiencies need to
be further solved. For example, more surfactants need to be added when the concentration of carbon
nanotubes is high, large amounts of surfactants can easily form micelles and influence the structure
and properties of CNT fibers. Moreover, a large number of studies have found that the obtained
performances of these CNT fibers are far less than those of single CNT [21,22]. The main reasons
for this are the uneven dispersion of the CNTs and the large number defects in the CNT fibers that
will lead to the concentration of stress during the tensile process. The stress cannot be transferred
effectively between CNTs, which affects the strength of the CNT fibers. In addition, the defects in the
fibers increase the contact resistance between CNTs and affect the electronic transmission in the fibers.

To address the problems above, hyaluronic acid, a biomolecule, was utilized as a surfactant to
obtain a stable and homogeneous dispersion of MWCNTs. In contrast with molecular surfactants
(SDS or LDS), proportionally equivalent or lower amounts of biomolecules to CNTs were employed to
generate a homogenous dispersion, whereby ratios of molecular surfactants of at least 2:1, and in some
cases 3:1, were required [18,23]. Secondly, a calcium chloride (CaCl2) solution in ethanol was chosen
to replace cement polymer coagulant medium to reduce the effect of the polymer on the electrical
conductivity of the MWCNT fibers. The fiber structure was obtained through the formation of calcium
bridges between the D-glucuronic acid residues on adjacent chains of HA. The effects of different
spinning parameters and different concentrations of MWCNTs on the formation, and electrical and
mechanical properties of HA/MWCNT hybrid microfibers were discussed, the optimization of the
spinning process was completed, and the structure and flexibility of the obtained HA/MWCNT hybrid
microfibers were investigated. Based on the results, our wet-spinning system is an effective and
easy-to-handle method to assemble MWCNT hybrid microfibers with high strength, conductivity,
stability, and flexibility. The obtained high performance HA/MWCNT hybrid microfibers have
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promising applications in the fields of energy storage, sensors, micro devices, intelligent materials,
and high-performance fiber-reinforced composites.

2. Materials and Methods

2.1. Materials

MWCNTs purchased from TimesNano Company (Chengdu, China) were used in this study.
HA with a molecular weight (MW) of 41–65 kDa, was purchased from Lifecore Biomedical LLC
(Chaska, MN, USA). CaCl2 was purchased from Sigma–Aldrich (St. Louis, MO, USA).

2.2. Fabrication of the HA/MWCNT Hybrid Microfibers

The HA/MWCNT hybrid microfibers were fabricated by the wet-spinning method as below.
Firstly, an HA solution was prepared by dissolving HA in deionized (DI) water at room temperature.
Then, MWCNTs were added and dispersed in the HA solution using a probe sonicator (YM-1000Y,
Shanghai Yuming Instrument Ltd., Shanghai, China) to form the spinning solution. The spinning
solution was injected into a rotating coagulation bath (20 rpm) using a syringe pump (LSP02-1B,
Dichuang Electronic Technology Ltd., Baoding, China) with a detachable needle (diameter of 0.2 mm)
to control the flow rate of injection. The coagulation bath was filled with 5 wt% CaCl2 in 70% ethanol.
Next, the wet-spun hybrid microfibers were removed from the coagulation bath and rinsed using
ethanol and DI water to remove residual coagulating agents. Finally, the prepared hybrid microfibers
were dried in air under tension to obtain several meters of the hybrid microfibers.

2.3. Characterization and Measurements

The morphologies and microstructures of the HA/MWCNT hybrid microfibers were examined
by a scanning electron microscope (SEM) (Merlin Compact, Carl Zeiss AG, Jena, Germany) and 3D
digital microscopy (DSX-CB, Olympus Ltd., Tokyo, Japan). UV–Vis scanning spectrophotometry was
used to study the dispersion of CNTs suspension. Fourier transform infrared spectroscopy (FTIR,
Spectrum One, PerkinElmer, Boston, MA, USA) measurements were recorded at room temperature
to confirm the presence of HA. The thermal properties of the HA/MWCNT hybrid microfibers were
investigated by differential scanning calorimetry and thermogravimetry analysis (DSC/DTA-TG,
STA449F3, Netzsch, Selb, Germany) in a nitrogen environment. The samples were heated from
room temperature to 800 ◦C with a heating rate of 20 ◦C/min under a nitrogen flow of 50 mL/min.
The percentages of the HA and MWCNTs in the HA/MWCNT hybrid microfibers were quantified by
the thermogravimetric analysis (TGA) results. The mechanical properties of the HA/MWCNT hybrid
microfibers were determined using a uniaxial tensile tester machine (T150 UTM, Agilent, Santa Clara,
CA, USA) with a cell load capacity of 10 N at a 0.5 mm/min rate. The electrical conductivities of the
HA/MWCNT hybrid microfibers were measured by the four-point probe method using a SourceMeter
(Keithley 2400, Tektronix INC., Beaverton, OR, USA). Silver paste was used at the contact points
between the hybrid microfibers and the electrode probes to eliminate the contact resistance.

3. Results

3.1. Dispersion of the MWCNTs in Different Surfactant Suspensions

The dispersion of the CNTs is one of the important primary parameters, which is used as the starting
point for further processing into fibers, films, and composites. In general, ionic surfactants (SDS) and
nonionic surfactants (TritonX-100) are usually used as dispersion systems for CNT suspensions [24,25].
Therefore, we first compared the bio-surfactant (HA) dispersion stability of the MWCNTs with those
of SDS and TritonX-100. The dispersal of MWCNTs in different dispersion systems were studied by
3D digital microscopy and UV–Vis scanning spectrophotometry, as shown in Figure 1. The MWCNT
dispersions were too dark to clearly discern the amount of sediment, as shown in the inset of Figure 1c.
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Thus, the MWCNT dispersions with different surfactants were further observed under a microscope.
The results and schematic diagrams of the dispersal states are shown in Figure 1a,b. In the case of a
low degree of dispersion by SDS, several agglomerates are observed in Figure 1a. As the degree of
dispersion increases, agglomerates become looser, and HA shows the best dispersion behavior. These
results were also confirmed by UV–Vis spectroscopy. Figure 1c shows the UV–Vis spectra and photos
of the MWCNTs dispersion with different surfactants on day 1 and day 180. The MWCNT dispersions
exhibit a characteristic peak at approximately 300 nm, and the absorbance gradually decreases from
the UV to near-IR region due to scattering. Increasing the amount of dispersed MWCNTs will result
in an increase in the area below the spectral lines that represent the absorbance [26,27]. In addition,
HA and TritonX-100 show high absorbance intensities and good dispersion stabilities over a long
timeframe. Hence, HA has the highest dispersing power of these three surfactants according to the
above experimental results.

  
Figure 1. Dispersion of the MWCNTs in different surfactant suspensions. (a) Optical images of the
MWCNT dispersions (scale bar: 500 μm); (b) schematic diagrams of the MWCNT dispersions and
(c) photos and UV-Vis spectral curves of the MWCNT dispersions.

3.2. The Morphologies and Microstructures of the HA/MWCNT Hybrid Microfibers

Controlled injections of the HA/MWCNT dispersions into the CaCl2 in ethanol coagulating
medium afforded a continuous fiber structure due to the formation of calcium bridges between the
D-glucuronic acid residues on adjacent chains of HA. A rotating coagulation bath was used to produce
a continuous meter-long spinning of the HA/MWCNT hybrid hybrid microfibers; this process is shown
in Figure 2a. The long wet HA/MWCNT microfiber was then dried by stretching. Figure 2b shows
a microscope photograph of the long fibers collected from the CaCl2 solution by wet spinning of a
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HA/MWCNT dispersion. The fibers were uniformly circular in both the wet and dry states and were
swollen and flexible when wet but became brittle and less flexible upon drying. The dry HA/MWCNT
hybrid microfibers do not swell when submerged into solution. SEM images were then used to
characterize the morphologies of the HA/MWCNT hybrid microfibers. Figure 2c clearly demonstrates
that the HA/MWCNT hybrid microfibers are rigid and have a uniformly cylindrical shape. The
diameter of the dry HA/MWCNT hybrid microfibers is approximately 70 μm. The enlarged SEM
image of the HA/MWCNT microfiber suggests that the microfiber is composed of a number of carbon
nanotubes, and the outer surface is very rough, with numerous wrinkles on the surface, which are
likely attributable to the roughness of the inner surface of the needle orifice and the shrinkage of the
fiber under stretching during drying.

 
Figure 2. (a) A schematic of the experimental design of the wet-spinning method. (b) 3D microscopy
image of the HA/MWCNT hybrid microfibers drawn from the CaCl2 coagulation bath. (c) SEM image
of the HA/MWCNT hybrid microfibers and an enlarged image of the fibers.

3.3. Effects of HA/MWCNT Ratio

HA not only influences the dispersion of the MWCNTs but also influences the content ratio of HA
to MWCNTs in the hybrid microfibers and further determines the composition and properties of the
obtained HA/MWCNT hybrid microfibers. To optimize the amount of HA, the mass ratios of MWCNTs
to HA were studied with 1.2% MWCNTs under a 60 mL/h injection speed, and the results are displayed
in Figure 3. Figure 3a shows the stress–strain curves of the HA/MWCNT hybrid microfibers during
tensile testing, and two stages can be identified from the curve. First, HA/MWCNT hybrid microfibers
show a linear relationship between stress and strain, suggesting an initially elastic-like deformation
process during stretching, which is reversible. During the elastic-like deformation, the van der Waals
forces and the friction between MWCNTs carry little stress. Next, the stress of the HA/MWCNT
hybrid microfibers increased nonlinearly with strain before breaking, as fibers were further strained.
MWCNTs will bear more of the load, leading to stretching and sliding of the MWCNTs inside the
fiber. This is a plastic behavior that is irreversible [18]. Finally, once the tensile stress exceeds the
critical value, local stresses cannot be further transferred to neighboring CNTs, and the fibers break.
The tensile strengths and Young’s moduli of the HA/MWCNT hybrid microfibers were similar when
the mass ratios of MWCNTs to HA were 1:1 and 2:1 and then decreased significantly after reducing the
contents of HA according to the results shown in Figure 3b. It is worth noting that the mass ratio of
4:1 produced weak and brittle hybrid microfibers that were difficult to handle during dry processing.
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This is because the continuous fiber structure was induced by the formation of calcium bridges between
D-glucuronic acid residues on adjacent chains of HA, low concentrations of HA will influence the
dispersion of the MWCNTs and the formation of the MWCNT fibers. The uneven dispersion of the
MWCNTs and the large number of defects in the MWCNT fibers will further lead to the concentration
of stress during the tensile process. The stress cannot be transferred effectively between MWCNTs,
which affects the strength of the MWCNT fibers. Meanwhile, the defects in the fibers increase the
contact resistance between MWCNTs and affect the electronic transmission in the fibers. Therefore,
the resistivity of HA/MWCNT hybrid microfibers increased after an initial decline, and the lowest
resistivity was 0.92 ± 0.10 Ω·mm when the mass ratio of MWCNTs to HA was 2:1. The electrons could
not be transferred effectively if there were a number of defects in the fibers. Considering the balance
between properties, a 2:1 mass ratio of MWCNTs:HA is determined to be the optimal conditions for
combining the results of the mechanical and conductivity properties.

Figure 3. The mechanical and conductivity properties of the HA/MWCNT hybrid microfibers with
different ratios of HA to CNTs. (a) The stress-strain curve of a HA/MWCNT hybrid microfiber; (b) The
tensile strengths, Young’s moduli and conductivities of HA/MWCNT hybrid microfibers prepared from
different HA:MWCNT ratios.

3.4. Effects of Sonication Duration

Ultrasonication is an external mechanical energy that can help MWCNT bundles overcome the
attractive van der Waals forces to disentangle [28]. Therefore, an effective way to disperse CNT
solutions is by controlling the sonication time and supplied energy. Additionally, the absorbance
of the CNT suspension at a specific wavelength can be related to the degree of debundling of
the CNTs in solution [29]; thus, the peak intensity of the obtained UV–Vis spectra is an effective
tool to monitor the sonication dispersion process. In this case, the ultrasonic power was set to a
fixed value, and HA/MWCNT solutions treated by different ultrasonication times were investigated.
Figure 4a illustrates the UV–Vis spectra of HA/MWCNT solutions with different ultrasonication times.
The UV–Vis spectra exhibited a characteristic peak at approximately 300 nm, as discussed above.
Additionally, the longer the ultrasonication duration, the greater the intensity of the characteristic
peak. This means that extending the ultrasonication time can help to well disperse the MWCNTs in
the HA solution. However, the ultrasonication process contains two mutually antagonistic effects,
one being the deagglomeration of the MWCNTs and the other being the fragmentation of individual
CNTs [30]. In other words, individual CNTs will be broken, if the ultrasonication duration is too long.
In fact, the dispersion of the MWCNTs is an important factor that can not only affect the length and
diameter of the MWCNTs but also further influence the formation and properties of the HA/MWCNT
hybrid microfibers. The mechanical performance is one of the crucial parameters of MWCNTs for their
practical application. Therefore, the mechanical properties of the HA/MWCNT hybrid microfibers
prepared by suspensions with different ultrasonication times were investigated, and the results are
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displayed in Figure 4b. The tensile strength first increased as the ultrasonication times were increased
due to the efficient dispersion of MWCNTs and then tended to decrease slightly for longer sonication
times due to the destruction of the aspect ratio of individual CNTs by the sonication energy. Hence,
40 min was chosen as the optimal ultrasonication time for later experiments by combining the results
of the UV–Vis spectra and tensile properties.

Figure 4. The UV–Vis spectra and tensile strength of the HA/MWCNT hybrid microfibers prepared
by HA/MWCNT dispersions with different ultrasonication times. (a) UV-Vis spectra; (b) Tensile
strength results.

3.5. Effects of Injection Speed

After sonication, HA/MWCNT dispersions were injected into a rotating coagulation bath to
produce continuous meter-long fibers as required. In a previous report, the ratio of the injection speed
to the rotating speed of the rotator acted as an important parameter for the formation and performance
of wet-spun CNT fibers [18,31]. In our case, a 1.2% optimal HA/MWCNT suspension was injected into
a 20 r/min rotating coagulation bath at different speeds (30 mL/h, 40 mL/h, 50 mL/h, 60 mL/h, 70 mL/h,
and 80 mL/h). The HA/MWCNT hybrid microfibers were difficult to handle for subsequent processing
and characterization under injection rates of 30 mL/h and 80 mL/h and the graphs of HA/MWCNTs
hybrid microfibers prepared with other injection speeds (40 mL/h~70 mL/h) were shown in Figure S1.
Only short fibers could be formed and removed from the coagulation bath when a 40 mL/h injection
speed was applied. As shown in Figure 5, the diameter of the HA/MWCNT hybrid microfibers
prepared by 40 mL/h injection speed was 55.42 ± 5.84 μm, and increased to 65.8 ± 8.28 μm and
88.12 ± 6.72 μm for the microfibers fabricated under 50 mL/h and 60 mL/h injection speed, respectively.
Moreover, ribbon-like fibers were obtained and then became hollow and tubular after drying when
higher injection rates were used to prepare the samples, as shown in Figure 5d. This morphology
is likely caused by the shaking of the needle under faster injection rates. The tensile strength of the
HA/MWCNT hybrid microfibers prepared at different injection speeds was also calculated. The results
are shown in Figure 5e. The HA/MWCNT hybrid microfibers made with a 50 mL/h injection speed
formed well in the coagulation bath (Figure 5b, inset) and possessed the highest mechanical properties
of the different samples. As discussed above, the HA/MWCNT hybrid microfibers were easily broken
during drying and a low fiber-forming rate was obtained when the injection speed was too low.
When the injection speed was too fast, the HA/MWCNT hybrid microfibers became ribbons with poor
mechanical properties that tended to curl easily. In this case, an injection speed of 50 mL/h was chosen
as the suitable parameter for the subsequent MWCNT fiber preparations.
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Figure 5. SEM images and tensile strength of the HA/MWCNT hybrid microfibers prepared with
different injection speeds (scale bars: 40 μm). (a) Injection speed is 40 mL/h; (b) Injection speed is
50 mL/h; (c) Injection speed is 60 mL/h; (d) Injection speed is 70 mL/h; (e) Tensile strength results.

3.6. Effects of MWCNT Concentration

Figure 6 shows the comparison of the mechanical properties and resistivities of HA/MWCNT
hybrid microfibers prepared with different MWCNT concentrations. As expected, the mechanical
properties of the HA/MWCNT hybrid microfibers exhibited an increasing tendency with increasing
MWCNT concentration due to the interfacial interactions, the efficient transfer of load and energy,
reducing concentrated stress and dissipating the energy induced by stretching the fibers [32].
The Young’s modulus of the samples varies from 4.24 ± 1.11 GPa for the 0.8% MWCNT hybrid
microfibers to 9.04 ± 1.13 GPa for the 1.4% MWCNT microfiber, while the tensile strength increases
from 50.27 ± 10.37 MPa to 130.25± 10.78 MPa, respectively, as shown in Figure 6c,d. However, when the
MWCNT concentration increased to 1.6%, both the Young’s modulus and tensile strength exhibited
a decreasing trend, declining to 8.44 ± 1.10 GPa and 117.70 ± 12.68 MPa, respectively. The fracture
mechanism model of the HA/MWCNT hybrid microfibers under tensile stress is shown in Figure 6a.
During the tensile test, the stress is first applied to both ends of the microfiber in the axial direction,
and subsequently, the fibrous elements endured a pulling force to straighten the MWCNTs. Next,
fibers were further strained under force, and the MWCNTs bore a greater load, which lead to the
stretching and sliding of the MWCNTs inside the hybrid microfibers. As the force further increased,
the stress could no longer be transferred effectively [21]. Hence, MWCNTs in the fibers separated from
one another, and the fiber broke. During this process, the interfacial binding and friction force between
the MWCNTs may play an important role, and the existence of HA may improve the connections
between individual MWCNTs. In all probability, the slight decrease in mechanical properties for high
MWCNT concentration samples was caused by the poor distribution and weak interfacial contact
between MWCNTs or MWCNT bundles.

