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Abstract: In this work, the optimal conditions of synthesizing and purifying carbon nanotubes
(CNTs) from ferrocene were selected at the first stage, where decomposition time, argon fluxes,
precursor amounts, decomposition temperature (at 1023 K and 1123 K), and purification process
(HNO3 + H2SO4 or HCl + H2O2), were modulated through chemical vapor deposition (CVD) and
compared to commercial CNTs. The processing temperature at 1123 K and the treatment with
HCl + H2O2 were key parameters influencing the purity, crystallinity, stability, and optical/electrical
properties of bamboo-like morphology CNTs. Selected multiwalled CNTs (MWCNTs), from 1 to
20 wt%, were electropolymerized through in-situ polarization with conductive polymers (CPs),
poly(aniline) (PANI) and poly(pyrrole) (PPy), for obtaining composites. In terms of structural stabil-
ity and electrical properties, MWCNTs obtained by CVD were found to be better than commercial
ones for producing CPs composites. The CNTs addition in both polymeric matrixes was of 6.5 wt%. In
both systems, crystallinity degree, related to the alignment of PC chains on MWCNTs surface, was im-
proved. Electrical conductivity, in terms of the carrier density and mobility, was adequately enhanced
with CVD CNTs, which were even better than the evaluated commercial CNTs. The findings of this
study demonstrate that synergistic effects among the hydrogen bonds, stability, and conductivity
are better in PANI/MWCNTs than in PPy/MWCNTs composites, which open a promissory route to
prepare materials for different technological applications.

Keywords: chemical vapor deposition; MWCNTs; conducting polymers; hybrid composites; stability;
electrical properties

1. Introduction

Conductive polymers (CPs) and conductive polymer composites (CPCs) are promising
semiconductor materials for a wide variety of applications because of their tunable physi-
cal/chemical properties, mechanical flexibility, low weight, reversible doping, adequate
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bio-compatibility, and large-scale production [1]. Different conjugated polymers such
as polythiophene [2,3], polypyrrole (PPy) [4,5], poly(3,ethylenendioxythiophene) (PE-
DOT) [6,7], and polyaniline (PANI) [8,9], have been explored as engineering polymers
(multifunctional materials). Among the CPs, PPy and PANI are considered favorable mate-
rials for multiple applications, such as capacitors, redox capacitors, lithium-ion batteries,
super-condensers, filtering membranes, water treatment, and biosensors [10–19].

Additionally, PANI and PPy nanocomposites with different embedded nanostructures
combined the synergistic effect of each one to obtain singular properties. These conjugated
polymers are reinforced with either carbon nanotubes (CNTs), reduced graphene oxide
powders, or metallic or ceramic nanoparticles, promoting the overall electrical conductivity
in a wide variety of applications [20–25]. Even small concentrations of these nanostructures
can promote the formation of percolating networks, improving electrical properties [26].
Several factors have an effect on the composite electrical conductivity including charac-
teristics of the polymer, production process, and type and fraction of filler. For example,
PANI can present different oxidation degrees, since fully oxidized (per)nigraniline, partially
oxidized emeraldine and fully reduced leucomeraldine, modify its electrical conductiv-
ity [3]. A conductivity between 32 and 223 S cm−1 has been reported as a function of CNTs
content [27]; whereas PANI has shown values between 0.5 to 100 S cm−1 [28,29]. Thus,
whereas some researchers are focused on the purity and construction of the fillers, other
efforts are being realized to determine the optimal ratio polymer/filler to increase the
electrical conductivity through a large electrochemical surface area [30]. Among the carbon
materials, multi-walled CNTs (MWCNTs) present an excellent electrical conductivity with
unique structure, adequate mechanical properties, and large effective surface area, which
help to improve the composite stability [31]. Recent reports of PPy/CNTs and PANI/CNTs
nanocomposites are related to the effects of the CNTs incorporation into the CPs and the
morphological aspects (interfacial area, aspect ratio, and interfacial adhesion); however,
those effects on the electrical conductivity are not fully understood. On the other hand,
the most common methods for the synthesis of MWCNTs are arc discharge, laser ablation,
and chemical vapor deposition (CVD) [32,33]; although other methods have also been
proposed, such as arc decomposition of SiC, torsion of graphene layers, heat treatment of
polymers, and pyrolysis electrolysis [34–37]. CVD is either thermal or plasma enhanced,
and it has become a standard method for the CNTs production, as it is considered a large
scale and high purity method. Unfortunately, the control parameters and CNTs growth
are still under discussion; due to the characteristics of carbon nanotubes depending on the
working conditions [38–40]. For example, the yield and quality of CNTs are greatly affected
by the matrix material, and they are conditioned by their morphology and alignment. Thus,
for several applications such as micro-nanoelectronics devices, sensors, electric actuators,
and optical devices, among others, it is essential to optimize CVD conditions.

In this paper, a systematic study is reported to evaluate the different parameters
that influence the stability and electrical conductivity of CPs (PPy or PANI)/MWCNTs
nanocomposite films to be potentially used as sensors or thermoelectric devices. During
the first set of experiments, it was realized the synthesis of MWCNTs by thermal chemical
vapor decomposition (CVD) at different experimental conditions. These samples were acid
functionalized and characterized to select the optimal conditions to produce nanocom-
posites, from high purity MWCNTs and conjugated polymers, i.e., PPy or PANI, using
polymerization assisted through in-situ polarization technique (potentiostatic method).
The synergistic electronic interaction has been analyzed as a function of different amounts
of MWCNTs (0–20 wt%) in both CPs. A special focus has been placed on the structure,
stability, and electrical conductivity of the CPs (PPy or PANI)/MWCNTs nanocomposites.