The variation in the MWCNT concentrations could also control the electrical properties of the
HA/MWCNT hybrid microfibers, which is another important parameter for their future application
in fields such as electrical and electrochemical. Accordingly, the resistivities of the HA/MWCNT
hybrid microfibers made with different CNT concentrations were investigated, and the results are
displayed in Figure 6d. It is expected that the resistivity of the HA/MWCNT hybrid microfibers would
decrease with increasing CNT concentrations due to the formation of efficient electrical pathways.
However, the resistivity of HA/MWCNT hybrid microfibers with different CNT concentrations shows
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similar results to those of the mechanical properties. The resistivity decreased from 2.35 ± 0.40 Ω·mm
to 0.77 ± 0.55 Ω·mm as the CNT concentration was varied from 0.8% to 1.4% and then increased to
0.91 ± 0.37 Ω·mm when the CNT concentration was further increased. This change can be explained
by a number of reasons [5,33,34]. First, some of the MWCNTs are wrapped with a thin coating around
a single tube, which may be an impediment to forming a conductive path. Importantly, the higher the
concentration of MWCNT hybrid microfibers, the more HA hydrogel is in the fibers. It is generally
known that materials made up of nonconducting materials and conducting carbon nanotubes exhibit a
significant increase in their conductivities due to higher concentrations being needed to form electrical
pathways through the material, i.e., the so-called percolation threshold [16]. For high-concentration
HA/MWCNT hybrid microfibers, numerous overlapping carbon nanotubes form a well-connected
electrical pathway with increasing concentrations of MWCNTs. However, the resistance of the fibers
is controlled by the resistance of the junctions between overlapping MWCNTs. Therefore, it is most
likely that HA may cause an increase in the junction resistance of the MWCNT network, which would
produce similar results. The combination of the trends observed in the SEM images, mechanical
properties and resistivities indicates that HA/MWCNT hybrid microfibers with the optimal properties
were prepared by injecting a homogeneous HA/MWCNT dispersion by a 0.2 mm diameter syringe
at a rate of 50 mL/h into a CaCl2 coagulation bath, which was simultaneously rotated at 20 r/min.
The homogeneous HA/MWCNT dispersion with a ratio of 1:2 was ultrasonicated in a water bath using
a high-powered sonic tip (500 W, 36% amplitude) under pulse mode (1 s on, 1 s off) for 40 min.

 
Figure 6. Mechanical properties and resistivities of the HA/MWCNT hybrid microfibers produced
with different MWCNT concentrations. (a) The fracture mechanism model of the HA/MWCNT hybrid
microfibers under tensile stress; (b) Tensile strength; (c) Young’s Modulus; (d) Resistivity.

3.7. Characterization of the HA/MWCNT Hybrid Microfibers

Further testing was carried out to characterize the functional groups in the fibers by FTIR. The FTIR
spectra of the MWCNTs, HA, and HA/MWCNT hybrid microfibers are shown in Figure 7a. The spectrum
of the CNTs shows weak absorption bands and could not be detected by FTIR. For the spectrum of the
HA/MWCNT hybrid microfibers, the absorption band between 3600 and 2800 cm−1 is assigned to the
stretching vibrations of O–H and C–H, which are typical characteristics of polysaccharides. The typical
absorption peak at 1567 cm−1 corresponds to overlapping vibrations of the acetamide and carboxylate
groups [35]. These two obvious absorption bands can be utilized to verify the inclusion of HA in the
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MWCNT hybrid microfibers. However, many of the HA absorption peaks are weak due to the low
content of HA in the hybrid microfibers. For instance, the absorption peak at 1033 cm−1 is attributed
to the skeletal vibrations of the saccharide structure, which involve C–O stretching. The peaks at
1413 cm−1 (–C–H bending) and 597 cm−1 (N–H vibration) are also present in the spectrum of HA [36].

 
Figure 7. FTIR spectra and TGA curves of HA, MWCNTs, and HA/MWCNT hybrid microfibers.
(a) FTIR spectra; (b) TGA curves.

To demonstrate the thermal stability of the HA/MWCNT hybrid microfibers and quantify
the MWCNT and HA contents in the hybrid microfibers, TG analysis of the MWCNTs, HA,
and HA/MWCNT hybrid microfibers was obtained and the results are shown in Figure 7b.
The HA/MWCNT hybrid microfibers followed a similar decomposition trend as that of HA. Namely,
before 100 ◦C, there is a gradual rate of weight loss for both HA and the HA/MWCNT hybrid microfibers,
which is primarily attributed to the expulsion of absorbed water. Then, both samples start to rapidly
degrade at approximately 210 ◦C due to the random chain scission of the HA polymer chains, and the
maximum rate of weight loss temperature occurs at approximately 230 ◦C. More importantly, it should
be noted that the microfiber peak positions of differential thermal gravity (DTG) move towards higher
temperatures compared with those of the HA samples, as shown in Figure S2, suggesting an excellent
thermal stability of the HA/MWCNT composite after assembling into hybrid microfibers. This is a
consequence of the high thermal stability and low weight loss of the carbon nanotubes, which allows
for very efficient heat transport in the samples. Moreover, this enhancement could reveal the strong
interactions between the MWCNTs and HA, which may noticeably decrease the segmentation motions
of the molecular chain, hence slowing down the decomposition process. Additionally, TGA was
also performed to study the quantity of CNTs within the fibers according to the residual weight at
800 ◦C. The residual mass of MWCNTs, HA, and HA/MWCNTs hybrid microfibers was approximately
93.5%, 29.3% and 72.0%, respectively. Therefore, the exact amounts of HA and MWCNTs in the
fibers were 33.5% and 66.5 wt%, respectively, which is consistent with the intended contents of these
hybrid microfibers.

3.8. The Flexibility and Stability of the HA/MWCNT Hybrid Microfibers

In practical applications, fiber-shaped materials should possess excellent flexibility and mechanical
stability. Here, the flexibility and stability of the HA/MWCNT hybrid microfibers were characterized by
a resistance test, as shown in Figure 8. For convenient and accurate measurements, a fiber was placed
on a thin paper substrate, and its two ends were connected to copper wires with silver conducting
paste, as shown in the inset of Figure 8a. Figure 8a shows the curve and photographs illustrating
the effect of bending angles on the resistance of the HA/MWCNT hybrid microfibers. The results
show that the largest relative change of the resistance is 1.00 ± 0.06, revealing a high stability of
the HA/MWCNT hybrid microfibers. In addition, the stability of the electrical conductance during
cyclical mechanical deformation was examined by folding-unfolding cycles applied to the microfiber
using a mechanical tester and the simultaneous measurement of the resistivity (Figure 8b insets).
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As Figure 8b depicts, more than 1200 cycles were applied to the microfiber, and the resistance was
recorded every 100 cycles. The relative change of the resistance was 1.15 ± 0.03 after 1200 cycles,
which further confirmed the high stability of the HA/MWCNT hybrid microfibers. Furthermore,
the HA/MWCNT hybrid microfibers were twisted into four circles (Figure 8c) to demonstrate their
flexibility. As shown in Figure 8c, the relative change in the resistance shows a negligible deviation
after twisting into two circles and increases to 1.11 ± 0.02 after being tied in four circles, confirming the
flexibility of these fibers, which could be used in micromachine applications. The conductivity stability
of MWCNT hybrid microfibers depends not only on electrical properties but also on the mechanical
properties of the fibers. In our case, HA provides good mechanical support, while the MWCNTs
provide a more stable conductive path. Overall, the HA/MWCNT hybrid microfibers exhibit stabilized
electrical conductivity and excellent mechanical properties and could be used in microsized materials,
conductive materials, electrode materials, intelligent materials and high-performance fiber reinforced
composite materials applications

Figure 8. The stability properties of the HA/MWCNT hybrid microfibers. (a) Effects of bending angles
on the resistance of HA/MWCNT microfibers on a paper substrate; inset: A graphic illustration of the
test method for the HA/MWCNT microfibers; (b) The resistance stability results of the HA/MWCNT
microfibers over 1200 folding-unfolding cycles; inset: A photograph showing the fiber being operated
on by the tensile machine; and (c) The dependence of resistance on different numbers of tied circles.

4. Conclusions

In conclusion, continuous, conducting, high strength, and flexible HA/MWCNT hybrid microfibers
have been successfully produced by a wet-spinning method using HA as a surfactant and ion-conducting
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binder in the spinning solution. The effects of HA concentration, dispersion sonication time,
injection speed, and MWCNT concentration on the formation, conductivity, and mechanical behavior
of the HA/MWCNT hybrid microfibers were comprehensively investigated. An effective and
easy-to-handle manufacturing method for MWCNT hybrid microfibers is presented, and show that the
obtained HA/MWCNT hybrid microfibers with excellent electrical conductivity, mechanical properties,
and stable behavior are a promising material for microsized materials, conductive materials,
electrode materials, intelligent materials, and high-performance fiber reinforced composite materials.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/5/867/s1,
Figure S1: The graphs of HA/MWCNTs microfibers prepared with different injection speed, Figure S2: DTG curves
of HA and HA/MWCNTs microfibers.
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Abstract: A combined in-mold decoration and microcellular injection molding (IMD/MIM) method
by integrating in-mold decoration injection molding (IMD) with microcellular injection molding
(MIM) was proposed in this paper. To verify the effectiveness of the IMD/MIM method, comparisons
of in-mold decoration injection molding (IMD), conventional injection molding (CIM), IMD/MIM and
microcellular injection molding (MIM) simulations and experiments were performed. The results
show that compared with MIM, the film flattens the bubbles that have not been cooled and turned
to the surface, thus improving the surface quality of the parts. The existence of the film results
in an asymmetrical temperature distribution along the thickness of the sample, and the higher
temperature on the film side leads the cell to move toward it, thus obtaining a cell-offset part.
However, the mechanical properties of the IMD/MIM splines are degraded due to the presence of
cells, while specific mechanical properties similar to their solid counterparts are maintained. Besides,
the existence of the film reduces the heat transfer coefficient of the film side so that the sides of the
part are cooled asymmetrically, causing warpage.

Keywords: in-mold decoration injection molding; microcellular injection molding; surface quality;
mechanical properties; warpage

1. Introduction

Microcellular injection molding (MIM) technology originated from the idea of Nam Suh [1].
Compared with conventional injection molding (CIM), it has some advantages including weight
reduction, cost saving, and excellent dimensional stability [2–5]. Despite these advantages, however,
surface defects-such as gas flow marks and lack of smoothness-still remain one of the main drawbacks
of the MIM parts, which limit MIM’s application to a large extent [6].

In MIM, the polymer melt and supercritical fluid (SCF) are mixed to form the polymer/SCF
single-phase solution in the barrel; the polymer/SCF single-phase solution is then injected into the
mold cavity under the action of the screw. The large pressure drop causes thermodynamic instability,
which provides conditions for bubble nucleation and growth. As the bubble grows, it is stretched,
compressed, and even broken under the action of the shear flow. Due to the fountain flow behavior at
the front of the melt, the bubble turns over to the cavity surface and solidifies under the cooling of
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the mold, leaving a so-called bubble mark on the surface of the part, which greatly affects the surface
quality [7]. There have been many attempts to eliminate bubble marks to improve the surface quality.
For example, rapid thermal cycle molding (RTCM) technology was developed to eliminate surface
defects of the microcellular injection molded parts [8–12]. By increasing the temperature of the mold
cavity surface, the fluidity of the melt can be increased, thereby increasing the filling ability of the melt
to dissolve the bubble marks back into the melt [13]. Besides, the high-temperature mold flattens the
bubble marks which have not been cooled and formed to be turned over to the mold cavity surface,
and the microcellular foamed parts with a good surface quality are obtained.

Integrating co-injection with microcellular injection molding can also solve the surface appearance
issue [14–17]. Microcellular co-injection molding injects the surface layer material before injecting the
core material to form a sandwich structure in which the surface layer is not foamed, and the core layer
is foamed. Since the surface layer is solid, the parts with good surface appearance are obtained.

It is also possible to use a combination of gas counter pressure (GCP) and microcellular injection
molding to eliminate flow marks to improve surface quality [18–20]. GCP is the way to apply high
pressure to the mold cavity before melt injection and to maintain a constant back pressure during
the melt injection. Constant back pressure can suppress the nucleation and growth of the bubbles,
and the bubbles will start to grow after the back pressure is released. At this time, the surface layer has
solidified, thus improving the surface quality by reducing the bubble marks on the surface.

There have also been efforts to improve surface quality by gas-assisted microcellular injection
molding [21]. Hou at el. found that the cells generated during the melt filling process could be dissolved
back into the polymer melt through the high-pressure assisted gas from the GAMIM, thus improving
the part’s surface appearance by eliminating the sliver marks. Although these methods do have
improved surface quality, they all require additional equipment, which means improvements of the
experimental equipment, thus greatly increasing the cost of the experiment.

In addition, since the conventional injection molded parts need to be decorated with some patterns
and logos after the injection to improve the aesthetics and surface properties, the conventional surface
decoration techniques such as spraying and plating have many drawbacks, such as high defect rate,
wear resistance, long production cycle, and severe environmental pollution. To solve these problems,
the in-mold decoration (IMD) technique has been proposed. The IMD method integrates injection
molding and decoration, thus eliminating the secondary processing of conventional injection molding.
Compared with conventional injection molding, it not only reduces labor costs, but also improves
work efficiency, and the injection molded parts have better stability and durability [22–25].

To solve the shortcomings of microcellular injection molding, a combined in-mold decoration
and microcellular injection molding (IMD/MIM) method was proposed in this paper. The IMD, CIM,
IMD/MIM and MIM simulations and experiments were conducted to verify the effectiveness of the
IMD/MIM method. The mechanical properties, forming defects and cellular structure of the samples
were characterized to compare the IMD, CIM, IMD/MIM and MIM.

2. Combined In-Mold Decoration and Microcellular Injection Molding

The schematic diagram of the combined in-mold decoration and microcellular injection molding
(IMD/MIM) method is illustrated in Figure 1. The PET film is attached to the mold cavity before
injection, the polymer melt and supercritical fluid (SCF) are mixed under the stirring of the screw to
form the polymer/SCF single-phase solution in the barrel for injection, as can be seen in Figure 1a.
In Figure 1b, the polymer/SCF single-phase solution is injected into the cavity under the action of
the screw. The large pressure drop causes thermodynamic instability, which provides conditions for
bubble nucleation and growth. Due to the presence of the film, the heat transfer coefficient on the
film side is reduced, resulting in an asymmetrical temperature distribution along the thickness of
the sample, thus the flow is asymmetrical. In Figure 1c, the melt filling is completed, the bubbles
continue to grow until the melt solidifies. At the end of the filling, the melt temperature on the film
side is higher than that on the non-film side, and the viscosity is lower than that of the non-film side.
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Finally, the mold is opened, and the flexural sample is taken out as depicted in Figure 1d. The bubble
is shifted toward the film side due to the higher temperature on the film side, and some cells undergo
significant deformation under shear, extension, and compression of the shear flow, which is caused by
the fountain flow behavior at the melt front.

Figure 1. Schematic diagram of the IMD/MIM: (a) pasting film before injection; (b) injecting polymer/SCF
single-phase solution; (c) cooling molding; (d) ejecting flexural sample.

3. Experimental Setup

3.1. Numerical Simulation

3.1.1. Finite Element Model

To correspond to the experiment, a 4-cavity was used, and the flexural sample (80 × 10 × 4 mm)
was selected as the research object. The decorative film (PET) with the thickness of 0.2 mm was
attached to the mold cavity surface, and the cooling system and runner system were established as
required in Moldflow as shown in Figure 2. The main processing parameters were set as follows: melt
temperature 220 ◦C, mold temperature 50 ◦C, coolant temperature 25 ◦C, foaming agent’s content 0.5%;
the bubble nucleation model used the fitted classical nucleation model due to the asymmetric mold
cavity temperature distribution which affects bubble nucleation.

Figure 2. Finite element model.

3.1.2. Experimental Apparatus

A PVT testing machine (PVT-6000, Gotech, Beijing, China) was used to measure the PVT
performance; the method adopted was the isostatic cooling method, the pressure was set to 30, 60, 90
and 120 MPa, the temperature was heated to 200 ◦C, and the cooling rate was 5 ◦C/min.

Viscosity was measured using the capillary rheometer (CR-6000, Gotech, Beijing, China);
the experimental method used was to keep the temperature constant, pressurize, and then viscosity was
measured at different shear rates, and the experiment was repeated at different temperatures (180, 200,
220 and 240 ◦C).
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Cellular structure and surface topography were observed using a JSM-IT300 (JEOL Ltd., Tokyo,
Japan) scanning electron microscope (SEM). The samples were ruptured after immersion in liquid
nitrogen for 3 h before SEM observation. Then, platinum was sprayed on the fracture surface to
conduct electricity.