2. Experimental Procedure
2.1. Synthesis and Purification of Carbon Nanotubes (CNT)

MWCNTs powders were obtained by a hot-wall CVD process at atmospheric pressure,
using ferrocene (C10H10Fe, Sigma-Aldrich, Mexico City, Mexico, 98%) as single source
precursor and catalyst. The CVD experimental setup consisted of a three-zone horizontal
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furnace (HTF55347C model, Lindberg/blue M) with a tubular quartz reactor (120 cm
in length and 5 cm in diameter), under argon (F, flow rate of carrier gas: 50–100 sccm)
atmosphere. The initial weight of C10H10Fe (W) was of 0.1 and 0.2 g, which were placed
into the equipment using a precursor temperature (Tprec) of 473 K, temperature previously
obtained from thermogravimetric analysis, whereas the vapors were transported into the
hot zone at two decomposition temperatures (T) of 1023 and 1123 K, and two decomposition
times (t) of 30 and 60 min.

Purification of CNTs powders fabricated at different experimental conditions was
done with an acid solution composed by 20 mL of 3 M hydrochloric acid (HCl, Sigma-
Aldrich, Mexico City, Mexico, 37%) + 20 mL of a solution 30 vol.% of hydrogen peroxide
(H2O2, Sigma-Aldrich, Mexico City, Mexico, 30–50%). Then, 60 mg of powders was added
into the purified solution and it was maintained under stirring at 348 K for 4 h under
reflux conditions. Thereafter, dispersion was neutralized with deionized water and ethanol,
subsequently centrifuged at 2000 rpm during 5 min, and filtered and dried at 373 K for 24 h.

To observe the influence of the chemical attack on the CNT structure, samples synthe-
sized at 1123 K were purified with a different procedure. A mixture of 20 mL of nitric acid
3 M (HNO3, Sigma-Aldrich, Mexico City, Mexico, 70%) + 20 mL of sulfuric acid 30 vol.%
(H2SO4, Sigma-Aldrich, Mexico City, Mexico, 95–98%) was prepared. Subsequently, 60 mg
of obtained sample was processed using a similar procedure.

Additionally, commercial multi-walled CNTs, (product name: carbon nanotube, multi-
walled, product number: 791431, Sigma-Aldrich, Mexico City, Mexico, 70–80% pure,
10 × 4.5 × 4 mm, surface resistivity 700–900 Ω square−1 by 4-point probe method) were
also purified by both methods and characterized for comparison.

2.2. Fabrication of Polymer/MWCNTs Nanocomposites

Two conducting polymers were synthesized using a potentiostatic method. Electrolytic
and oxidant agents as well as the monomer used to synthesize poly(pyrrole) were oxalic
acid (C2H2O4, Sigma-Aldrich, Mexico City, Mexico, 98%), lithium perchlorate (LiClO4,
Sigma-Aldrich, Mexico City, Mexico, 98%) and pyrrole (C4H5N, Sigma-Aldrich, Mexico City,
Mexico, 98%), respectively. In the case of poly(aniline), HCl, ammonium persulfate
((NH4)2S2O8, Sigma-Aldrich, Mexico City, Mexico, ≥98%) and aniline (C6H5NH2,
Sigma-Aldrich, Mexico City, Mexico, ≥99%) were used. Based on previous reports, the
following procedure was realized [41]: either the PPy/MWCNTs or PANI/MWCNTs com-
posite films were electrodeposited on commercial AISI 1018 carbon steel (35 × 75 mm) or
AISI 316L stainless steel(35 × 75 mm), respectively. As counter electrode, an AISI 316L
stainless steel plate with the same area was used.

Different amounts of MWCNTs (1, 5, 6.5, 8, 10, and 20 wt%) were prepared with
a solution of 0.1 M oxalic acid + 0.1 M LiClO4 in a 1:1 ratio (v/v); thereafter, 50 mL of this
solution was mixed with 50 mL of a pyrrole solution (0.3 M) and sonicated for 30 min.
Then, 200 mL of this dispersion as placed into the cell compartment, in which the 316L
stainless steel and AISI 1018 carbon steel were working and counter electrodes, respectively.
The nanocomposites were obtained in situ by applying a constant potential of−1100 mVEocp
vs. SCE for 30 min and then kept under mechanical stirring again for 30 min.

For PANI nanocomposite films, a potential of −600 mVEocp was applied vs. SCE for
30 min, but in this case, to assurance emeraldine formation, a solution of 0.1 M HCl + 0.1 M
(NH4)2S2O8 in a 1:1 ratio (v/v) was prepared. This solution was added into 0.3 M of aniline
following the same procedure with the exception that the system in the electrolytic cell was
kept at 383 K in a cooling bath while using the 316L stainless steel as working and counter
electrodes. A power supply (BK Precision 1746B) was used in the potentiostatic experiments.

2.3. MWCNTs and Nanocomposites Characterization

To verify the structure and purity of MWCNTs, X-ray-diffraction (XRD) patterns were
realized in a D8 Advance, Bruker diffractometer with a Cu Kα radiation (λ = 0.15405 nm).
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The equipment was operated at 35 kV and 25 mA in a θ-2θ configuration. The evaluated
range was from 2θ = 20◦ to 70◦ at a speed of 0.02◦ min−1.