A 3D optical profiler (ST400, NANOVEA Corporation, Irvine, CA, USA) was used to analyze the
surface profile of the samples. Warpage was measured with a 3D laser scan (Handy scan 700, Creaform,
Wuxi, China).

The tensile, flexural and impact tests were performed to characterize the mechanical properties of
the samples. Tensile and flexural tests were performed using an electromechanical universal testing
machine (CMT6104, MTS Systems Corp, Eden Prairie, MN, USA). The impact test was performed
using an impact tester (XJUD-5.5, Chengde Jinjian Testing Instrument Co., Ltd., Chengde, China).
The tensile test method was ISO 527-1:1993 with a crosshead speed of 50 mm/min. The flexural test
method was ISO 178:2001 with a speed of 2 mm/min. The impact strength was measured according to
ISO 180:2000. To avoid errors caused by the contingency of the test, five samples were tested under
each test condition, and their average values were taken as the results.

3.1.3. Materials

The polymer material and physical foaming agent were modified PP, grade AIP-1927 (supplied by
Kingfa Sci & Tech Co., Ltd., Guangzhou, China) and N2 (supplied by Wuhan Xiangyun Industry and
Trade Co., Ltd., Wuhan, China), respectively, and PET film with the thickness of 0.2 mm was used as
the decorative film. Their properties were depicted in Table 1.

Table 1. Physical properties of the materials.

Family Abbreviation Modified PP PET

Brand AIP-1927 543C
Solid density (g/cm3) 1.0278 1.4050
Melt density (g/cm3) 0.8682 1.1696

Elastic modulus (MPa) 1300 3450
Sheer modulus (MPa) 780 1225

Poisson’s ratio 0.350 0.408

To perform simulation analysis more accurately, the PVT performance and viscosity property of
the modified PP were tested, thus obtaining the PVT and viscosity curves as shown in Figures 3a and
4a, respectively. Then, based on the Cross-WLF model and the modified dual-domain Tait equation of
state, the PVT and viscosity curves were fitted using the combination of the Mc Quaid method and the
general global optimization method (LM-UGO); the fitted PVT and viscosity curves were obtained as
illustrated in Figures 3b and 4b, respectively. The fitted PVT and viscosity characteristic parameters
were imported into Moldflow for simulation [26].

 
(a) (b) 

Figure 3. PVT performance of modified PP: (a) PVT curve of modified PP; (b) fitted PVT curve of
modified PP.
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(a) (b) 

Figure 4. Viscosity property of modified PP: (a) viscosity curve of modified PP; (b) fitted viscosity
curve of modified PP.

3.2. Experimental Design

The IMD, CIM, IMD/MIM and MIM experiments were carried out using an injection molding
machine (HDX50, Ningbo Haida Plastic Machinery Co., Ltd., Ningbo, China) and high-pressure
compressor (GBL-200/350, Beijing Zhongtuo Machinery Group Co., Ltd., Beijing, China). The processing
parameters used in all experiments are as follows: injection speed 60 g/s, injection pressure 70 MPa,
melt temperature 220 ◦C, mold temperature 50 ◦C, coolant temperature 25 ◦C, back pressure 10 MPa,
cooling time 25 s, foaming agent’s content 0.5%, gas dosing pressure 17.5 MPa, gas dosing time 3 s.
A holding pressure of 35 MPa was applied in the CIM and IMD experiments for a holding time of 12 s.

3.3. Characterizations

Three flexural samples on the same cavity were selected as the observation object, as shown
in Figure 5. The vertical section (10 × 4 mm), which represents the cross-section of the sample
perpendicular to the melt flow direction, was observed to assess the cell structure and distribution.
The parallel section (10 × 4 mm), which represents the cross-section of the sample parallel to the melt
flow direction, was examined to obtain the orientation and deformation of the cells. The cell diameter
and cell number were measured by Image Pro Plus 6.0 based on SEM micrographs. The cell average
radius (R) was calculated using Equation (1):

R =

∑n
i=1 di

2n
(1)

where di indicates the diameter of the ith cell within the designated area; n represents the number of
cells in the given SEM micrograph. The cell density (N) was calculated by using Equation (2):

N =

(
nM2

A

) 3
2

(2)

where M represents the magnification of the SEM micrograph; A represents the area of the
SEM micrograph.

The ratio of the length to diameter (c) was used to characterize the cell deformation and the
tilt angle (θ) to characterize the cell orientation. Similarly, the ratio of the length and tilt angle were
obtained by Image Pro Plus 6.0. As can be seen from Figure 5, the ratio of length to diameter (c) could
be calculated as Equation (3):

c =
L
B

(3)
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where L represents the major axis length of the cell, and B represents the minor axis length of the cell.
The tilt angle (θ) was defined as the angle between the major axis of the cell and the melt flow direction
(sharp angle), which is shown in Figure 6 [27].

The rectangular sample (10 mm × 10 mm) which is located at the center of the flexural sample
along the melt flow direction was used for observing surface appearance; the observation surface is
depicted in Figure 5. The arithmetic mean roughness (Ra) and root mean square roughness (Rq) were
used to characterize the surface roughness. Both Ra and Rq were calculated from the 3D optical profiler
with a precision of 0.01 μm. Five samples were analyzed for each condition and the average surface
roughness obtained were taken as the results.

Figure 5. Preparation of samples for SEM observation from flexural samples.

Figure 6. Schematic diagram of ratio of length to diameter and tilt angle.

4. Results and Discussion

4.1. Mechanical Properties

4.1.1. Tensile Properties

The tensile stress-strain curves of the IMD, CIM, IMD/MIM and MIM samples are given in
Figure 7a. As can be seen from Figure 7a, the tensile strength of foamed samples is lower than that of
their solid counterparts. This is attributed to the presence of cells, which reduces the bearing area,
and some larger cells also cause stress concentration, thus reducing the tensile strength of the spline.
The decrease in tensile strength of CIM sample is approximately 0.9%, which is almost negligible when
compared with that of IMD sample. It is no exception that the tensile strength of the IMD/MIM sample
is only a little higher than that of MIM sample. It can be inferred that the presence of the film has
no significant effect on the tensile strength. The specific tensile stress-strain curves of the IMD, CIM,
IMD/MIM and MIM samples are obtained by taking the weight reduction into account, as shown in
Figure 7b. It can be observed that the specific tensile strength of the foamed samples is a little lower
than that of the solid ones, which shows that the foamed samples maintain specific tensile strength
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similar to that of their solid counterparts. The quantitative comparison of the specific tensile properties
such as specific tensile strength, strain-at-break, specific Young’s modulus, and specific toughness of
the four kinds of samples are given in Figure 8. The density of the foamed specimens of IMD/MIM and
MIM is 13.75% and 15.47% less than that of their solid counterparts, respectively. It is found that the
specific tensile strength and specific Young’s modulus of the foamed samples are a litter lower than
those of their solid counterparts, which means foamed samples can maintain the same specific tensile
properties as those of the solid ones.

 
(a) (b) 

Figure 7. The tensile properties of the IMD, CIM, IMD/MIM and MIM samples: (a) tensile stress-strain
curves; (b) specific tensile stress-strain curves.

Figure 8. Comparison of mechanical properties among the IMD, CIM, IMD/MIM and MIM samples
(the error bars in the figure represent the standard deviation).

4.1.2. Flexural Properties

Figure 9a gives the flexural stress-strain curves of the IMD, CIM, IMD/MIM and MIM samples.
As shown in Figure 9a, the foamed samples have a higher flexural strength and elastic modulus than
those of their solid counterparts, which indicates that the flexural strength and stiffness of foamed
samples are reduced. This is attributed to the presence of cells, which reduces the material on the
forced cross-section, thereby decreasing the rigidity and resulting in a reduction in the flexural strength
of the spline. It can be seen from Figure 9a that the presence of the film has no significant effect on
the flexural strength. The specific flexural stress-strain curves of the IMD, CIM, IMD/MIM and MIM
samples are given in Figure 9b. It can be observed that the specific flexural strength of the foamed
splines is a little lower than that of the solid ones, which shows that the foamed samples can maintain
specific flexural strength similar to that of their solid counterparts. The quantitative comparison of the
specific flexural properties (specific flexural strength) of the four kinds of samples is given in Figure 8.
As shown in Figure 8, the specific flexural strength of the foamed samples is a little lower than that of
the solid ones, which is almost negligible. This means that the specific flexural strength of the foamed
samples does not decrease significantly due to the presence of the cells.
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(a) (b) 

Figure 9. The flexural properties of the IMD, CIM, IMD/MIM and MIM samples: (a) flexural stress-strain
curves; (b) specific flexural stress-strain curves.

4.1.3. Impact Properties

The quantitative comparison of the flexural properties (flexural strength and specific flexural
strength) of the IMD, CIM, IMD/MIM and MIM samples is shown in Figure 8. It can be seen that the
impact strength of the foamed samples is lower than that of their solid counterparts. The presence
of cells helps to passivate the crack tip and effectively prevent further crack propagation. Besides,
the deformation of the cells can absorb part of the energy, thereby improving the impact strength.
However, uneven cell distribution causes local large cells to become stress concentration points, thereby
reducing impact toughness. The combined effect of the two factors results in a decrease in the impact
strength. However, it can be seen from Figure 8 that the specific impact strength of the foamed samples
is only a little lower than that of their solid counterparts, which means that the foamed samples can
maintain the same specific impact properties as those of the solid ones. Similarly, the presence of the
film has no significant effect on the impact strength, as shown in Figure 8.

4.2. Formation Defects

4.2.1. Surface Topography

The surface topography, surface profile, experimental volume shrinkage and simulated volume
shrinkage of the IMD, CIM, IMD/MIM and MIM samples are shown in Figure 10. It can be seen that
the MIM sample has a rough surface with many silver streaks and cracked bubbles, while the surface
of the IMD/MIM sample is as smooth as those of the IMD and CIM samples, with a small amount of
burst bubbles. Due to the fountain flow behavior at the front of the melt, the grown bubbles turn to the
sides, reach the mold surface and deform or even rupture under the shearing and stretching of the
shear flow. Under the action of the mold, the bubbles are flattened on the surface to form bubble marks,
which greatly reduces the surface quality of the part. However, the surface quality of IMD/MIM sample
is almost as good as that of CIM sample, with few bubble marks on the surface. The presence of the
film, which reduces the heat transfer coefficient on the film side, results in a higher melt temperature
on the film side and a lower cooling rate. When the bubbles are turned over to the surface of the mold,
they are flattened by the film before being completely cooled. From the surface profile in Figure 10,
we can find that the solid samples have shrunk while the foamed splines have not, which is consistent
with the results of simulation and experiment. Due to the growth of the cells, the voids created by the
shrinkage of the melt are supplemented, allowing the melt to fill the entire cavity and reducing the
shrinkage of the samples.

The surface roughness of the IMD, CIM, IMD/MIM and MIM samples is shown in Figure 11.
It can be found that the surface roughness of IMD sample is smaller than that of CIM sample, and the
roughness of IMD/MIM sample is smaller than that of MIM sample, which means that the presence
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of the film reduces the surface roughness, so that the sample has a better surface quality. Compared
with the CIM sample, the MIM sample has much larger surface roughness, which is attributed to the
presence of many bubble marks on the surface of MIM parts, resulting in the poor surface quality.
However, the surface roughness of IMD/MIM is only a little smaller than that of IMD samples, which is
almost negligible. The presence of the film compensates for the defect of the surface quality of the
foamed samples. The result is consistent with that of the surface topography, so it can be concluded that
the IMD/MIM method does improve surface quality of the foamed samples, which plays a significant
role in the promotion and application of microcellular injection molding technology.

 Surface topography Surface profile 
Experimental 

volume shrinkage 
Simulated volume shrinkage 

IMD 

sample 

    

CIM 

sample 

    

IMD/MIM 

sample 

    

MIM 

sample 

    

Figure 10. The comparison of the surface topography, surface profile, experimental volume shrinkage
and simulated volume shrinkage among the IMD, CIM, IMD/MIM and MIM samples.

Figure 11. The comparison of the surface roughness indexes among the IMD, CIM, IMD/MIM and
MIM samples.
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4.2.2. Warpage

The warpage of the IMD, CIM, IMD/MIM, and MIM samples is shown in Figure 12. It is observed
that the warpage value of the IMD sample is 2.961 mm, which is much greater than that (0.7144 mm)
of CIM sample, which is consistent with the experimental result. The existence of the film reduces
the heat transfer coefficient on the film side, so that the cooling rate of the melt on the film side is
lower than that of the non-film side, resulting in an asymmetrical temperature on both sides of the
spline, and the temperature difference between the two sides at the end of the melt filling (35.13 ◦C)
is much greater than that (5.92 ◦C) of CIM sample, as shown in Figure 12. Therefore, the two sides
are not uniformly shrunk, and the sample is bent toward the high-temperature side, that is, the film
side. Besides, the temperature at each point on the part surface is also different, resulting in different
shrinkage rates everywhere, which also increases the warpage. The warpage of the IMD/MIM sample
(1.898 mm) is much larger than that of the MIM sample (0.5887 mm), but the warpage is reduced
compared with that of the IMD sample, which is consistent with the experimental result. The growth
of the cells facilitates the replenishment of the voids caused by the shrinkage of the melt, so that the
melt fills the entire cavity, thereby reducing the warpage to some extent.

 Warpage (mm) Temperature difference on both sides (  

IMD sample 
 

 

CIM sample 
 

 

IMD/MIM sample 
 

 

MIM sample 
 

 

Figure 12. The comparison of the warpage and temperature difference on both sides among the IMD,
CIM, IMD/MIM and MIM samples.

4.3. Cellular Structure

Since the cells in the vertical section are hardly deformed, we can divide the vertical section of
the MIM and IMD/MIM samples into three layers, namely, the transition layer A, transition layer B
and core layer C based on the cell size distribution, as shown in Figure 13. For the cells in the parallel
section, they are stretched and compressed under the action of the shear flow, resulting in deformation.
We no longer stratify according to the cell size distribution, but determine the boundary between the
transition layer and the core layer according to the degree of cell deformation.
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Figure 13. Layered schematic diagram: (a) and (b) layered schematic diagram of vertical section and
parallel section of the MIM sample, respectively; (c) and (d) layered schematic diagram of vertical
section and parallel section of the IMD/MIM sample, respectively.

4.3.1. Cellular Structure of Vertical Section

The simulation results and SEM micrographs of the vertical section of MIM and IMD/MIM
samples are given in Figure 14. It can be seen that whether it is the MIM or IMD/MIM sample, the cell
size of the core layer is larger than that of the transition layer, which is consistent with the cell size
distribution in Figure 14a,b. Combined with the temperature curves in Figure 14e,f, it can be found
that the temperature distribution along the thickness direction of the sample is not uniform, and the
temperature of the core layer is higher than that of the transition layer, which provides a longer time for
cell growth. Therefore, there is such a phenomenon that the core layer has large cells and the transition
layer cells are small. As can be seen from Figure 14a,b, the cell radius and tensile modulus change
in the opposite direction in the thickness direction, and the maximum cell radius corresponds to the
minimum tensile modulus, which illustrates that the cell size affects the tensile modulus. The cell
density of the core layer is less than that of the transition layer. In combination with the viscosity curves
of Figure 14e,f, higher temperature of core layer provides longer growth times for cells, while lower
viscosity results in lower melt strength, thus reducing cell growth resistance. Therefore, the cells are
merged and collapsed more, resulting in the cell density of the core layer being lower than that of the
transition layer.

As can be seen from Figure 15, it is not difficult to find that the cells of the two transition layers of
the MIM sample are similar in size and density. However, the cell of transition layer B (with film side)
of the IMD/MIM sample is larger than that of the transition layer A, while the cell density on both sides
is not much different. The presence of the film reduces the heat transfer coefficient on the film side,
so cells have a longer time to grow due to the higher temperature of the film side. At the same time,
due to the higher temperature, the solubility of the gas in the melt is lowered, the thermodynamic
instability of the gas is enhanced, thus increasing the nucleation rate of cells. However, the number of
cell nucleation is primarily determined by the thermodynamic instability induced by the large pressure
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drop that occurs when the polymer/SCF single-phase solution is injected into the mold cavity, so that
there is no significant difference in the cell density of the two transition layers.

 
Figure 14. Simulation results and SEM micrographs of the vertical section of MIM and IMD/MIM
samples: (a), (b) and (e), (f) the simulation results along the center line of vertical section of MIM
and IMD/MIM samples, respectively; (c) and (d) the SEM micrograph of MIM and IMD/MIM
samples, respectively.

Figure 15. The cell radius and cell density of the transition layer A, core layer C and transition layer B
of MIM and IMD/MIM samples.
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From Figure 14c,d, we can see that the largest cell of the MIM sample is on the center line,
while the largest cell of the IMD/MIM sample is offset from the center line toward the film side. Due to
the presence of the film, the temperature on the film side is higher than that on the non-film side.
The maximum temperature no longer appears on the center line of the sample thickness, but is shifted
to a certain distance toward the film side, so the largest cell of the IMD/MIM is biased toward the film
side. The distance from the left edge of the MIM core layer to the left surface is 1.41 mm, and the
distance from the right edge to the right surface is 1.39 mm, while the distance from the left edge of the
IMD/MIM core layer to the left surface is approximately 1.49 mm and the distance from the right edge
to the right surface is approximately 1.31 mm. It can be clearly seen that the core layer of the MIM is
symmetrical about the center line, while the core layer of the IMD/MIM is offset by 0.08 mm toward
the film side.

The temperature field and viscosity field affect the boundary position of the core layer. As shown
in Figure 14e,f, the highest point of the temperature curve and the lowest point of the viscosity curve
of MIM are on the center line, while the highest point of the temperature curve and the lowest point of
the viscosity curve of IMD/MIM are off the center line, approaching the film side, so the core layer of
the IMD/MIM is offset toward the film side. The offset of the core layer affects the thickness of the
transition layer. It can be seen from Figure 14c,d that the thicknesses of the two transition layers of MIM
sample are similar. However, the thickness of transition layer B (with film side) of IMD/MIM sample is
less than that of the transition layer A. The intersections of the four yellow dashed lines and the purple
dashed line shown in Figure 14e,f represent the intersections of the above four boundary positions
with the temperature profile at the end of the melt filling. It can be seen that the temperatures at these
locations are almost all about 212 ◦C. Only the temperature at the left boundary of the IMD/MIM core
layer in Figure 14f is slightly above 212 ◦C. The melt viscosity at this boundary is large, resulting in
low melt strength, so cells easily collapse and merge, thus a higher temperature is required.

4.3.2. Cellular Structure of Parallel Section

SEM micrographs of the parallel section of MIM and IMD/MIM samples are given in Figure 16.
It can be seen that whether it is the MIM or IMD/MIM sample, the core layer cells are spherical,
while the transition layer cells are severely deformed and appear elliptical. When the transition layer
cells grow during the melt filling stage, they are stretched and deformed by the strong shearing action
of the melt. Higher temperature of the core layer results in lower melt viscosity, which means the shear
stress subjected is smaller, so most of the core layer cells are still in a spherical state. The cell density of
the core layer is lower than that of the transition layer. Higher core layer temperature provides longer
growth time for cells, while lower melt strength results in reduced cell growth resistance. Therefore,
cells are more likely to merge or collapse, resulting in the cell density of the core layer being lower than
that of the transition layer.

Due to the severe deformation of the transition layer cells, we no longer study the cell size, but use
the ratio of the length to diameter to characterize the cell deformation and tilt angle to characterize the
cell orientation. As can be seen from Figure 17a, it is not difficult to find that the ratio of the length
to diameter and the tilt angle of the two transition layer cells of MIM are both similar. The length to
diameter ratio of the transition layer B (film side) cells of the IMD/MIM is smaller than that of the
transition layer A, and the tilt angle is larger than that of the transition layer A. This is because the
temperature of the film side is higher, and the melt viscosity is lower, so the cells are less sheared
during the melt filling stage, thus resulting in a smaller aspect ratio and smaller angle of the cell from
the vertical direction, so the tilt angle is larger. The cell density on the film side is similar to that on the
non-film side, which is consistent with the cell distribution phenomenon in the vertical direction.

From Figure 16a,b, we can see that the distance from the left edge of the MIM core layer to the
left surface is 1.41 mm, and the distance from the right edge to the right surface is 1.39 mm, while the
distance from the left edge of the IMD/MIM core layer to the left surface is 1.49 mm and the distance
from the right edge to the right surface is 1.31 mm. From these data, we can find that the thickness of
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IMD/MIM core layer is the same as that of MIM, which is almost 1.2 mm, but the core layer of MIM is
symmetrical about the center line, while the core layer of IMD/MIM is offset to the film side by 0.08 mm.
Due to the reduced heat transfer coefficient on the film side, the highest temperature no longer appears
on the center line of the thickness direction, but is offset toward the film side by a certain distance;
therefore, the core layer of the IMD/MIM is biased toward the film side.

Figure 16. SEM micrographs of the parallel section of MIM and IMD/MIM samples: (a) and (b) the
SEM micrograph of the parallel section of MIM and IMD/MIM samples, respectively; (a-1), (a-2), (a-3)
and (b-1), (b-2), (b-3) the SEM micrographs of the transition layer A, core layer C and transition layer B
of the parallel section of MIM and IMD/MIM samples, respectively.

 
(a) (b) 

Figure 17. (a) The ratio of length to diameter and tilt angle of the transition layer A and transition
layer B of MIM and IMD/MIM samples; (b) The cell density of the transition layer A, core layer C and
transition layer B of MIM and IMD/MIM samples.
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5. Conclusions

A combined in-mold decoration and microcellular injection molding (IMD/MIM) method was
presented in this paper. The in-mold decoration injection molding (IMD), conventional injection
molding (CIM), IMD/MIM and microcellular injection molding (MIM) simulations and experimental
comparisons were performed to validate the effectiveness of the IMD/MIM method. The mechanical
properties, forming defects and cellular structure of the samples were analyzed and compared.

The results show that the proposed IMD/MIM method can improve surface quality while
maintaining almost no degraded mechanical properties and obtaining a cell-offset part. Compared
with IMD, the mechanical properties of IMD/MIM samples are reduced due to the presence of cells.
However, the specific mechanical properties are rarely reduced, and specific mechanical properties
similar to their solid counterparts are maintained. Compared with MIM, the presence of the film flattens
the bubbles that have not been cooled and turned to the surface, thus improving the surface quality by
eliminating the bubble marks, and the IMD/MIM parts have almost the same good surface appearance
as that of CIM. However, the existence of the film reduces the heat transfer coefficient on the film side,
so that the two sides of the part are cooled asymmetrically, resulting in an asymmetry temperature,
thus causing warpage. The presence of the film results in an asymmetrical temperature distribution
along the thickness of the specimen. The higher temperature on the film side leads the cells to move
toward it, obtaining a cell-offset part. Therefore, the method provides an effective way of producing
foamed parts with improved surface appearance, which provides a broad development prospect for its
applications in many industries such as furniture packaging, construction and automotive interior
and exterior.
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Abstract: In this work, we prepared electrically conductive self-healing nanocomposites.
The material consists of multi-walled carbon nanotubes (MWCNT) that are dispersed into thermally
reversible crosslinked polyketones. The reversible nature is based on both covalent (Diels-Alder)
and non-covalent (hydrogen bonding) interactions. The design allowed for us to tune the
thermomechanical properties of the system by changing the fractions of filler, and diene-dienophile
and hydroxyl groups. The nanocomposites show up to 1 × 104 S/m electrical conductivity, reaching
temperatures between 120 and 150 ◦C under 20–50 V. The self-healing effect, induced by electricity
was qualitatively demonstrated as microcracks were repaired. As pointed out by electron microscopy,
samples that were already healed by electricity showed a better dispersion of MWCNT within
the polymer. These features point toward prolonging the service life of polymer nanocomposites,
improving the product performance, making it effectively stronger and more reliable.

Keywords: Paal-Knorr reaction; polyketone; carbon nanotubes; nanocomposite; Diels-Alder;
click-chemistry; hydrogen bonding; self-healing; re-workability; recycling; Joule heating

1. Introduction

Self-healing thermoset polymer materials represent an outstanding approach and cost-effective
solution for non-recyclable thermoset applications [1]. These materials possess the remarkable ability
of being mended, which thus prolongs their service life [2]. Particularly, the self-healing approach
in thermoset polymer materials relies on the ability of the linking moieties to cleave—and—reform
upon exposure to a certain stimulus. Thus, microcracks on the material can be repaired based on such
reversible features [3,4]. For instance, such a healing effect can be triggered by heat [5–8] or light [9–13].

Intensive research efforts are also dedicated to the synthesis of self-healing thermoset polymers
by including organic/inorganic nanofillers during in-situ polymerization to improve the nanofiller
distribution, strength, modulus, and toughness of the final thermoset nanocomposite material to
achieve further improvements [14–17]. As a normal procedure, the weight content of the nanofiller
(e.g., carbon nanotubes) in the matrix is tailored to gain the maximal reinforcement from the filler while
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considering its aspect ratio and loading. Accordingly, the chemical functionalization of nanofillers (via
covalent attachment of compatibilizing functional groups or polymers) has been reported to increase
the homogeneous distribution of the filler and the mechanical performance of the nanocomposites,
even while using relatively high filler loadings [16,18–20]. Although nanocomposites with exceptional
mechanical and self-healing properties have already been produced [4,21,22], the healing process for
most of the applications still relies on direct heating as external stimulus for repairing. The latter
hinders macro-scale applications of these materials due to the high-energy source used for in-situ
(i.e., in-service) damage repairing [23].

Recently, many authors have reported approaches for in-situ damage repairing with remarkable
achievements [24–27]. Among those, a newly emerging system is represented by electrically self-healing
nanocomposite. Electrically-induced self-healing is a relatively new concept that is currently used
in the design of light long-lasting nanocomposites for electronic applications and actuators [28–33].
The healing process occurs via heat generation when an electrical current passes through a conductive
matrix, such as a percolated multi-walled carbon nanotubes (MWCNT) network. The so-called
Joule-effect activates the intrinsic self-healing ability of thermally self-mendable matrices to heal damage
in local areas [34,35]. Among the several chemical routes used for thermal healing, the Diels–Alder
(DA) reversible cycloaddition is one of the most effective alternatives [36]. It allows for the formation
of three-dimensional and reversible network structures by means of the DA and retro-Diels-Alder
(r-DA) reactions. Besides, thermally-reversible polymers based on DA chemistry and combined with
MWCNTs have proven to be feasible systems for generating electrically self-healing nanocomposites
based on the DA reaction [37]. In this particular example, the activation of the Joule heating, using
electricity in the presence of macroscale damages (i.e., cuts), generates local changes in electrical
resistivity at the crack tip, which leads to a local temperature increase, within the range of the r-DA
reaction temperatures. The elevated temperature generates sufficient chain mobility to close and
seal the cut upon cooling by means of the DA reaction. Remarkably, this approach introduced a
new concept for polymer healing while using Joule heating and set the basis for the development of
self-healing electrically conductive nanocomposites. It is, in fact, a fundamental point, since the higher
interfacial interaction between the components via DA chemistry, the better the recovery of mechanical
properties. For instance, it has been already reported that MWCNTs promotes a catalytic effect upon
DA reaction for damage recovery in thermally self-healing matrices that are based on reversible DA
chemistry [38].

Owing to the need to produce scalable self-healing thermoset nanocomposite systems, the chemical
modification of polyketones (PK) with amine compounds via the Paal–Knorr reaction represents
a feasible alternative for the industrial production of these materials [39]. This is related to the
tolerance of this reaction towards many functional groups, particularly sterically hindered amines.
This synthetic pathway offers several advantages, such as high yield under relatively mild conditions,
high reaction kinetics, even in the absence of any catalyst, and water as the only by-product. In 2009,
Picchioni and his co-workers published the first attempt for the chemical modification of PK with
furan amino-substituted compounds aimed at preparing thermoset polymer networks that are able to
undergo reversible reactions via DA chemistry [40]. The furan groups that were directly grafted on the
PK backbone chain allowed for the formation of a three-dimensional network structure after being
cross-linked with aromatic bismaleimide (B-Ma). The material indeed formed a thermally reversible
and self-healing thermoset polymer network by means of the DA and r-DA sequence. In another
approach, polyketones bearing DA and hydrogen bonding (HB) active groups were prepared by the
same Paal–Knorr chemical route. The resulting materials displayed self-healing properties while
using heat as external stimulus [41]. The novelty of this approach allowed for the preparation of
a series of compounds displaying the same backbone structure but a systematic variation in the
amount of hydrogen bonding and Diels–Alder pendant groups. This allowed for precisely pinpointing
the influence of both kinds of interactions on the thermal and mechanical properties and thermal
self-healing of the systems.
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In a previously reported work, we have demonstrated the electrical-conductivity of a composite
material consisting of a polyketone functionalized with furan groups, cross-linked with bismaleimide,
and reinforced with MWCNTs [42]. Herein, we report on electrically self-healing nanocomposites that
display tunable thermomechanical properties and re-workability by means of tuning the ratio between
DA and HB functional groups and the wt.% loading of MWCNTs. These electrically conductive
nanocomposites stem from the chemical modification of an alternating aliphatic polyketone grafted
with furan (PK-Fu) and propyl alcohol groups (PK-Fu-A2P) via the Paal–Knorr reaction. The polymers
are cross-linked with B-Ma and reinforced with MWCNTs via reversible Diels–Alder cycloaddition
and hydrogen bonding. Spectroscopic techniques were used to study the chemical modification of
the polyketone backbone polymer and crosslinking of the resulting polymer nanocomposites via DA
reaction. Thermomechanical tests allowed for evaluating the mechanical performance, recyclability,
and re-workability of the composites via reversible DA/r-DA cycloaddition, hydrogen bonding,
and MWCNTs loading. The modulus and electrical performance of the material were measured.
Additionally, the effect of Joule heating was followed by IR thermography. The morphology of the
systems was studied by optical microscopy. The dispersion of MWCNTs in the polymeric matrices
was analyzed by electronic microscopy before and after self-healing by Joule heating.

2. Materials and Methods

The alternating aliphatic polyketone (PK30) was synthesized according to previously reported
works [39–41]. The resulting co- and terpolymers of carbon monoxide present a total olefin content
of 30% of ethylene and 70% of propylene (PK30, MW 2687 Da). Furfurylamine (FU, Sigma-Aldrich,
≥99%, Zwijndrecht, The Netherlands), and amino-2-propanol (A2P, Sigma Aldrich, 99%, Darmstadt,
Germany) were freshly distilled before used. Multi-walled carbon nanotubes (MWCNTs, O.D. 6–9 nm,
average length 5 μm, Sigma-Aldrich 95% carbon, St. Louis, MO, USA), dimethyl sulfoxide-d6
(DMSO-d6, Sigma-Aldrich 99.5%, St. Louis, MO, USA), (1,1-(methylenedi-4,1-phenylene)bismaleimide
(B-Ma, Sigma-Aldrich 95%, St. Louis, MO, USA), tetrahydrofuran (THF, Boom BV ≥95%, Meppel,
The Netherlands), chloroform (CHCl3, Avantor 99.5%, Gliwice, Poland), and deuterated chloroform
(CDCl3, Sigma-Aldrich 99.8 atom% D, St. Louis, MO, USA) were purchased and used as received.

2.1. Functionalization of Polyketone with Furan and Propyl Alcohol Groups

The reaction between PK30, FU, and A2P (Figure 1) was carried out as described by
Araya-Hermosilla et al. [41] at different ratios between the 1,4-dicarbonyl groups of PK30 and
the primary amine groups of FU and A2P via the Paal–Knorr reaction. The molar ratio between the
reactants in the feed and methodology are described in the Table S1. The chemical modifications of
PK30 yielded different polymers bearing pendant furan and hydroxyl groups (PK30xFUyA2Pz).

Figure 1. Schematic representation of Paal–Knorr functionalization of Polyketone with furfurylamine
and amino-2-propanol (PK-FU-A2P).

2.2. Preparation of PK30xFUyA2Pz/B-Ma/MWCNT Composite

A three-dimensional and reversible network structure was produced by means of the DA reaction
of the furan-derived PK30 and the aromatic bismaleimide cross-linker agent. MWCNTs may also
undergo DA with furan and maleimide groups by means of the diene/dienophile character of the
graphitic surface of the MWCNTs [43]. First, the MWCNTs were suspended in CHCl3 (0.75 wt.%),
a solvent reported as an effective dispersant for MWCNTs [44,45], and sonicated for 30 min. Polymers
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that were grafted with FU and A2P groups at different ratios, bismaleimide at equimolar amounts with
the furan groups, and already sonicated MWCNTs at specific percentages from 0.1 to 5 wt.% (Table S2)
were mixed in chloroform (comprised roughly 90% of the total volume) in a round-bottom flask with
a condenser. The reaction was set under vigorous stirring at 50 ◦C for 24 h while using an oil bath
that was equipped with a temperature controller. The resulting mixtures were put on Teflon plates to
evaporate the solvent in a vacuum oven at 60 ◦C for 48 h. Around 500 mg of the powder acquired from
ground materials after DA reaction was set in stainless steel molds that were lined with Teflon paper.
The powders were then pressed using a heated press (Schwabentan Polystat 100T) at 150 ◦C and 40 bar
pressure for 30 min. to form rectangular bars with dimensions of 35 mm × 6 mm × 1 mm. The bars
were cooled down to room temperature and stored for further testing.