Ultraviolet-visible (UV-vis) and Raman spectroscopies were also used to study the
molecular structures of pure compounds (MWCNTs and CPs), as well as the interfacial
structure between both components forming the composites [42]. UV-vis spectra were
acquired in aqueous solution (0.1 mg·mL−1); previously the samples in powders form
were dispersed into deionized water, using a Cary 5000 UV-vis-NIR spectrometer (Agilent
Technologies) in the 200–1000 nm range with a scan rate of 600 nm min−1.

Raman studies were realized in a Renishaw InVia microscope using an excitation source
of 514 nm and a laser power of 20 mW. The samples were scanned from 500–3000 cm−1

shift at spatial resolution of 2 cm−1. The scanning parameters for the spectra were: 10 s of
acquisition, an objective of 100×, and a numerical aperture of 0.85. Five scans were acquired
for each experiment to assurance and adequate signal to noise ratio.

Fourier transform infrared (FT-IR) was collected in the range from 4000 cm−1 to
450 cm−1 using a Perkin–Elmer Spectrum One 51,394 series spectrometer equipped with
an attenuated total reflectance accessory (ATR). Thermogravimetric analysis was realized
in a Labsys Evo, Setaram TGA/DSC equipment. Then, 10 mg of each sample was placed
in alumina crucibles and heated from 298 K to 1123 K using a heating rate of 10 K min−1

under argon atmosphere (flow rate: 20 mL min−1). Samples were maintained for 5 min at
1123 K and then cooled up to room temperature.

The morphological aspects of the MWCNTs and composites were analyzed by scan-
ning electron microscopy using a JEOL JSM-6701F microscope at a 5 kV acceleration voltage.
Samples were sputter coated with Au-Pd for 30 s on a Quorum Q150T ES sputter coater
system. Electrical measurements of both kinds of nanocomposites were performed by
a conventional 4-point collinear probe using a Keithley Model 2410C instrument. The anal-
ysis was realized using a software based on the proportional integral-derivative approach
(PID). For these measurements, composite powders obtained were compressed at 528 MPa
to get pellets (10 mm in diameter and 1.7 mm in thickness) followed by a sintering process
at 373 K for 4 h. Reported electrical conductivity values were the average of three samples
for each condition. The Hall Effect measurements were realized using van der Pauw
configuration at room temperature using an ECOPIA HMS 3000 apparatus.

3. Results and Discussion
3.1. Characterization of MWCNTs before and after Purification Process

The synthesis of CNTs using hydrocarbon sources as CH4, C2H2, EtOH, or CO is ex-
pensive because of the complex purification process [43], whereas the used of ferrocene
at atmospheric pressure can be an alternative to obtain CNTs with adequate carbon yield;
then, an optimization of CVD parameters in one step is essential to reduce the costs pro-
duction in comparison with other reported methods [44]. Among different carbon sources
used as raw materials (ferrocene, graphite, methane, and coal derived hydrocarbons),
coal is cheaper and an abundant carbon source. Unfortunately, the cost of different carbon
source as raw material, for CNTs production, is not the determining factor in the final
production cost [45]. For example, the yield and purification process can be more important
that raw materials costs [46].Then, during the synthesis, CNTs can contain a large amount
of impurities such as amorphous carbon, multishell carbon nanocapsules, or even metal
particles, depending of the carbon source. In fact, the use of alcohols as feedstock produces
high purity carbon nanotube synthesis at low temperature synthesis [47], but other raw
materials, such as ferrocene, can also be an option.

Figure 1a–d shows the XRD results for MWCNTs obtained at 1023 and 1123 K, using
different CVD parameters: decomposition time of 30 and 60 min (t), argon fluxes at 50 and
100 sccm (F), and two different amounts of precursors (W, 0.10 and 0.20 g). Particularly,
Figure 1a shows XRD patterns before chemical purification, whereas Figure 1b shows the
structural changes in relation to each condition after purification (1023 K). From Figure 1a,
it can be seen the main signals of Fe at 45.86◦ (110) and 64.76◦ (200), PDF 06-0696 chart.
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Additionally, small signals at 37.50◦ (110), 43.40◦ (111), and 48.40◦ (201) matched well with
the Fe3C in the structural BCC phase (PDF 00-003-0400). MWCNTs pattern shows weak
reflections at 26.10◦ (002), 42.80◦ (100), and 45.80◦ (101), according to the PDF 00-002-0456
chart. As expected, the purification of MWCNTs reduces the signals of the Fe and Fe3C
structural phases (Figure 1b). In fact, Fe3C reflections almost disappear, whereas MWCNTs
reflections become stronger. The main XRD peaks of MWCNTs matched well with the com-
mercial MWCNTs under similar purification process. The effect of the CVD temperature
(1123 K) with and without purification is shown in the Figure 1c,d.
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 1 Figure 1. XRD patterns of MWCNTs obtained with different synthesis parameters at 1023 K (a) unpurified samples,
(b) purified samples with HCl + H2O2 solution. Samples synthesized at 1123 K (c) unpurified samples, (d) purified samples
with HCl + H2O2 solution, and (e) purified samples with HNO3 + H2SO4.