2.3. Characterization

The elemental composition of the polymers was analyzed while using a Euro EA elemental
analyzer (Langenselbold, Germany) for nitrogen, carbon, and hydrogen. 1H-NMR spectra were
recorded on a Varian Mercury Plus 400 MHz apparatus (Agilent, Santa Clara, CA, USA) while using
CDCl3 or DMSO-d6 as solvent. FT-IR spectra were collected using a Perkin-Elmer Spectrum 2000
(San Francisco, CA, USA), transmission measurements were recorded at the range of 4000 cm−1 to
500 cm−1 at a resolution of 4 cm−1 averaged over 64 scans. Differential scanning calorimetry (DSC)
analysis was performed on a Perkin Elmer Pyris Diamond under a nitrogen atmosphere (Shelton, CT,
USA). The samples were weighed (5–12 mg) in an aluminum pan, which was then sealed. Subsequently,
the samples were heated from 0 ◦C to 150 ◦C and then cooled to 0 ◦C. Four heating-cooling cycles
were performed at a rate of 10 ◦C/min. Gel Permeation Chromatography (GPC) measurements were
performed with an HP1100 Hewlett-Packard (Wilmington, Philadelphia, PA, USA). The equipment
consists of three 300 × 7.5 mm PLgel 3 m MIXED-E columns in series and a GBC LC 1240 RI detector
(Dandenong, Victoria, Australia). The samples were dissolved in THF (1 mg/mL) and eluted at a flow
rate of 1 mL/min. and a pressure of 100–140 bar. The calibration curve was made using polystyrene
as standard and the data were interpolated using the PSS WinGPC software. Thermomechanical
analyses were conducted on a Perkin Elmer Dynamic Mechanical Analyzer DMA 8000 (Waltham, MA,
USA) using single cantilever mode at an oscillation frequency of 1 Hz and heating rate of 3 ◦C/min.
The samples for DMA analysis were prepared by compression molding of 500 mg of the composite
into rectangular bars (6 mm wide, 1 mm thick, 35 mm long) at 150 ◦C for 30 min. under a pressure
of 40 bar to ensure full homogeneity and then annealed in an oven at 50 ◦C for 24 h. Electrical
measurements were performed on the rectangular bars used for DMA analysis. The setup consisted
of a Velleman Power supply single output DC switching bench 60V, 5A, and a multimeter (Gossen
Metrawatt Metrahit 18S) (Figure S1). Electrical parameters were measured on samples that were
connected to a conventional circuit using copper clamps holders. In addition, silver paste was used at
both ends of the bars and cover into aluminum foil to improve the contact area between the copper
clamps holder and the sample. The sample resistivity (ρ) was calculated, as follows

ρ = R
A

l
(1)

where ρ is given in Ω·m, R (Ω) is the electrical resistance, A (m2) is the cross-sectional area, and l (m) is
the length between copper clamps holders. The electrical resistance is calculated, as follows

R =
V

I
(2)

where V stands for voltage (V) supplied in the electrical circuit and I is the current (A) measured in
amperes passing through the sample. Thermal images of the samples that were subjected to electrical
current were obtained while using a Fluke IR thermometer camera (VT02 Everett, WA, USA) (Figure S1).
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For safety and practical reasons, when the temperature of the different samples reached 150 ◦C,
the stimulus that triggered the rise in temperature was switched off, such as heat exchange in DSC and
DMA, and voltage in conductivity analyses.

3. Results and Discussion

3.1. PK Functionalized with Furan and Propyl Alcohol Groups Via Paal-Knorr Reaction

The Paal–Knorr reaction on the polyketone with FU and A2P resulted in dicarbonyl conversion
of higher than 65%, as seen in Table 1. This is a good result, given that the maximum conversion
expected has been demonstrated to be statistically 80% [41], due to the occurrence of reactions leaving
the monocarbonyl segments in the chains. The total conversion efficiency (y + z) could be calculated by
EA through the relative content of N in the samples. The relative weight of y and z could be obtained
by 1H-NMR.

Table 1. Elemental Analysis and Gel Permeation Chromatography (GPC) measurements of PK30 alone
and modified with Furfurylamine (FU) and A2P at different ratio.

Sample x (%) y (%) z (%) CO (%) Mn (×103 M) Mw (×103 M) PDI

PK30 100 - - - 2.4 5.4 2.2
PK30x-FUy 35 65 - 65 2.1 5.4 2.6

PK30x-FUy-A2Pz 28 55 17 72 1.8 5.0 2.7
PK30x-FUy-A2Pz 27 47 26 73 2.0 5.4 2.7
PK30x-FUy-A2Pz 28 36 36 72 1.9 5.3 2.7

PK30x-A2Pz 28 - 72 72 1.7 4.1 2.4

Figure 2 shows the 1H-NMR spectra of the polymers before and after the different functionalizations.
In all cases, a successful grafting process was indicated by the signals that were attributed to the formed
pyrrole rings around 5.7 ppm (H6). Peaks at 4.9 (H1), 5.9 (H2), 6.2 (H3), and 7.3 ppm (H4) confirm
the presence of furan groups, while 3.9 ppm (H5) signal stands for the confirmation for the hydroxyl
moieties. The spectra clearly show how the signals attributed to each group increase or decrease with
the respective FU/A2P ratio used in the formulation. From the relative intensity of the resonance peaks,
the values of x and y shown in Table 1 were obtained.

Figure 2. 1H-NMR spectra of PK30 functionalized FU and A2P at different ratios.

DSC experiments of the polymers show differences in their respective Tg, as can be seen in Figure 3.
The experimental plots can be seen in Figure S2, where the first curves were neglected to remove the
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thermal history. As expected, polymers with stronger intermolecular HB showed higher Tg. The Tg

increased as a function of the A2P/FU ratio for all of the different copolymers synthesized.

Figure 3. Glass transition of PK30 grafted with FU, A2P, and their respective ratios according to DSC
(see Figure S2 for thermal history of all polymer series).

3.2. PK-Fu-A2P / B-Ma/MWCNT Composite

The polymers were mixed with bismaleimide and MWCNT while using CHCl3 as solvent at
50 ◦C for 24 h to produce the reinforced composite materials through the DA cycloaddition reaction.
Figure 4 and Figure S3 show the FT-IR spectra of the composites before and after the cross-linking
reaction in the absence and presence of 5 wt.% MWCNT [43,46,47]. There are emerging bands centred
at approximately 1180 cm−1 attributed to the C-O-C ether moiety from the DA adduct. The band at
1009 cm−1 assigned to C-O-C of unreacted furans, and a band at approximately 1378 cm−1, representing
C-N stretching in the maleimide ring disappear over time.

Figure 4. FT-IR of polyketones (PK) grafted with the ratios of FU and A2P Untried (not cross-linked)
and cross-linked with different wt.% of multi-walled carbon nanotubes (MWCNTs).
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The DSC experiments were then performed with the cross-linked nanocomposites to follow the
reversibility process related to the DA and r-DA sequence of the materials. For brevity, only one DSC
study is shown in Figure 5 (see Figure S4 for a full review of all crosslinking series of nanocomposites).
The resulting graph displays a broad endothermic transition in the range of temperature 100–140 ◦C for
each consecutive thermal cycle. The resemblance between the cycle curves in the DSC graphs confirm
the reversible cross-linked character of the samples, in other words, the resilience of the material upon
thermal cycling.

Figure 5. Differential scanning calorimetry (DSC) thermal cycles of PK-Fu60-A2P20 cross-linked with
b-Ma and reinforced with 5.0 wt.% of MWCNTs.

In addition, from DSC analysis it was possible to evaluate the de-cross-linked samples. We can
assign many parameters to compare the samples since the endothermic transition corresponds to the
r-DA process. Thus, the peak of the curves in Figure 5 is the indication of the moment at which the
DA cleaved is at its maximum. The area under the curve associated to this peak is therefore related
to the energy that is absorbed during the cleavage of the DA adducts [48]. That is to say, the results
(Figure 6A) present no relevant changes or trends relating temperature peaks to the ratio of amines or
the weight percentage of MWCNT in each sample. This result can be interpreted as the intermolecular
bonds playing an important role in the system. Hence, a greater amount of FU results in a higher
crosslinking density. The latter means that, even though the DA cross-linking density diminished,
physical interactions via hydrogen bonding can compensate the thermal stability of the systems. This is
supported by the DSC results shown in Figure 3, where the higher amount of OH groups results in
higher glass transition temperatures of the different polymers [8,42].

Likewise, the area under the curve, also being addressed as the endothermic integral, does not
present the trend of relation in the manner of different weight percentage of MWCNT (Figure 6B).
Nonetheless, there is a pertinent difference of area if we take the different amine ratios into consideration,
and clearly, the percentage of FU that is grafted onto the polymer dictates the energy absorbed during
the cleavage of the DA adducts. This is in agreement with the cross-linking density of the material as
already mentioned [46].
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Figure 6. (A) Temperature peak where most of the Diels–Alder (DA) adducts are cleaved for all the
series of cross-linked nanocomposites with bismaleimide and different wt.% of MWCNTs. (B) Enthalpy
as determined by DSC analysis of cross-linked samples according to wt.% of MWCNT and ratios of
amines compounds.

3.3. Mechanical Properties

Successful bar specimens for DMA analysis were obtained after hot compression molding of ground
cross-linked samples using 150 ◦C and 40 bar during 30 min. This process favors the r-DA mechanism
that leads to the de-crosslinking of the thermoset nanocomposites (Figure S5 grinded/molded samples).
This probes the reversibility and recyclability character of these materials. The variation in storage
modulus (E’-ability of the material to store energy), loss modulus (E”-ability of the material to dissipate
energy), and ratio of the loss modulus to the storage modulus (tan δ) of all the samples were measured
while using the single cantilever method in the DMA analyses. The peak of tan δ is where the viscous
behavior of the network is at its maximum. For simplicity, we refer to this as the softening point in this
discussion. Figure 7A shows that the filler considerably enhances the loss/elastic moduli and softening
point (tan(δ) peak), with respect to the neat cross-linked thermoset.

Figure 7. (A) Dynamic mechanical analysis of PK30-FU80 (reference sample) cross-linked with
bismaleimide and reinforced with 5 wt.% of MWCNTs. Black line represents the sample without filler
and the red one crosslinked with 5 wt.% of MWCNT (B) E’ E”(bars–left axis), tan (δ) delta (points–right
axis) vs Temperature for formulations that vary on the Fu/A2P ratio and different wt.% of MWCNTs
(see Figure S6 for the whole series of DMA analysis).
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Remarkably, the storage and loss moduli increased more than one order of magnitude when
comparing the neat thermoset system to the reinforced one containing 5 wt.% of MWCNTs (Figure 7A).
Likewise, the softening point (tan(δ)) increased from ~140 ◦C (neat thermoset) to ~160 ◦C for the
reinforced nanocomposite. This can be explained by the MWCNTs reinforced structure of the thermoset
matrix showing increased rigidity. This effect might also be a consequence of strong interfacial
interactions between the polymer matrix and MWCNTs. As furan and maleimide moieties both have
been reported to undergo DA cycloaddition with CNT surface [38,42]. In Figure 7B, the ratio of DA
and HB active groups grafted on the neat thermosets (without MWCNTs) shows increasing E’, E”,
and tan δ with increasing crosslinking density. However, substantial differences are not found in
E’, E” and tan δ between systems with the same Fu/A2P ratio in the presence of increasing wt.% of
MWCNTs. This suggests the lack of interaction between the nanofiller and the cross-linked thermoset
matrices. We also observed that systems with different Fu/A2P ratios and same 5 wt.% of MWCNTs
show similar E’, E”, but the tan(δ) is 10 ◦C higher for the highest cross-linked PK30–Fu60–A2P20
system. As compared to the PK30–Fu80 reference system with 5 wt.% MWCNTs, the nanocomposites
PK30–Fu60–A2P20 showed a 22 ◦C higher softening point (tan(δ)). This reveals the greater capacity for
dissipating energy most likely due to the better distribution of MWCNTs and the contribution of HB in
the matrix.

3.4. Electrical Conductivity Properties

The electrical conductivity measurements were performed to evaluate the minimum amount of
MWCNTs needed to achieve an efficient percolation pathway to heat the sample by Joule heating.
The sample bar was placed between two copper clamps (Figure S1). Silver paste and aluminum foil
were used to improve the contact between the copper clamps and the samples. An infrared camera is
used in addition to a digital thermometer with a thermocouple to monitor the temperature change
during the conductivity tests (Figure S1).

The minimum amount of MWCNTs needed to obtain electrical conductivity is 1.5 wt.% for all
three different ratios between Fu/A2P functional groups, as can be seen in Figure 8A. Conductivity
increases as the amount of MWCNTs increases by two orders of magnitude higher for either composite
system containing 5 wt.% MWCNTs, as compared to systems only containing 1.5 wt.%. The systems
containing FU60/A2P20 ratio conduct more electricity than systems containing lower FU/A2P ratios,
even though the amount of MWCNTs is the same in all instances. This characteristic has been already
been reported previously and attributed to the effective primary (covalent) and secondary interactions
between MWCNT and FU. Both types of interactions cooperatively favor the homogeneous distribution
of the filler along the sample [42,49].

Figure 8. (A) Electrical conductivity of sample bars and (B) Temperature reached with each sample
bars according to voltage.
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Importantly, the temperature that the bars achieve by means of the Joule heating under different
voltages was measured with the same set up using the thermal camera. Temperatures above
120 ◦C are needed to activate the r-DA process for self-healing with samples containing 5 wt.% of
MWCNTs. This required using voltages between 25 to 35 V (Figure 8B). For lower MWCNTs content,
the temperature did not reach such a high value, even upon applying voltage of 60 V. This is clearly
related to the ratio between Fu/A2P compounds, the higher amount of FU grafted, the higher the
achieved temperature with lower voltage.

Notably, the conductivity and Joule heating are reproducible during heating and cooling cycles
(e.g., turning on/off the circuit), thus testifying that the percolation pathway does not undergo relevant
alteration in the course of temperature changes. Moreover, according to the conductivity tests, the
higher the FU content in the sample, the greater was the overall bar conductivity, which resulted in
improved resistive heating being needed to perform electrical self-healing. That is to say that the
MWCNTs distribution was superior in the sample PK30-FU60-A2P20 than in other FU/A2P ratios.

3.5. Thermal and Electrical Self-Healing

Two qualitative experiments were done in order to demonstrate the self-healing features of the
nanocomposites. The first test attempted to validate the self-healing process by breaking bar samples.
For all the wt.% of MWCNT, the broken samples were placed back in the molds where they were
first made. The initial process conditions of 150 ◦C and 40 bar for 30 min. were applied. The bars
recover their full integrity, as can be seen in Figure 9. The effectiveness of this method is expected,
since applied pressure enhances the contact between the damaged faces after the r-DA has taken place,
allowing for the DA reaction to proceed upon cooling. This method not only proves self-healing ability,
but also the reworkability and recyclability of the material.

Figure 9. Thermally self-healing of sample during the re-process of the bars with press using 150 ◦C
and 40 bar for 30 min. Sample (A) PK30-FU20-A2P60-CNT 0.0% (B) PK30-FU20-A2P60-CNT 1.5%
(C) PK30-FU60-A2P20-CNT 0.1% at the moment (1) broken, (2) healed front face (3) healed back face.

In the second test, samples with 5.0% MWCNTs were set in the same frame used to evaluate
the conductivity of the bars, under a microscope. Figure 10A,B show the samples before and after
damaging, respectively. The scratches on the surface of the samples were done by hand with a sharp
blade. Subsequently, an electrical current is applied to produce the Joule heating in the materials under
a voltage ranging from 25 to 35 V. After the sample reached a temperature of about 145 ◦C, healing was
verified, as can be seen in Figure 10C, showing nearly full recovery from the damage. It is important to
mention that all of the samples with different ratios of amines successfully healed after 10 min.

The SEM micrographs were obtained from the bar sample PK30-FU60-A2P20-CNT 5% subjected
to different treatments. Figure 11A shows the freshly broken surfaces of the composite after molding,
where delamination and poor dispersion of the MWCNTs were observed. Figure 11B displays the same
sample after being molded and annealed by conventional heating at 150 ◦C for 24 h. It is worth noticing
that a better MWCNTs dispersion was achieved and delamination was diminished, suggesting the
better interaction between the components [42]. Notably, Figure 11C showed that the sample subjected
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to electrical current rendered a composite with well dispersed MWCNTs. As compared to Figure 11,B,
the Joule heating increased the polymer mobility that favors the redistribution of macromolecular
chains, thus increasing the MWCNT dispersion aided by the better interfacial adhesion between
the components.

Figure 10. Microscope images of polyketone grafted with different ratio of amines (Fu/A2P) and
cross-linked during the healing process. Same area with (A) no damage, (B) damaged, and (C) healed.

Figure 11. SEM micrographs of PK30-FU60-A2P20-CNT 5% cross-linked composite after molding (A),
heating in an oven at 150 ◦C for 24 h (B) and after Joule heating at 145 ◦C using 25 Volt during 24h (C).

4. Conclusions

In this project, we have demonstrated the design and development of thermoset polymer
nanocomposites showing tunable mechanical, electrical, and self-healing properties. The materials
are capable of recovering structural damage due to thermally reversible DA bonds that are assisted
by HB through Joule heating. The effect the amine content and the fraction of the fillers on the
self-healing, electrical and mechanical properties of the final products were systematically investigated.
The self-healing nanocomposite materials were prepared via the Paal–Knorr modifications of an
alternating aliphatic PK with the association of DA reversible reaction (Furfurylamine) and HB
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(Amino-2-propanol) to assist the healing process. In addition, MWCNT was included to provide
reinforcement as well as an electrical pathway. The reactions were successfully carried out in a one-pot
method and FT-IR, 1H-NMR analysis, elemental analysis, and GPC verified its high-efficiency yield.
The thermal properties of the polymer evaluated by DSC before crosslinking showed the relevant
contribution of HB groups to the glass transition.

Likewise, FT-IR analysis confirmed the presence of the DA adduct proving successful cross-linking
reaction. DSC confirmed the thermal reversibility of the nanocomposites where consecutive cycles
approximately overlap each other in all of the samples. The electrical measurements showed the
correlation of weight content of MWCNT and resistivity. It proved that a moderate amount of MWCNT
filler, more precisely 1.5 wt.%, was enough to build an electrical network inside the nanocomposite;
however, this amount of filler was not enough to heat the sample with a voltage of 60V. However,
samples with 5.0 wt.% of MWCNT could reach temperatures high enough to undergo r-DA reaction.
Interestingly, the electrical measurements also established that samples with a higher ratio of FU
conduct electricity better if compared to lower ratios due to the better interfacial adhesion between
the components. This suggests the ability of FU groups to react with MWCNTs and possibly assist
the distribution of MWCNT during the dispersion. With regard to self-healing and reworkability,
the nanocomposite presented excellent results for all of the methods applied. The conventional way in
the oven and the resistive heating could both achieve almost a complete disappearance of the damage
in the samples.

This research might contribute towards a cost-effective industrial production of electrically-conductive,
recyclable thermoset nanocomposites featuring re-connection that is triggered by Joule heating. As compared
to published works on electrically self-healing systems, the present materials are crosslinked and
recyclable nanocomposite systems that can be used as an additive or matrix for the manufacture
of materials. Particularly, alternating aliphatic polyketones containing furan pendant groups act
as diene polymer materials that are of interest to academia and are industrially scalable. In line
with that, the article also shows a robust method for obtaining nanocomposites that can be used
as thermosetting, thermo-reversible, thermo-adhesive, thermo-conductive, electrically-conductive,
and self-repairing systems.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/11/1885/s1.
Table S1: Composition of polyketones functionalized with FU and A2P groups, Table S2: Experimental conditions
of grafted polymers mixed with different wt.% of MWCNTs, Figure S1: Set up for electrical conductive easements
of a bar (A) with clamps and (B) Infrared camera, Figure S2: DSC first cycle after thermal history erase of PK30
grafted with FU, A2P and their respective co-polymers, Figure S3: FT-IR of PK grafted with the ratios of FU
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Abstract: The study of polymeric nanocomposites is a possible alternative to conventional flame
retardants. The aim of the present work is to investigate the effects of carbon-nanotubes (CNT)
and TiO2 nanoparticles (NPs) on the thermo-mechanical, flammability, and electrical properties of
polypropylene (PP). In this work, PP-TiO2/CNT nanocomposites were obtained with TiO2/CNT
mixtures (ratio 1:2) through the melt extrusion process, with different weight percentage of
nanoparticles (1, 5, and 10 wt %). The PP-TiO2/CNT nanocomposites were characterized by
DSC, TGA, MFI, FTIR, XRD, and SEM. It was possible to determine that the thermal stability of the
PP increases when increasing the content of NPs. A contrary situation is observed in the degree
of crystallinity and thermo-oxidative degradation, which decreased with respect to pure PP. The
TiO2 NPs undergo coalition and increase their size at a lower viscosity of the nanocomposite (1 and
5 wt %). The mechanical properties decreased slightly, however, the Young’s modulus presented an
improvement of 10% as well as electrical conductivity, this behavior was noted in nanocomposites of
10 wt % of NPs. Flammability properties were measured with a cone calorimeter, and a reduction in
the peak heat release rate was observed in nanocomposites with contents of nanoparticles of 5 and
10 wt %

Keywords: nanocomposite; polypropylene; carbon nanotube; titanium dioxide

1. Introduction

Avoiding or preventing fires helps decrease injuries or human losses in automotive industry [1].
Different causes arise for these types of events, such as mechanical problems, electrical failures, or car
accidents, since most automotive liquids are flammable. The automotive parts manufactured with
different polymers are flammable and must be protected against fires [2]. For these materials, some
flame retardants are applied only in the exterior, and some carbonaceous and ceramic films help to
improve their flame-retardant effect [3–6].

One of the most common polymers used to obtain polymeric nanocomposites is polypropylene
(PP), which is a semi-crystalline thermoplastic widely used in applications such as textile, films, bottles
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production, and piping, and is also the most used in the automotive industry [7–9]. However, PP has
some limitations, such as being sensitive to heat and oxidative degradation, as well as its fragility. This
polymer by itself is prone to crack or vulnerable to mechanical failures and, like most polymers, has
low electrical and thermal conductivity; for these reasons, the addition of nanoparticles or nanocharges
has been adopted with the purpose of changing properties of neat polymer [10,11].

The incorporation of nanoparticles to improve polymers properties depends in great extent on
wt % of nanocharge used. A clear example of this effect was observed in ethylene vinyl acetate (EVA)
nanocomposites with different nanoclay content (1–15 wt %). Thermal stabilization was achieved when
the nanoclay content was between 2.5–10 wt %. Outside this range, the EVA thermal stability was not
significant. In general, polymers properties are improved with low percentages in weight of nanocharge
(<3 wt %), however, several researchers have studied high nanocharges percentages [12–14]. The
flame-retardant effect of carbon nanotubes (CNT) has been researched in epoxy, polystyrene, polyaniline,
polypropylene, and polyurethane polymeric matrixes, and the polymer/CNT nanocomposites are
effective in producing continuous structured network [15,16]. A significant reduction in the peak heat
release rate was observed in PP/CNT nanocomposites that contain 0.5–4.0 wt % of CNT [17].

Antunes et al. obtained PP and carbon nanofibers (CNF) nanocomposites by melting extrusion
with electrical properties, and, taking into account the percolation threshold, formation of this
nanocomposite showed similar conduction of Hall effect at CNF concentrations of 5%. At higher CNF
contents, no significant improvements were achieved since tunnels conduction decreased in the extent
polymer crystallinity increased [18]. The PP/CNT nanocomposites improve their electrical properties
when increasing CNT content; the electrical percolation threshold was reached at CNT content of 1
and 2 wt % [19].

The addition of inorganic nanoparticles in polymeric matrix and the combination of different
types of particles are used for obtaining multifunctional materials. The nanoparticles such as TiO2,
SiO2, CaCO3, ZnO, Ag, and nanoclays help to improve the physical and mechanical properties as well
as flame retardant activity, thermal stability, oxidation, and permeability, among others [20,21]. The
titanium dioxide (TiO2) nanoparticles are ceramic materials widely used thanks to their properties as
reinforcement for polymeric materials due to their long-term stability. Aydemir et al. [22] report the
production of PP/TiO2 nanocomposites, where mechanical properties as stress resistance and elasticity
module were widely favored with the addition of TiO2 in the polymeric matrix. Esthappan et al. [23]
report the production of PP-TiO2 nanocomposites for use like fibers, since addition of TiO2 nanoparticles
improve thermal stability of polypropylene, besides improving polymer crystallinity.

There are different methods for polymeric nanocomposites synthesis. Among them is found the
melting extrusion method, which favors homogeneous dispersion of nanocharges, and is considered
eco-friendly and economically viable for the industry, since it does not require the use of solvents and
can yield high production volumes [24,25].

This research work studies the synthesis and evaluation of nanocomposites of polypropylene with
TiO2 and CNT nanoparticles blend. The nanocomposites were obtained by melt extrusion method.
The purpose of using these additives was to improve the properties of thermal stability, electrical
conductivity, and flame retardant of PP.

2. Materials and Methods

2.1. Material

MWNTC were provided by Cheap Tubes Inc. and have an average diameter from 20 to 40 nm,
length of 10–30 μm, and purity of ≥ 90% wt. The TiO2 nanoparticles were provided by DuPont, with a
particle size from approximately 200 nm and semispherical morphology rutile phase. The polymeric
matrix PP with fluid index of 0.76 g/10 min. supplied by Polímeros Nacionales (México, México)
was used.
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2.2. Methods

Synthesis of PP/CNT Nanocomposites

The preparation of PP nanocomposites with a mixture of TiO2/CNT was performed by the melting
extrusion process. The masterbatch preparation of PP/TiO2/CNT was conducted in a twin-screw
extruder lab size from Thermo Scientific model Prism TSE-24MC, screw diameter of 24 mm, L/D ratio
40:1, and temperature profile of 180 ◦C and rotational speed of 100 rpm. Low shear strengths were
used to improve particles dispersion in polymeric matrix in the screw configuration, which is shown
in Figure 1.

Figure 1. Configuration for the extrusion process.

There were prepared three nanocomposites of PP (1, 5, 10 wt %) with different weight percentages
of CNT and titanium dioxide (TiO2) nanoparticles. Table 1 lists the amounts used. The nanocomposites
are identified as PP-TiO2/CNT-X, where X means the weight percentage of nanocharges (CNT+ TiO2)
and PP without particles. It was decided to use these percentages due to some authors reporting
improvements in the physical and chemical properties of polymers when adding CNT [26].

Table 1. Compounding formulations polypropylene-carbon-nanotubes (PP-TiO2/CNT-X).

Sample CNT + TiO2 (wt %) PP (g) TiO2/CNT (g)

PP 0 200 0
PP-TiO2/CNT-1 1 198 2
PP-TiO2/CNT-5 5 190 10

PP-TiO2/CNT-10 10 180 20

2.3. Characterization

2.3.1. X-Ray Diffraction (XRD)

For nanocomposites structural analysis, wide angle X-ray diffraction technique (WAXD) was used,
conducted in diffractometer from Siemens model D-5000, operating at current intensity of 25 mA and
voltage of 35 kV, to obtain Cu Kα radiation with a wavelength equivalent to 1.54056 Å.
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2.3.2. Fourier Transform Infrared Spectroscopy FTIR (ATR)

For FT-IR analysis a Thermo Nicolet infrared spectrometer, model MAGNA 550 (GMI, Minneapolis,
Minnesota, USA), was used. The conditions at which these analyses were performed are the following:
scanner 100, resolution of 16 cm−1, and wave interval from 4000 to 500 cm−1 with ATR support.

2.3.3. Melt Flow Index (MFI)

The melt flow index was obtained using Dynisco plastometer, which consists of heating a barrel
to melt material. Aw piston press was loaded with melted material to make it flow through die with
a circular orifice of 2.1 mm of diameter and length of 8 mm. This test was performed under ASTM
D1238-40 standard.

2.3.4. Thermal Stability (DSC and TGA)

For evaluating thermal properties, thermogravimetric analysis was used. The equipment used
was Dupont Instruments model 951 (TA Instruments, New Castle, Pennsylvania, USA), operated
at heating rate of 10 ◦C/min in nitrogen atmosphere with gas flow of 50 mL/min. The approximate
weight of samples was of 10 mg and was analyzed in the interval of temperature from 25 to 800 ◦C.
The Differential Scan Calorimetry was carried out under ASTM D3418 standard and thermal analyzer
Q2000 from TA Instruments (New Castle, Pennsylvania, USA), with standard cell.

The degree of crystallinity (Xc) was calculated using with the following equation:

Xc(%) =

[ ΔH f

(1−∅)ΔH∗

]
× (100) (1)

where ΔHf is the fusion heat or formation of PP in the nanocomposites, ΔH* is the formation heat of PP
with crystallinity of 100% equivalent to 209 J/g and Ø is the fraction of weight of TiO2 and CNT [27].

2.3.5. Scanning Electron Microscopy (SEM)

For the determination of size and morphology for each one of the components, a JOEL Field
Emission Scanning Electron Microscope model JSM-7401F (JEOL, Peabody, MA, USA) was used. The
microscope acceleration voltage was of 3.0 kV using the LEI secondary electrons detector.

2.3.6. Mechanical Properties Analysis

For measuring mechanical properties, tension tests were performed on model 4301 Instron
universal machine (Instron corporation, Norwood, Massachusetts, USA), at 5 mm min−1, with different
lengthening percentages (0, 60, 400, and 700%).

2.3.7. Electrical Resistivity

These evaluations were made three times. For electrical resistivity, thickness plates were used, and
they were covered in both sides with silver paint. The device used was Keysight LCR [inductance (L),
capacitance (C), and resistance (R)] meter model E 4980 A, over 20 Hz to 2 MHz and LCR meter model
ZM2372, from 0.001 Hz to 100 kHz. The electrical conductivity was calculated using the Equation
(2) [28]:

σ =
1
ρ

(2)

where σ is the electrical conductivity and ρ is the electrical resistivity.
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2.3.8. Calorimetric Cone

For evaluation of combustion properties of nanocomposites, a calorimetric cone from Fire Testing
Technology was used following the method described under ASTM E1354 standard. The evaluation
of samples was made in horizontal position and the position of heat flow generator cone was also
in horizontal position. The samples measurements were from 100 mm × 100 mm × 3 mm and were
obtained by compression molding. The calorimetric cone was calibrated at 5 kW with methane flow,
the flow in the extraction duct was of 24 L/s, and the analyzer was calibrated with 20.95% of oxygen.
Heat flow for assessing samples was 35 kW/m2. The sample was placed in aluminum paper tray with
same dimension of sample and 1 cm height, leaving the surface to evaluate with free area of 100 mm2.
This was placed in the sample holder adjusting distance between cone and surface of sample to 25 mm.

3. Results and Discussion

3.1. X-ray Diffraction

In Figure 2, there are shown PP, and CNT and TiO2 nanoparticles XRD diffractograms with the
aim to compare diffraction patterns of base materials with nanocomposites of PP-TiO2/CNT. The
diffractograms of samples with PP showed signals located at 2θ angles of 14.1, 16.1, 16.8, 21.5 and
25.5◦, which correspond to planes (110), (300), (040), (111), and (060) of PP crystalline phase, and the
other signal located at 2θ angle of 21.1◦ can be correlated to phases α(111) and β(311) of PP. In the
nanocomposites, signals characteristic of CNT [29.1◦ plane (100)] were not detected, since polypropylene
signals are superimposed. The nanocomposites containing TiO2 showed the characteristic signal
located at 28.5◦ (110) [29,30].

Figure 2. X-ray diffraction patterns of nanocomposite PP-TiO2/CNT (1,5,10%), polypropylene (PP),
carbon-nanotubes (CNT) and TiO2.

The crystallinity can be more affected in the PP-TiO2/CNT-10 nanocomposite where change related
to polymer crystallinity is detected, increasing the nanocomposites signals. In 2013, Wang et al. studied
PP nanocomposites with carboxylate nucleating agent (NTC) and the XRD diffractograms showed a
signal at 2θ of 16.51◦, which corresponds to crystalline plane (300) of β-hexagonal crystalline phase,
showing that NTC has clear effect of nucleation in PP [31]. Similar results were obtained by Zohrevand
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et al., in 2014 when studying PP/TiO2 nanocomposites with 1, 3, and 5 vol%. The intensity of this β
phase is significant only in nanocomposites with 1 vol%, while with 3 and 5 vol%, the intensity of peak
is not significant. Besides this, they report that presence of a peak in 2θ at 21.1◦ can be correlated to
alpha and beta phase, and these results confirm that presence of TiO2 nanoparticles induces β-form
crystal formation in PP [32].

3.2. Fourier Transform Infrared FTIR (ATR)

The spectroscopy results of FT-IR are shown in Figure 3, where it can be noted that nanocomposites
(Figure 3d–f) show transmittance signals characteristic of PP located in the range from 3000 to 2800 cm−1,
which correspond to asymmetric and symmetric C-H stretching vibration of methylene (CH2) and
methyl (CH3) groups. Signals corresponding to flexions of CH2 and CH3 bonds are localized in
1448 cm−1 and 1373 cm−1, respectively. The FT-IR spectrum of TiO2 nanoparticles (Figure 3a) shows
three signals: in 3438 cm−1 corresponding to hydroxyl group O-H, in 1624 cm−1 of Ti-OH, and at
735 cm−1 corresponding to Ti-O bond [33,34]. The FT-IR spectrum of CNT is shown in Figure 3b, and
the signal of stretching of O-H bonds was detected at 3464 cm−1, which existing in CNT. Also, in 2918
and 2841 cm−1, signals of C-H bond were detected, and in 1650 cm−1 there were detected signals from
stretching of C=C vibrations and at 1041 cm−1 of C-O bond [35,36].

Figure 3. FT-IR spectra of nanocomposite PP-TiO2/CNT (1, 5 and 10%), polypropylene (PP), carbon
nanotubes (CNT) and TiO2.

The nanocomposites of PP with contents of 5 and 10 wt % (Figure 3e,f), showed signals
corresponding to PP and TiO2 resin, and in 443 cm−1 a signal that corresponds to Ti-O bond
was detected. The other signal that increases intensity in the nanocomposites with greater charge
percentages (5 and 10%) is the one corresponding to CH3, with values in the order of 1373 cm−1.

This coincides with results obtained by Hashing et al. in 2004, when preparing nanocomposites
with PP and CNT by mechanical pulverization, where they obtained variation in the intensities of the
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signals at 1373 cm−1, attributing this result to that some PP chains are strongly bonded to CNT walls,
in consequence to strong actions of cut, compression, and friction of mixing [37].

The FT-IR spectrum of neat PP processed at same conditions as nanocomposites shows a small
signal in 1745 cm−1, which is related to its thermo-oxidative degradation and the formation of carbonyl
groups. The presence of these carbonyl groups into range of 1810 to 1660 cm−1 [38] is reported in the
literature. On the other hand, the FT-IR spectra nanocomposites do not show the signal in 1745 cm−1

which suggests that the NPs mix of CNT and TiO2 inhibits or reduces the thermo-oxidative degradation
effects during processing of PP.

In this regard, it has been reported that the use of TiO2 as an additive reduces the thermal
degradation of PP. When there is an increase of TiO2 concentration, the signals attributed to asymmetric
and symmetric C-H stretching vibration (3000–2800 cm−1), exhibit an intensity rise, which can suggest
an increase in thermal stability of PP. The absence of bands in the wave number range 3600–3200 cm−1

indicates that formation of hydroperoxides was not favored [39].

3.3. Evaluation of Melt Flow Index (MFI)

The results of the evaluation of melt flow index (MFI) for different samples are listed in Table 2.
The MFI values suggest that the addition of nanoparticles increase the viscosity, as a result of the
materials becoming less fluid after increasing the CNT and TiO2 content. The PP-TiO2/CNT-10
nanocomposite showed greater viscosity increase (0.24 MFI g/10 min), in comparison with the value
shown by PP without charge (0.76 g/10 min). The nanocharges have a high aspect ratio, which favors
strong intermolecular interaction with the polymeric matrix; the adsorption of PP chains in the surface
of nanocharges increases viscosity. These interactions increase the deformation resistance to hinder
polymer flow in melted state, thereby making difficult or limiting the polymer flow in melted state [40].