For all the samples, the XRD patterns were very similar, but an increase of 373 K
was enough to eliminate the Fe3C phase formation. The acid treatment with HCl almost
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removed the amorphous carbon structures and iron reflections; a small deviation of the
(002) peak of the purified samples can be related with an increase in the carbon inter-layer
spacing [48]. The effect of the purification process of CNTs on the electrical properties has
been widely reported [49,50], even though an adequate purification degree contributes
to improve electrical properties of carbon nanotube-polymer composites; however, it still
remains a challenge [51]. Differences in the electrical conductivity are commonly related to
type and quantity of CNTs, purity, different sizes, crystallinity and orientation, straight-
ness, and entanglement [52]. The CNTs samples without Fe3C phase were purified with
a different chemical treatment (HNO3 + H2SO4) to observe changes in the crystallinity
degree. XRD pattern of purified sample with this solution is shown in Figure 1e. No clear
trend can be observed in the XRD patterns, but it is similar to that with purified samples
with HCl + H2O2 solution, the signals of iron impurities almost disappeared.

To analyze possible changes in the crystallite size, an estimation of overall samples was
realized from typical Scherrer equation t = 0.9λ

β cos θ ; where t is crystallite size, λ = CuKα

wavelength (0.15405 nm), β = FWHM (full width at half maximum), and θ = Bragg angle.
Additionally, the crystallinity degree of MWCNTs was calculated from a two-phase model
(Equation (1)) in combination with a deconvolution process (pseudo-Voigt peak function) [53].

Wc,x =
∑i Ci, hkl(θ) Ii, hkl(θ)

∑i Ci, hkl(θ) Ii, hkl(θ) + ∑j Cj(θ)Ij(θ)ki
× 100% (1)

In this equation, Wc,x is the percent crystallinity; i, j, are the numbers of crystalline
diffraction peaks from MWCNTs and amorphous scattering peaks from amorphous carbon,
respectively. Ci, hkl(θ), Ii, hkl(θ) are the correction factor and integral intensity of the crystalline
diffraction peak, respectively; Cj(θ), Ij(θ) are the correction factor and integral intensity of
the amorphous scattering peak; ki is the correction coefficient, in this case, ki = 1 (Table 1).

The comparison of both chemical treatments indicated that crystallite size is reduced
during the purification process. On the other hand, the percent crystallinity is higher in
samples treated with HCl + H2O2, i.e., the chemical attack in the carbon structures is more
severe in the produced MWCNTs using an oxidation with a HNO3 + H2SO4 solution. It has
been reported that an oxidation of CNTs with HNO3 solution is more efficient in reducing
the amorphous carbon phase as well as metal impurities in the CNTs than other oxidants;
however, it can also affect the attack of the carbon structure breaking the CNTs into shorter
segments [54,55]. Furthermore, other researches have referred that nitric acid can attack the
preferably defective sites and intercalate into the CNTs to unzip the tube walls by further
oxidative etching. This provokes an increase of the tube interlayers again while reducing
the crystallinity of the samples [56]. The above results led to discriminate the samples
according to the purity and percent crystallinity. Therefore, only the MWCNTs samples
obtained at 1123 K and purified with an acid solution of HCl + H2O2 were used for further
characterization and used to produce MWCNTs/polymer composites.

FT-IR was also used to examine the MWCNTs functionalization and to compare it with
commercial MWCNTs under similar purification process (Figure 2a,b). From these figures,
the following bands were identified in the synthesized MWCNTs: –OH stretching from
unbound or free hydroxyl of phenol between 3800 and 3700 cm−1, –OH bands among 3300
and 3700 cm−1, and asymmetric and symmetric stretching of CHx groups are observed
between 2900–2800 cm−1. The band in the wavenumber of 2330 cm−1 is associated with the
CO2 from the air. The stretching of C≡C bonds is slightly observed at 2140 cm−1, whereas
that of C=C bonds is at 1560 cm−1. The peak at 1660cm−1 is correlated with the C=O
stretching presence of the carboxylic acid group (–COOH). Vibrational modes associated
with MWCNTs are observed at 1445 and 1575 cm−1, C–C bands must be located at 1377,
and C–O bonds of the carboxyl group are obtained at 1010 cm−1 [57–60].
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Table 1. Crystallite size and crystallinity percent for MWCNT synthesized at 1023 and 1123 K without and with purification.
Samples at 1123 K were purified with two acid solutions (HCl + H2O2 and HNO3 + H2SO4) to determinate the effect of the
crystallite size, crystallinity percent, and purity.

CVD at 1023 K, Purified with HCl + H2O2

Sample 2θ (deg) t (nm), BP t (nm), AP d (nm), AP Crystallinity (%)

Commercial CNT 25.73 3.00 2.92 0.3459 85.30
W0.1F50t30 25.95 9.01 8.46 0.3431 88.67
W0.1F50t60 26.00 8.90 7.69 0.3424 91.36
W0.1F100t30 25.93 10.88 8.76 0.3433 97.78
W0.1F100t60 25.85 12.15 8.73 0.3443 97.03
W0.2F50t30 25.93 7.90 7.02 0.3433 97.54
W0.2F50t60 25.77 10.77 9.52 0.3454 96.96
W0.2F100t30 25.94 11.28 9.81 0.3432 91.54
W0.2F100t60 25.92 7.87 9.18 0.3434 98.07

CVD at 1123 K, Purified with HCl + H2O2

Commercial CNT 25.73 3.00 2.93 0.3459 85.30
W0.1F50t30 25.82 12.42 8.73 0.3448 96.37
W0.1F50t60 25.93 11.59 8.64 0.3433 96.56
W0.1F100t30 25.88 10.75 8.55 0.3441 96.59
W0.1F100t60 25.88 12.41 9.04 0.3440 96.44
W0.2F50t30 26.02 10.06 8.30 0.3422 89.52
W0.2F50t60 26.00 10.40 8.63 0.3424 94.56
W0.2F100t30 25.94 13.81 8.47 0.3433 85.07
W0.2F100t60 25.92 10.69 9.41 0.3434 95.11

CVD at 1123 K, Purified with HNO3 + H2SO4

W0.1F50t30 25.96 12.42 8.75 0.3429 94.20
W0.1F50t60 25.94 11.59 9.11 0.3432 84.41
W0.1F100t30 26.22 10.75 8.51 0.3396 96.21
W0.1F100t60 25.98 12.41 10.41 0.3427 86.83
W0.2F50t30 25.95 10.06 8.43 0.3431 95.45
W0.2F50t60 25.88 10.40 8.34 0.3439 95.38
W0.2F100t30 25.89 13.81 9.74 0.3438 95.21
W0.2F100t60 25.89 10.69 8.96 0.3438 87.32

BP: before purification; AP: after purification; t: crystallite size; d: interplanar distance.

On the other hand, commercial MWCNTs showed the typical O–H bands in the region
from 3300 to 3700 cm−1 and C–H stretching bands at 3180 and 2800 cm−1 [61,62], respec-
tively. Additionally, the CO2 trapped into the MWCNTs was observed at 2330 cm−1 [63,64].
The OH groups of adsorbed water as well as to the covalently bonded functional groups
are observed at 1650 cm−1 [65]; C=C bonds in aromatic ring at 1580 cm−1; and rocking and
deformation out of plane vibrations of CH2 or CH3 groups at 1467 cm−1. Similarly, 1414
and 800 cm−1 are the stretching of C–N groups. The bands at 1228 cm−1, 1110 cm−1, and
1020 cm−1 correspond to the C–O stretching/OH bending vibrations and/or the stretching
of C–O in ester, ether, and phenol of carboxyl, respectively [66,67]. The most important
differences between synthesized and commercial MWCNTs are: (i) the OH groups from
unbound or free hydroxyl of phenol are missing in the commercial samples, (ii) the CH2 or
CH3 groups only appear in commercial samples, and (iii) there is C–O shifting due to the
chemical environment in the synthesized CNTs. In all synthesized CNTs, there is the pres-
ence of two bands at 605, 757, and 655 cm−1 that arise after purification with HCl and H2O2.
Because the synthesized MWCNTs can present some structural imperfections, there are
some carbonaceous materials (such as graphitic carbons, carbon nanoparticles and amor-
phous carbon coatings) that might contribute to the appearance of these bands [40]. The
identification of vibrational modes (1445 and 1575 cm−1), attributed uniquely to MWCNTs,
leads to a better interpretation of FT-IR results [68,69]. Then, even synthesized MWCNTs
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present some differences, the appearance of OH, –COOH, and –CO groups is typical of an
adequate MWCNTs functionalization.
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 1 Figure 2. FT-IR spectra from MWCNTs at 850 ◦C, after purification with 3 M HCl + 30 vol.% H2O2: (a) samples at different

conditions; (b) comparison between commercial MWCNTs and a selected sample.

The structural dispersion and stability of CNTs have been correlated with the absorp-
tion intensity. That is, better dispersion-stability, greater absorption intensity, and minimum
changes in the spectrum should appear [70–72]. For this reason, the samples were evaluated
through the UV-vis analysis. The UV-vis technique gives the MWCNTs spectrum according
to their diameters and chiralities [70,73]. Additionally, it helps to identify single-walled
CNTs (SWCNTs) and multiwalled CNTs (MWCNTs) depending on the absorption peak
at specific wavelength, i.e., MWCNTs are related to the absorption at around 250–275 nm
[70,71,74], whereas SWCNT present an absorption at 972 nm and 1710 nm [70,75].
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Figure 3 shows the UV-vis spectra of aqueous suspended CNTs, before (Figure 3a) and
after (Figure 3b) purification with 3 M HCl + 30 vol.% H2O2. The UV-vis of commercial
carbon nanotubes is presented as supplementary material (Figure S1 in the Supplementary
Material). The spectra of MWCNTs before purification do not display any significant peak
in the region between 200 and 500 nm, mainly because of the presence of some structures
(as amorphous and graphitic carbon) and the hydrophobic nature of CNTs. There is only
the presence of a weak absorption maximum detected at 206 nm, which is only evident in
samples with the highest used content of ferrocene to produce the MWCNTs; this band relates
to π-plasmon resonance [76]. With respect to the absorbance values, a clear tendency with the
weight of ferrocene used and the flux was not found; the only feature observed is that the
CNTs produced for 60 min absorb more than their corresponding samples, those for 30 min.
The results can be explained in terms of the wettability (hydrophobic/hydrophilic nature) of
the as-prepared CNTs, which can modify the optical absorption properties (transparency) [77].
In agreement with previous research, in this study, the wettability of CNTs modified UV-Vis
measurements due to their arrangement (orientation) and/or roughness [78].
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Figure 3. UV-Vis spectra of MWCNTs synthesized at 1123 K with different precursor amounts, reaction times, and argon flow
rates: (a) before purification; (b) after purification with 3 M HCl + 30 vol.% H2O2 with a magnification between 200–240 nm.