Table 2. Flow index of the samples analyzed.

Sample MFI (g/10 min)

PP 0.76
PP-TiO2/CNT-1 0.56
PP-TiO2/CNT-5 0.40

PP-TiO2/CNT-10 0.24

3.4. Thermogravimetric Analysis (TGA)

To define thermal stability of nanocomposites, thermogravimetric analysis was performed.
Figure 4 shows these results and it can be noted that materials have similar thermal behavior; the
samples analyzed do not exhibited weight loss related to water adsorbed in surface materials. The first
weight loss is in the range 358–500 ◦C, this is attributed to breaking of chains existing in polypropylene
structure [41].
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Figure 4. Thermogravimetric analysis of polypropylene (PP) and nanocomposites PP-TiO2/CNT
(carbon nanotubes).

The nanocomposites thermograms show that mass losses at 5 wt % and 50 wt % are detected
at different temperatures in each nanocomposite (Table 3). In general, the temperatures T5% and
T50% increased with the charges content in the nanocomposites. The PP-TiO2/CNT-10 nanocomposite
showed the highest temperature compared to nanocomposites with less nanocharge content. The
5 wt % decompositions for neat PP in PP-TiO2/CNT-1, PP-TiO2/CNT-5, and PP-TiO2/CNT-10 occurred at
435, 448, and 454 ◦C, respectively. This means that the addition of charges increases the decomposition
temperature in 18, 31, and 37 ◦C. Similar behavior was shown when the nanocomposites reached a
50 wt % of decomposition.

Table 3. Thermal properties of nanocomposite of polypropylene-carbon-nanotubes (PP-TiO2/CNT).

Sample T5% (◦C) T50% (◦C) Tmax (◦C) Residue at 550 ◦C (%)

PP 417 454 459 0
PP-TiO2/CNT-1 435 460 462 1.00
PP-TiO2/CNT-5 448 469 472. 4.92

PP-TiO2/CNT-10 454 474 475 8.02

These results indicated that using TiO2 and CNT blend improves PP thermal stability; therefore,
these combinations are a viable alternative to obtain flame retardant materials. Similar results have
been reported when using TiO2 and CNT nanoparticles individually in polypropylene [42,43].

To define a comparison of maximum decomposition temperature (Tmax) the second derivative
was used in TGA analysis. The values obtained in several formulations corroborate the difference
of thermal stability between nanocomposites and PP without charge. The nanocomposites showed
greater Tmax, the PP-TiO2/CNT-10 sample increased its Tmax in 16 ◦C above pure PP.

The increase in starting decomposition temperature can be attributed to the increase in the addition
strength in the PP interface and the CNT and TiO2 nanoparticles. When proper interface interaction
exists, the particles are able to restrain the movement of polymer chain, making it more difficult that
the breaking of the polymer chains occurs at lower temperature. In consequence, the degradation
temperature of nanocomposite is shifted to a higher temperature [44].

Other element to consider when improving thermal stability of nanocomposites is the transport
barrier effect of the mass of the CNT hollow structure, and these structures can trap the free radicals
generated during PP thermal [45,46].
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3.5. Differential Scan Calorimetry (DSC) Analysis

By DSC analysis, the melting temperature Tm, crystallization temperature Tc and degree
of crystallinity Xc, were derived from endothermic and exothermic peak temperatures. These
thermograms are shown in Figures 5 and 6.

Figure 5. Differential scanning calorimetry (DSC) crystallization exotherms of pure polypropylene (PP)
and PP-TiO2/CNT (carbon nanotubes) (1, 5, 10%).

The DSC analyses reported that Tc and Tm increase gradually with the increase of nanoparticles
(TiO2 and CNT) in the PP, reaching temperatures above 122 ◦C and 157 ◦C, respectively.

Figure 6. Differential scanning calorimetry (DSC) fusion endotherms of pure polypropylene (PP) and
PP-TiO2/CNT (carbon nanotubes) (1, 5, 10%).

The crystallization process can be noted in the DSC curves; in Table 4 is the summary of fusion
enthalpies, crystallization, and degree of crystallinity calculated with Equation (1), for each of the
studied materials. The presence of nanocharges affects PP crystallinity, the fusion peaks are narrow
in comparison to peak from neat PP, Xc decreases in the extent the nanocharges content (CNT and
TiO2) increases, for nanocomposite with greater content of charges Xc decreased 3.38 wt %, and
this behavior can be related to the agglomeration of particles. Some reports indicate that formation
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of nanocomposites with high content of CNT can induce effects of topologic confinement that can
eventually result in reduction of nucleation kinetics and crystallization [47–50].

Table 4. Differential scanning calorimetry (DSC) date for polypropylene (PP) and nanocomposites
PP-TiO2/CNT (carbon nanotubes) (1, 5 y 10%).

Nanocomposite Tm (◦C) Enthalpy of Fusion (J/g) Enthalpy of Crystallization (J/g) Xc (%)

PP 156.93 95.82 93.72 45.84
PP-TiO2/CNT-1 156.16 93.45 95.35 44.71
PP-TiO2/CNT-5 157.14 91.06 92.82 43.56

PP-TiO2/CNT-10 157.07 88.75 93.63 42.46

In 2015, Zhang et al. [51], in their research with PP and CNT nanocomposites, suggest that
variation of crystallization temperature is strongly related to different functions that charges have
during PP crystallization.

The effect caused by CNT and TiO2 nanoparticles in the PP matrix is known. Some reports are
contradictory because the physicochemical characteristics of the nanoparticles are not always the same,
so the aggregation and dispersion in semicrystalline polymers is different. On the other hand, the final
properties of most semicrystalline polymers depend on the microstructures, which are mainly affected
by crystallization [52]. The polymer crystallization may be intimately related to the type of nanoparticle
and concentration, dispersion state, aspect ratio, crystallization conditions, and so on. [53–57] All
these conditions can explain the contradictory results that have been reported; in the PP-TiO2/CNT
nanocomposites, the presence of two nanocharges type of blend increases the adverse effects.

The results obtained for the PP-TiO2/CNT nanocomposites are expected and they coincide with
what is reported in literature, where the effect of CNT and TiO2 nanoparticles individually has been
studied. For example, several reports show that CNT accelerates PP crystallization only at contents
less than 0.5 wt % due to strong heterogeneous nucleation effect of the CNTs in the PP. When the
concentration increases, the formation of aggregates is favored, and the heterogeneous nucleating
efficiency of the individual CNTs is lowered [58].

The PP/TiO2 nanocomposites have similar behavior independent of size and shape of nanoparticles,
Xc increases with contents of TiO2 of 0.5–2 wt %, when the content increases between 3–4 wt %, decreases
it, but the value is similar to that shown for PP [22].

In summary, the high CNT content decreases crystallinity, whereas TiO2 increases the crystallinity,
even at high contents of ∼2%. The nanocomposites of PP/TiO2/CNT have a ratio of CNT/TiO2 of 2:1.
Therefore, the expected effect for CNT on the PP matrix is more predominant. According to Table 4, a
decrease was detected in Xc and it decreases in the extent of CNT content increases.

3.6. Electron Scan Microscopy

Figure 7 shows SEM micrographs of PP-TiO2/CNT-1, PP-TiO2/CNT-5, and PP-TiO2/CNT-10
nanocomposites. In these SEM images, the presence of CNT and TiO2 nanoparticles can be verified. All
micrographs exhibited two zones with different nanoparticles agglomeration, in zone 1 (Supplementary
Materials) agglomerates can be observed containing both nanoparticles and their contact between them.
Also, the amount of agglomerates increases with the increase in the CNT and TiO2 content. The zone 2
showed less agglomeration and it was noted that both nanoparticles are embedded within PP matrix
(Figure 7a–c). In these zones, it is difficult to define if CNT and TiO2 nanoparticles are in contact. In the
micrography of PP-TiO2/CNT-10 nanocomposite with greater content of nanoparticles (Figure 7c), small
agglomerates were detected where there is contact between TiO2 nanoparticles. It is worth to mention
that processing conditions of nanocomposites causes coalescence between TiO2 nanoparticles and in
some cases the spherical shape it is not well defined; similar results were previously reported [59].
The coalescence is not exclusive to TiO2 NPs. The spherical copper nanoparticles (Cu NPs), with an
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average size of 21 nm when they are processed to obtain Nylon 6/Cu nanocomposites, increased their
size and formed aggregates in form of wire [60].

The increase in viscosity caused coalescence of the TiO2 NPs, the PP-TiO2/CNT-10 had an average
particle size of 200 nm, and the nanocomposites with 1 and 5 wt % of NPs had an average particle size
of 557 nm and 286 nm, respectively (Supplementary Materials Figures S1–S3).

 

Figure 7. SEM micrographs of nanocomposites. (a) polypropylene-carbon-nanotubes (PP-TiO2/CNT-1),
(b) PP-TiO2/CNT-5 and (c) PP-TiO2/CNT-10.

In some of the micrographs, a series of cavities or voids can be observed in the polymeric matrix.
This can be due to the fact that the extrusion process of the particles of greater size is sent against the
next material, impacting and forming a track or trail [61].

3.7. Electrical Conductivity

The electric resistance of nanocomposites decreases to the extent the nanoparticles content
increases; this effect was only significant in the PP-TiO2/CNT-10 nanocomposite. With the addition of
10% of nanoparticles, the electrical conductivity increased 6 times with regards to pure polypropylene.
Table 5 lists the obtained values of electrical resistance and calculated electrical conductivity. The
lack of electrical conductivity in nanocomposites with 1 and 5 wt % can be explained by an inefficient
dispersion of nanoparticles, and this coincides with SEM analysis. Another possible explanation can
be found in the amount of PP that can be bonded to nanoparticles. The adherence of polymer chains to
nanoparticles surface prevents electrons flow, and it is known that thermal treatments can improve the
electrical conductivity, due to destruction of crystalline phase of existent polymer in the surface [62].

The electrical conductivity of PP/CNT nanocomposites has been deeply studied and it is known
that nanocomposites with content of CNT of 10 wt % can have resistivity of up to 102 Ω/sq [63].

There are few studies about electrical properties of PP/TiO2 nanocomposites. To our knowledge,
there is only one study about this, and is reported that with the increase in volume content of
titanium-dioxide nanoparticles, the value of dielectric permittivity of nanocomposites also increases,
and after some point it starts to decrease. The specific resistance of nanocomposites depends on
temperature and it was detected that at 116.9 ◦C the electrical properties of nanocomposite show
significant improvement [64].

Table 5. Electrical properties of polypropylene (PP) and PP-TiO2/CNT (carbon-nanotubes) nanocomposites.

Sample
Surface Resistance

Ω/sq
Volumetric Resistance

Ω cm
Electric Conductivity

S/m

PP 2.35 × 1013 1 × 1018 1 × 10−18

PP-TiO2/CNT-1 6 × 10 16 3 × 1017 3.0 × 10−18

PP-TiO2/CNT-5 3 × 1012 5 × 1016 2.0 × 10−17

PP-TiO2/CNT-10 6.5 × 109 7.2 × 109 1.4 × 10−10
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3.8. Mechanical Properties

The results of mechanical tests are listed in Table 6, where tensile strength, percentage of nominal
deformation to rupture, and Young’s modulus values for nanocomposites can be noted. In this
analysis, it was observed PP without charge presented a tensile strength of 23.93 MPa, while the
PP-TiO2/CNT nanocomposites showed low values, which decreases in the extent the nanoparticles
content is increased. These values coincide with the degree of crystallinity (Table 4); in consequence,
the decrease of rigidity of matrix of PP is favored.

Table 6. Tensile properties of polypropylene (PP) and PP-TiO2/CNT (carbon nanotubes) nanocomposites.

Sample Xc
Tensile Strength

(MPa)
Nominal Strain at

Break (%)
Young’s Modulus

(MPa)

PP 56.36 23.93 ± 0.12 53.37 971.57 ± 29.1
PP-TiO2/CNT-1 54.97 23.93 ± 0.19 45.78 894.98 ± 27.1
PP-TiO2/CNT-5 53.56 23.32 ± 0.08 33.24 961.28 ± 31.0

PP-TiO2/CNT-10 52.20 22.75 ± 0.37 22.28 1077.44 ± 26.2

For the nominal percentage at the breaking the observed behavior is similar, such effect is due
to the fact that nanotubes particles obstruct the movement of PP chains, reducing rigidity. Young’s
modulus of PP-TiO2/CNT-10 nanocomposite showed an increase of 18.3% with regards PP without
charges. This was the only case where it was observed that nanoparticles cause higher rigidity and
hardness in the PP matrix. It has been reported that adding CNT in polymers will strengthen material,
if there is an efficient dispersion [65]

The decrease of Young’s modulus when increasing charges content is explained by inefficient
dispersion of charges, since the agglomerates present in poorly dispersed composite cause cracks to
initiate and easily propagate in polymeric matrix [66]. As noted previously, the TiO2 nanoparticles
tend to coalesce, increasing their size and changing shape. This process seems to be more significant
when charges concentrates are lower (1 and 5%). This behavior can be attributed to the increase of
viscosity with the nanoparticles’ concentration. For low viscosity, the TiO2 NPs are able to move in the
matrix and aggregates, whereas at high concentrations the viscosity is higher and the aggregation is
limited by slightly mobility of the nanoparticles.

3.9. Calorimetric Cone

To analyze combustion processes, in real time assessment of nanocomposites the cone calorimetry
method was used. Heat release rate (HRR) and its maximum value (PHRR) were some of the parameters
obtained in this study.

The heat release rate curves of the PP-TiO2-CNT nanocomposite are shown in Figure 8. These
results showed essentially a similar behavior, the maximum value of heat release rate (PHRR) for PP
without charge and PP-TiO2/CNT-1 nanocomposite were of 1529.53 and 1593.83 kW/m2 respectively,
which means that there is no difference between pure PP and nanocomposite with low load percentages
(1%). In contrast, for PP-TiO2/CNT-5 and TiO2/CNT-10 nanocomposites, a decrease was noted in PHHR
and total heat release rate (THR) values, which indicates that materials have less flame propagation and
better resistance to fire. The minimum values of PHHR that could be obtained were of 1058.49 kW/m2

for PP-TiO2/CNT-5 and of 1079.94 kW/m2 for PP-TiO2/CNT-10.
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Figure 8. Calorimetric measurements (a) Comparison of the peaks of the heat release rate (HRR), (b)
Photographs of residual material after the cone calorimetric test (c) HRR curves for the results.

Table 7 lists data of calorimetric cone, where it was noted that the total heat release rate (THR)
reduced when increasing the particles content to 5 and 10% wt. Also, there are listed the wt % of
residues obtained after flame-retardant assessment. The number of residues increases dramatically
when the nanoparticles content increases. For PP-TiO2/CNT-10 nanocomposite, the obtained residues
were 91.9%. In Figure 8b) the residues appearance can be observed. For the case of PP-TiO2/CNT-1, it
was noted that there was a small amount of scattered dust, while for PP-TiO2/CNT-5 y TiO2/CNT-10 a
semi-continuous phase that suggests a good distribution of nanocharges in polypropylene matrix was
noted. In addition, during the ignition a network forms between nanoparticles and degradation product
of PP, and the new materials can have enough resistance to flame in order to avoid complete ignition.
A similar explanation was obtained by studying the flammability properties of the PP/zeolite/CNT
nanocomposite, where it was proposed to form a protective layer with a continuous network structure
that provides the flame-retardant characteristic of polymeric nanocomposites [67].

231



Polymers 2019, 11, 1204

Table 7. Data of the calorimetric cone test of the samples analyzed.

Sample Peak HRR (kW/m2) THR (MJ/m2) Residue (%)

PP 1529.53 66.42 0.09
PP-TiO2/CNT-1 1593.83 65.91 34.3
PP-TiO2/CNT-5 1058.49 43.49 88.4
PP-TiO2/CNT-10 1079.94 44.06 91.9

Results coincide with other studies, for example, PP/CNT nanocomposites are considered to be
flame-retardant materials and even more effective than PP/clay nanocomposites. The combination of
TiO2 and CNT to obtain anti-flame additives can be a good idea, because TiO2 has a high decomposition
temperature (700 ◦C–800 ◦C) and an oxygen index of 29 and has also been widely used as an
anti-flame additive alone or in combination with other additives [5]. Despite the above, its usage, like
flame-retardant in polyamides, has been technically questionable [68].

In our study, the CNT and TiO2 blends lead to obtaining nanocomposites with acceptable
flame-retardant properties, but more detailed studies can be required to optimize formulation and to
explain its possible mechanism.

4. Conclusions

The PP-TiO2/CNT nanocomposites was obtained by the melt mixing method using a mixture
of nanoparticles TiO2 and CNT, with contents of 1, 5, and 10 wt %. The thermal stability of the
nanocomposites increased when increasing the content of the NPs, for example, for PP-TiO2/CNT-10,
its maximum degradation temperature increased 16 ◦C with respect to the pure PP. In addition, the
thermo-oxidative stability of the material was improved and confirmed by the lack of signals of the
carbonyl group in FTIR spectrum. The degree of crystallinity decreased with a high content of NPs.
This effect was also reflected in a slight decrease in mechanical properties, and only an in increase in
the Young’s modulus of 10% to PP-TiO2/CNT-10 was observed.