Commercial CNTs typically show the characteristic band at 272 nm, attributed to
the π-plasmon absorption [79], and the band at 222 nm corresponds to the collective
excitations of the π-band electrons (common band feature in CNTs at ~175–245 nm) [80,81].
In this study, these bands appear at 202 and 224 nm (inset Figure 3b). The samples with
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a high intensity were W0.1F50t60, W0.2F50t30, W0.2F50t60 (202 nm) and W0.1F50t30, W0.1F100t60,
and W0.2F100t30 (224 nm); these bands appear by the π-plasmon resonance, common in
CNTs [80,81]. No clear trend in the absorbance values was observed in relation to the
processing parameters; however, all the samples show a reduction in the absorbance values
after the purification process.

Another important feature to analyze in the MWCNTs is evaluated structural changes
after purification; for this reason, a selected sample synthesized with the following param-
eters W0.1F50t60 and purified with acid chemical treatment (HCl + H2O2) was analyzed
by Raman spectroscopy (Figure 4a). In this figure, the Raman shift of the commercial
MWCNTs under similar conditions of purification is also shown (Figure 4b). This tech-
nique is widely used to analyze carbon materials, and it provides significant data about
the carbon structures [82]. Three typical bands are identified in both spectra; however, a
slight displacement of Raman shifting in the synthesized CNTs at 1326 (D), 1574 (G), and
2649 (G′) cm−1 is observed in comparison with commercial CNTs appearing at 1318 (D),
1581(G), and 2641(G′) cm−1 [83]. Additionally, in Figure 4a, a slight shoulder near to
G band around 1608 cm−1 is observed (D′). This band was narrower than in not purified
CNTs, and it is evidence of an adequate purification process. D′ is also related to the
lattice vibration of defective graphite-like materials [84,85]. In the case of CNTs structures,
the D band (disorder band) is identified as the A1g symmetrical stretching coming from
disorder and defects present in CNTs [86]; the G band (graphitic band) is associated with
tangential phonon modes; the G′ band is an overtone of the D band, which is related to the
stacking order of graphene sheets [87]. The amount of defects of the synthesized is about
4% of the curve, confirming that the synthesis and purification process were adequate [88].
Meanwhile, the IG’/IG ratio also confirms that the structural defects are higher in the
as-obtained sample (0.55) in comparison with commercial CNTs (0.21). The ID/IG ratio has
been widely used to evaluate the structure’s order; thus, a value near zero is desirable [89].
The ID/IG and IG’/IG ratios were obtained using the maximum heights of the D, G, and
G’ bands after subtracting a baseline. As-prepared CNTs (W0.1F50t60) show an ID/IG ratio
of 0.81 versus 2.11 for commercial CNTs. These results indicate that commercial CNTs
display less order structures than the selected sample.

Polymers 2021, 13, x FOR PEER REVIEW 11 of 31 
 

 

about the carbon structures [82]. Three typical bands are identified in both spectra; how-

ever, a slight displacement of Raman shifting in the synthesized CNTs at 1326 (D), 1574 

(G), and 2649 (G′) cm−1 is observed in comparison with commercial CNTs appearing at 

1318 (D), 1581(G), and 2641(G′) cm−1 [83]. Additionally, in Figure 4a, a slight shoulder near 

to G band around 1608 cm−1 is observed (D′). This band was narrower than in not purified 

CNTs, and it is evidence of an adequate purification process. D′ is also related to the lattice 

vibration of defective graphite-like materials [84,85]. In the case of CNTs structures, the D 

band (disorder band) is identified as the A1g symmetrical stretching coming from disorder 

and defects present in CNTs [86]; the G band (graphitic band) is associated with tangential 

phonon modes; the G′ band is an overtone of the D band, which is related to the stacking 

order of graphene sheets [87]. The amount of defects of the synthesized is about 4% of the 

curve, confirming that the synthesis and purification process were adequate [88]. Mean-

while, the IG’/IG ratio also confirms that the structural defects are higher in the as-obtained 

sample (0.55) in comparison with commercial CNTs (0.21). The ID/IG ratio has been widely 

used to evaluate the structure’s order; thus, a value near zero is desirable [89]. The ID/IG 

and IG’/IG ratios were obtained using the maximum heights of the D, G, and G’ bands after 

subtracting a baseline. As-prepared CNTs (W0.1F50t60) show an ID/IG ratio of 0.81 versus 2.11 

for commercial CNTs. These results indicate that commercial CNTs display less order 

structures than the selected sample. 

 

Figure 4. Raman spectra acquired of (a) Selected MWCNTs synthesized at W0.1F50t60T1123 followed 

with an acid purification (HCl + H2O2) and (b) commercial MWCNTs purified under similar con-

ditions. 

TEM micrographs and selected area electron diffraction (SAED) patterns were used 

to confirm structure and morphological features before and after purification (Figure 5a–

f); the comparison with commercial MWCNTs is also presented in this figure. TEM mi-

crographs show that during the CNTs synthesis by CVD process, some dispersed iron 

particles are trapped inside CNTs walls, whereas other particles of a combination of Fe 

and FeC are located over the walls surface (Figure 5a,b). Both types of particles come from 

the ferrocene precursor used during the synthesis of MWCNTs, and the nanostructure 

nature is shown in the inset SAED patterns. The synthesized MWCNTs show a bamboo-

like morphology [90], combined with a helical structure from coiled carbon tubes linked 

to an iron particle (Figure 5c) [91]. 

1000 1500 2000 2500 3000

 

(a)

In
te

n
s

it
y

 (
a

. 
u

.)

Raman shift (cm
1

)

(b)

 

 

 

D'
D

G

G'

 

 1 
Figure 4. Raman spectra acquired of (a) Selected MWCNTs synthesized at W0.1F50t60T1123 followed
with an acid purification (HCl + H2O2) and (b) commercial MWCNTs purified under similar conditions.

TEM micrographs and selected area electron diffraction (SAED) patterns were used to
confirm structure and morphological features before and after purification (Figure 5a–f); the
comparison with commercial MWCNTs is also presented in this figure. TEM micrographs
show that during the CNTs synthesis by CVD process, some dispersed iron particles are
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trapped inside CNTs walls, whereas other particles of a combination of Fe and FeC are located
over the walls surface (Figure 5a,b). Both types of particles come from the ferrocene precursor
used during the synthesis of MWCNTs, and the nanostructure nature is shown in the inset
SAED patterns. The synthesized MWCNTs show a bamboo-like morphology [90], combined
with a helical structure from coiled carbon tubes linked to an iron particle (Figure 5c) [91].
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Figure 5. Selected TEM images of MWCNTs, (a–c) W0.1F50t60T1123 before purification, (d,e) W0.1F50t60T1123 after purification
with HCl:H2O2 (f) commercial MWCNTs after purification with HCl:H2O2.

The coiled tubes present “elbow-like junctions”, making it difficult to measure the
diameter, but the walls of these CNTs are thick [48,92,93]. After purification (Figure 5d),
the CNTs appear as aggregates, perhaps due to the absence of graphitic edges [94]. A mag-
nification of the aggregates shows the helical MWCNTs structures, and it still presents
a small quantity of Fe nanostructures, eliminating the FeC, which confirms XRD results.
The external diameter was found between 46.5 and 68.8 nm with a wall thickness from
19.3 to 19.6 nm. The coils forming the helical structure implicate the presence of defects
that are responsible for the D’ band observed previously in Raman spectra. The quantity
of iron that remains after purification process suggested a tip growth mechanism; in this
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mode of growth, catalyst particle places at the top of CNTs, and it rises with the develop-
ment of CNTs, capturing and encapsulating, sometimes, the particle during the growth
process [95,96]. The above characterizations indicate that MWCNTs grow by the dissolving–
diffusion–precipitation model, which is explained elsewhere [90,95]. TEM micrographs
of commercial MWCNTs after purification are shown in Figure 5f; for comparison, these
micrographs show a more similar morphology than that presented by as-synthesized
samples, although the external diameter is smaller ~14.3 nm.

3.2. Chemical Analysis of Electrochemical PPy/MWCNTs, PANI/MWCNTs Composites

Electropolymerization of samples was carried out using a potentiostatic method in
two different solutions to obtain PPy/MWCNTs and PANI/MWCNTs film composites.
Different amounts of the synthesized and commercial MWCNTs powders were added in
the electrolyte at 1, 5, 6.5, 8, 10, and 20 wt% on the growth film to evaluate the effect on the
electrical properties. Additionally, diverse overpotentials were analyzed until they reached
an adequate potential for PPy of −1100 mVEocp vs. SCE and PANI of −600 mVEocp vs. SCE
both for 30 min of deposition time.

The chemical interaction of the films was initially studied by FT-IR measurements
(Figure 6a–d). Pure PPy displays the characteristic bands at 3436 cm−1 correlated to the
-NH stretching vibration mode of PPy [97,98]; C–N–C ring in-plane deformation and C=C
stretching of PPy ring are distinguished at 1641 cm−1. C–N stretching and N–H ring in-plane
bending are located between 1325 and1396 cm−1. Typical C-C stretching in-ring and C–N
stretching are found at 1266 cm−1. Additionally, the C=C–N of ring in-plane deformation,
C–N stretching, and N–H ring in-plane bending are at 1125 and 944 cm−1, respectively. A
combination of C=C–N ring in-plane deformation, C–C=C inter-ring in-plane bending; C–C
in-ring stretch, and C–C–N inter-ring in-plane bending, can be located at 1085 cm−1. Bands
in the wavenumber range from 800 to 805 cm−1 correspond to N-H ring out-of-plane and
C–H ring out-of-plane bending. The bands at 730 cm−1 show the C-H ring out-of-plane
bending, whereas –CH flexion of cyclic plane can be observed at 633 cm−1 [97,99]. Some
differences that can be observed in the electrodeposited PPy/MWCNTs composites are
the typical O–H bands at 3300 and 3700 cm−1 that are overlapped with the –NH band.
Additionally, the stretching vibrations of CHx groups appear in the wavenumber range of
2900–2800 cm−1. Finally, the vibrational modes associated uniquely to MWCNTs appear at
1445 and 1575 cm−1 [68,69]. It is evident that a physical interaction occurs between MWCNTs
and PPy, since they do not interfere in the individual bands. Similar interaction was observed
in each composition when commercial MWCNTs were used for the synthesis of composites.
Then, the most probable interactions between MWCNTs and PPy are physical. These
possibly consisted of hydrogen bonding between the OH in MWCNTs with the NH groups
in PPy, such as the R-NH . . . O=C–R and R–NH . . . H–O–R. Additionally, it is possible a
contribution between the double bonds in both phases (known as π-π interactions); these
interactions are proposed in Figure 7.