The electrical conductivity of PP-TiO2/CNT-10 nanocomposite was improved by eight orders
of magnitude with respect to the pure PP; nanocomposites with low content do not have
significant changes.

The melt flow index (MFI) of the nanocomposites decreased with the number of NPs, and the
nanocomposites with 1, 5, and 10 wt % gave an MFI of 0.56, 0.40, and 0.24 (g/10 min) respectively. The
conditions of the melt processing and the increase in the viscosity caused coalescence of the TiO2 NPs.
This conducted to different average particle size in each nanocomposite.

Finally, the effect of flame retardancy was confirmed by a significant decrease of the peak HRR in
the nanocomposites PP-TiO2/CNT-5 and PP-TiO2/CNT-10, and besides this, PP-TiO2/CNT-10 presented
a content of residual carbon of 91.9% after ignition.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/7/1204/s1.
Figure S1. Morphology nanocomposite PP-TiO2/CNT-1 analyzed by SEM, histogram of TiO2 particle. Figure S2.
Morphology nanocomposite PP-TiO2/CNT-5 analyzed by SEM, histogram of TiO2 particle. Figure S3. Morphology
nanocomposite PP-TiO2/CNT-10 analyzed by SEM, histogram of TiO2 particle.
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Abstract: In this work, we present a cellulose acetate membrane flexible supercapacitor prepared
through a direct writing method. A carbon nanotube (CNT) and silver (Ag) nanoparticle were
prepared into ink for direct writing. The composite electrode displayed excellent electrochemical
and mechanical electrochemical performance. Furthermore, the CNT-Ag displayed the highest
areal capacity of 72.8 F/cm3. The assembled device delivered a high areal capacity (17.68 F/cm3) at
a current density of 0.5 mA/cm2, a high areal energy (9.08–5.87 mWh/cm3) at a power density of
1.18–0.22 W/cm3, and showed no significant decrease in performance with a bending angle of 180◦.
The as-fabricated CNT/Ag electrodes exhibited good long-term cycling stability after 1000 time cycles
with 75.92% capacitance retention. The direct writing was a simple, cost-effective, fast, and non-contact
deposition method. This method has been used in current printed electronic devices and has potential
applications in energy storage.

Keywords: Ag; CNT; flexible supercapacitor electrode; polymer conductive film; cellulose
acetate membrane

1. Introduction

With the development of the social economy, human beings are paying more and more attention
to green energy and the ecological environment [1–4]. As a new type of energy storage device,
the supercapacitor is generally environmentally friendly and has an irreplaceable superiority [5,6].
The two most important points in the design and fabrication of flexible supercapacitors are electrode
materials and structure. In the past few years, the number of scientific articles in the fields of laser, direct
writing, and printing has increased significantly [7–9]. The direct writing exhibits advantages such as
low temperature, being environmentally friendly, shorter reaction times, energy saving, and excellent
control over experimental parameters. In addition, the direct writing method allows the active material
to undergo catalyst-free growth on insulating substrates.

Carbon-based materials have become attractive nanomaterials in various applications due to their
unique properties [10]. A carbon-based nanotube (CNT) has a unique hollow structure, a high specific
surface area, mechanical flexibility, a high stability, and a low cost, and it is suitable for electrolyte ion
migration pores. Its use as an electrode material can significantly improve the power characteristics
and frequency response characteristics of supercapacitors. Additionally, supercapacitors using carbon
material-based materials mainly rely on the electrical double layer capacitor (EDLC), exhibiting fast
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charge-discharge times and surface-area-dependent capacities [11–13]. At present, many studies are
devoted to the study of conductive patterns in carbon nanotube printing [14–16]. However, the printed
carbon nanotubes have an overly high resistance on flexible substrates and cannot be widely used in
optoelectronic devices [17,18].

Both Ag nanowires and sintered Ag nanoparticles have a high conductivity [19–22]. However,
nanoparticles are easier to print without clogging the nozzle. The mixing of Ag nanoparticles with
graphene can significantly reduce the sheet resistance [23]. Therefore, the mixing of Ag nanoparticles
with carbon nanotubes can also reduce the sheet resistance without changing the mechanical flexibility.
Combining metal nanoparticles with CNTs can combine the excellent properties of these two types of
nanomaterials, and the obtained nanoassembled materials have great application potential in the fields
of optics, electricity, and electrocatalysis. The micro/nanostructured metals and metal oxides, such as
Ag, Au, RuxOy, MnxOy, and CoxOy, as well as their hybrids, can facilitate electron charge transfer
induced by electrosorption, redox reactions, and intercalation processes at the interfaces, thereby
remarkably improving the energy densities [24–29].

The cellulose acetate membrane paper is usually composed of cellulose fibers arranged in
N-dimensional form, and the surface of the cellulose acetate membrane paper is not only very rough
but also has a highly porous structure as compared with a conventional flexible substrate. In particular,
we can make full use of the porous structure of the cellulose film [30–32] to prepare high-performance
flexible electrodes.

In this work, we report a low-temperature, fast, controlled, and straightforward approach for
the fabrication of CNT/Ag electrodes on a flexible cellulose acetate membrane by the direct writing
method. In the new energy system of CNT/Ag, CNT contribution of specific capacitance serves as
carbon support and Ag promotion of electrical conductivity as a conducting agent, while the cellulose
acetate membrane provides support and a porous structure as a flexible substrate. Furthermore,
the capacitive behaviors of the CNT/Ag electrode were tested mainly including cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD), and Nyquist, as well as the derivative specific capacitance.
This work shows the potential application of flexible direct writing electrode materials for the operation
of various flexible devices in the near future.

2. Materials and Methods

2.1. Materials

All the chemicals used in this study were of analytical reagent grade. H2SO4 and Na2SO4

were obtained from Guangzhou Chemical Reagent Factory (Guangzhou, China). Poly(vinyl alcohol)
(PVA) was purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Sodium
dodecylbenzene sulfonate (SDBS) was provided by the Tianjin Damao Chemical Reagent Factory
(Tianjin, China). Cellulose acetate membrane was provided by Tianjin Jinteng Experimental
Equipment Co., Ltd. (Tianjin, China) CNT was purchased from Korea Kumho Corporation (Seoul,
Korea). Ag nanoparticles (Ag) were obtained from the Shanghai Chaowei Nanotechnology Co., Ltd.
(Shanghai, China).

2.2. Ag and CNT Ink Production

To prepare CNT ink, 0.20 g of SDBS was dissolved in 100 mL deionised water, after which 0.15 g
of CNT was slowly added to the solution, and this was followed by ultrasonication for 0.5 h (ultrasonic
power of 100 W, ultrasonic frequency of 80 kHz). For the Ag ink production, the 0.04, 0.12, and 0.20 g
Ag nanoparticles were dissolved with 0.20 g SDBS in 100 mL deionised water, then added into a glass
bottle, and the next procedure was similar to the preparation of the CNT ink.
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2.3. Ag and MWCNT Electrode

The process for rapid direct-write of the composite electrode consisted of three steps, as illustrated
in Figure 1. During the entire direct-writing process, the cellulose acetate membrane paper was fixed on
the experimental bench. First, CNT and Ag ink were printed onto the cellulose acetate membrane paper
with a ballpoint pen core with an inner diameter of 1 mm. By using the venous infusion apparatus to
provide liquid pressure and control, the writing speed was 500 mm/s by using a digital plotter. With a
vacuum oven temperature of 60 ◦C, the ink was fully dried.

Figure 1. Overview of the fabrication process for direct-writing: design using a personal computer and
direct-writing using a Plotter and a photo of patterned electrodes.

2.4. Characterization

Morphological observations were carried out using a field-emission scanning electron microscope
(FE-SEM, Zeiss, Oberkochen, Germany). The resistance was tested using a KDB-1 digital four-probe
resistance tester (Guangzhou Kunde Technology Companies (Guangzhou, China)). Galvanostatic
charge-discharge (GCD), cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS)
were performed on the flexible electrode using a Princeton (PARSTAT 4000) electrochemical station.
The capacitances (C in F·cm−2) of each device at different current densities were calculated from the
discharge curves obtained from GCD tests using the following formula:

C = 2IΔt/SΔU, (1)

where I is the applied discharge current (A), Δt is the discharge time (seconds), and ΔU (V) is the
discharge voltage after the iR drop (ohmic voltage) is removed. S (cm2) is the volume of the active
materials of all electrodes. Here, the surface areas of the active materials are 1 cm2.

The volumetric energy density and power density can provide more reliable performance
metrics for porous, nanomaterial-based, thin-film devices compared to gravimetric capacitance. As a
result, the volumetric energy density (Wh·cm−2) of each device was calculated using the following
formula [33,34]:

E = 0.5CΔU2/3.6, (2)

The volumetric power density (W·cm−2) of the device was calculated from the following formula:

P = 3600E/Δt, (3)

We investigated the electrochemical properties of all electrodes on a three-electrode system using
a Pt plate as the counter electrode and a saturated calomel reference electrode (SCE) in 1 M Na2SO4

aqueous electrolyte solution.
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3. Results and Discussion

The fabrication steps of the electrodes and direct-write devices are illustrated in Figure 1. A personal
computer was used to design the pattern of the electrodes, which were direct-written using a purchased
plotter. The ink concentration was the most important factor for direct-writing, because a concentration
that was too high clogged the top of the pen, and a concentration that was too low decreased the active
substance content. Therefore, 5 wt % CNT and 1–5 wt % Ag were chosen for the printed ink.

To further prepare the paper-based capacitor from a cellulose acetate membrane, we prepared a
CNT and CNT/Ag ink for direct writing and prepared a paper-based capacitor with a cellulose acetate
membrane by superposing the direct writing of CNT and Ag. As shown in Figure 2a, cellulose acetate
membrane paper is usually composed of cellulose fibres arranged in an N-dimensional hierarchy,
and the surface of the cellulose acetate membrane paper was not only very rough but also had a
highly porous structure, in comparison to ordinary flexible substrates. We could also make full use
of the porous structure of cellulose acetate membrane paper; when soaked, the active materials in
the porous structure increased the contact area of the active material with the electrolyte. It could be
used to improve the performance of electrochemical energy storage devices such as supercapacitors.
The SEM image in Figure 2b shows that the CNT electrodes were composed of CNT with a diameter of
about 50 nm. Then, different wt % Ag values were used to dope the CNT ink, and Ag particles were
uniformly dispersed between carbon nanotubes (Figure 2c).

 

Figure 2. SEM images of (a) cellulose acetate membrane paper; (b) carbon nanotube (CNT);
(c) CNT/Ag-5.

The CV, GCD, and EIS measurements were conducted in a three-electrode configuration in 1 M
Na2SO4 aqueous solution. The results about the electrochemical performance of the CNT electrode
before and after the doping of Ag nanoparticles are shown in Figure 3a–h. As expected, in Figure 3a,
the rectangular CV curves of the electrode showed an ideal capacitive behavior. The GCD performance
of the CNT electrode was further tested in Figure 3b. The volumetric capacitance for the CNT electrode
was 25.3 F/cm3 at a discharge current density of 0.5 mA/cm2.

Moreover, the electrodes doping Ag exhibited a larger volume specific capacitance than CNT
electrodes under the same voltage sweep speed (Figure 3a,c). The GCD curves of the CNT/Ag electrodes
with different Ag doping doses at a current density of 0.5 mA/cm2 are shown in Figure 3d. It can be
observed that as the Ag doping dose increased from 1 to 5 wt %, the charge and discharge time of
CNT/Ag electrodes increased, and the iR drop decreased. This appearance indicates an increase in the
capacitance of the CNT electrode after Ag doping. The volumetric capacitances for the 1, 3, and 5 wt %
Ag doping CNT/Ag electrode were 25.7, 37.4, and 72.8 F/cm3, respectively, at a current density of
0.5 mA/cm2, which were much larger than the value of the CNT electrode (25.3 F/cm3). The high
volumetric capacitance of CNT/Ag electrodes could be ascribed to the fact that the Ag particles could
promote the contact between the electrolyte ions and the electrode surfaces, as well as the enhanced
conductivity of the composite electrodes. It was also observed in Figure 3e that the addition of Ag
nanoparticles significantly improved the conductivity. The experimental results showed that by doping
of Ag conductive phase, the resistivity of the electrode could be 5.1 × 10−4 Ω/cm, which was 98.2% less
than the CNT electrode. The main reason for the decrease in resistivity was the excellent conductivity
of Ag nanoparticles and the good connection between Ag and CNT. It can be seen from Figure 3f that
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the equivalent series resistance (ESR) for the CNT/Ag-5 electrode was about 13.4 Ω/cm2, and CNT
electrode ESR was 51.7 Ω/cm2. Due to the high conductivity of Ag particles, the iR dropped and
was much lower than the CNT electrode. The CV curve of the CNT/Ag-5 electrode under different
sweep speeds is shown in Figure 3g. The CNT/Ag-5 electrodes had very symmetrical and nearly
rectangular CV curves in a potential window of 0–1 V, indicating that the device also had a excellent
capacitance performance. Good linearity of GCD curves with different current densities (Figure 3h)
further confirms the good electrochemical behavior of the device.

  

  
Figure 3. Cont.
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Figure 3. (a) Cyclic voltammetry (CVs) of the CNT electrodes with scan rate (from 10.0 to 100.0 mV/s).
(b) Galvanostatic charge-discharge (GCD) of the CNT electrodes with 0.5 to 2.0 mA/cm2. (c) CV of
CNT/Ag electrodes with different Ag. (d) GCD of CNT/Ag electrodes with different Ag. (e) Resistivity
of the electrodes. (f) Nyquist plot of the electrodes. (g) CV of the CNT/Ag-5 electrodes with scan rate
(from 10.0 to 100.0 mV/s). (h) GCD of the CNT/Ag-5 electrodes with 0.5 to 2.0 mA/cm2.

The CNT/Ag composite papers could be directly used as electrodes for a flexible solid-state
supercapacitor (FSC) because they possess flexibility and low sheet resistance. As a proof of concept,
we used two identical CNT/Ag-5 electrodes for the assembled supercapacitors, and the performance
is depicted in Figure 4a. Figure 4a shows that the CV curves displayed no obvious distortion in the
shape at a high scan rate of 100 mV/s. From the GCD curves (Figure 4b), we can determine that the
single volumetric capacitance was 17.68 F/cm3 at a current density of 0.5 mA/cm2.

The CV curves under different bending angles of solid-state symmetric supercapacitors (at the
scanning rate of 100 mV/s) is shown in Figure 4c. All of the CV curves almost overlapped under various
bending conditions. This confirmed that no structure failure and capacitance loss occur upon bending
up to 180◦, which is the requirement for wearable applications. The specific energy and specific power
were the two sticking points for evaluating the practical application in FSC.

Figure 4d presents the Ragone plot comparing the energy density and the power density of the
flexible energy storage devices with the CNT/Ag-5 electrodes and CNT electrodes. It was worth
noting that the assembly in this work had shown an outstanding energy density and power density;
the energy density was 9.08–5.87 mWh/cm3 with a power density of 1.18–0.22 W/cm3. These powerful
mechanical features allowed the device to be connected in serial geometry that provided high power
to maintain a steady red LED of 1.7 V (Figure 4d). Figure 4e shows the excellent cycling stability
of CNT/Ag-5 flexible solid-state symmetric supercapacitors after 1000 cycles at a current density of
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0.5 mA/cm2. The CNT/Ag-5 sample retained up to 75.92% of its initial capacitance after the first
1000 cycles. GCD cycling stability of the first ten cycles and last ten cycles is shown in Figure 4f.

  

  

 
 

°
°
°

Figure 4. (a) CV and (b) discharge curves at different scan rates and current densities. (c) CV curves
under different bending angles of solid-state symmetric supercapacitors. (d) Ragone plots of the
areal energy density and power density and digital photographs of the assembled flexible solid-state
symmetric supercapacitors (two in series) lighting LEDs. (e) Cycling stability of the flexible solid-state
symmetric supercapacitors. (f) GCD cycling stability of the first ten cycles and last ten cycles

4. Conclusions

In summary, we reported a process for the design and fabrication of a CNT/Ag cellulose acetate
membrane. The good solubility of CNT in SDBS solution, the way in which carbon nanotubes combined
well with the Ag particles, and the application of the direct writing method all increased the binding force
between the CNT/Ag and the cellulose acetate membrane. The incorporation of Ag into CNT largely
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modulated the conductivity, as well as the resulting capacitive behaviors, including the enhancement
of specific capacitance, rate capability, coulombic efficiency, and cycling stability. The as-fabricated
CNT/Ag-5 exhibited excellent cycling stability, with 75.92% capacitance retention. The experimental
results show that by doping Ag conductive phase, the resistivity of the electrode can be 5.1 × 10−4 Ω/cm,
which was 98.2% less than the CNT electrode. In addition, the doping of Ag nanoparticles not only
improved the conductivity of the composite electrode, but also enhanced the specific volumetric
capacitance up to 72.8 F/cm3. The as-fabricated FSC showed an outstanding flexibility for wearable
applications, without showing any decline in performance under bending conditions. It also had a
high energy density of 9.08–5.87 mWh/cm3 at a power density of 1.18–0.22 W/cm3.The present doping
method in this work can provide more kinds of alternative electrode materials for high-performance
supercapacitors. The conducting agent doping in carbon materials could be easily extended to other
substances and have promising prospects in future developments.
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