On the other hand, the FT-IR spectrum of pure PANI displays the following bands: NH
stretching vibration of secondary amine overlapped with the free and hydrogen bonded
NH at 3440 cm−1, C–H bending of benzenoid ring at 2890 cm−1, C=C vibrations of quinoid
units, quinoid ring-stretching at 1500 cm−1, bending of CH in CH2 at 1452 cm−1, N–H
bending mode at 1400 cm−1, CN stretching in benzene and quinoid rings at 1305 cm−1,
CH bending at 1250 cm−1 and 1000 cm−1, C–H in-the-plane at 1130 cm−1, electronic
transition of electrons in PANI structure at 1100 cm−1, C–H in-plane bending at 1000 cm−1,
and the CH deformation of 1,4-disubstituted ring/Q ring at 826 cm−1 [89,100–103].
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Figure 6. FT-IR spectra acquired from (a) comparison of PPy/MWCNTs nanocomposites with pure PPy; (b) PPy/commercial
MWCNTs nanocomposites, (c) comparison PANI/MWCNT nanocomposites with pure PANI; (d) PANI/commercial
MWCNTs nanocomposites.
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Figure 7. Physical interactions proposed for electropolymerized composites between (a) PPy, (b) PANI, and MWCNTs.

The spectra of electrodeposited PANI/MWCNTs showed an increase in the intensity
in the bands of the functional groups that they have in common; one example is the overlap
of OH in carboxylic groups adhered to the surface of CNTs as well as the NH stretching
in the CN bands. The presence of some low intensity bands when MWCNTs are added
in 5 wt% and 20 wt% into the polymer matrix matched with the unbounding hydroxyl
groups. Based on this evidence, it is clear that the MWCNTs also could be interacting
electrostatically with the PANI through the same interactions as PPy, i.e., NH . . . O=C–R
and R–NH . . . H–O–R and π-π interactions (see Figure 7). The FT-IR spectra of conductive
polymers (PANI or PPy) with commercial MWCNTs show bands and interactions quite
similar to those observed with the as-synthesized MWCNTs.

In order to complement the FT-IR studies and evaluate the effect of electropolymer-
izing the PPy and PANI in presence of different wt% of MWCNTs, as well as to analyze
the disorder and defects in crystal structure, Raman spectra were evaluated and presented
in Figure 8. Pure PPy spectrum displayed a broad band c.a. 1600 cm−1 that corresponds
to the C=C bonds and the inter-ring C–C mode of polaron structure, which evolves from
the overlapping of neutral, oxidized (polaronic), and fully oxidized (bipolaronic) species
located at 1560, 1580, and 1610 cm−1 [104].
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 1 Figure 8. Raman of electropolymerized composites of (a) PPy/synthesized CNTs, (b) PPy/commercial MWCNTs nanocom-
posites, (c) PANI/synthesized MWCNTs, and (d) PANI/commercial MWCNTs.

The Raman spectra of the electropolymerized PPy composites with different compo-
sitions of MWCNTs synthesized at 1123 K and purified with HCl + H2O2 are shown in
Figure 8a. A comparison of PPy/MWCNTs composites under similar synthesis conditions
is presented in Figure 8b.

Raman spectra show that the bands more prominent at 1326 cm−1 (G), 1574 cm−1 (D),
1608 cm−1 (D’), and 2649 c−1 (G’) seem to correspond to MWCNTs, although some over-
lapping in the D and G bands of PPy cannot be discarded. An increase in the intensity
of Raman bands with the amount of MWCNTs is observed. The ID/IG ratio for polymer
composites was computed from intensities, and the results are shown in Table 2. The ID/IG
ratio is very useful to analyze the extent of defects, and it has also been reported to be
sensitive to molecular interaction at the interface [105].
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Table 2. ID/IG quotients compute from Figure 8, for PPy and PANI composites.

Content of MWCNTs PPy/Synthesized
MWCNTs

PPy/Commercial
MWCNTs

PANI/Synthesized
MWCNTs

PANI/Commercial
MWCNTs

1 wt% 0.953 1.444 0.805 1.132
5 wt% 0.903 1.731 0.750 0.761

6.5 wt% 0.745 1.183 0.869 1.096
8 wt% 0.733 1.492 1.038 0.785

10 wt% 0.790 1.043 0.913 0.938
20 wt% 0.692 1.671 0.977 0.923

The PPy/MWCNTs composites display a slight increase in this ratio when the sam-
ples are electropolymerized with low amounts of carbonaceous structures, 1 wt% (0.953)
and 5 wt% (0.903), whereas with higher addition from 6.5 (0.745) to 20 wt%, this ratio
decreases until 0.692. It is well known that when ID/IG is closed to zero, it indicates a
better structural order; specifically, in this case, it suggests a better molecular interaction
between PPy-MWCNTs. ID/IG ratio is quite different in the samples with the commercial
CNTs, where a great quantity of disorder is obtained, since this ratio varies from 1.44 to
1.67; however, the composites still display a low quantity of defects (IG’/IG), Table 2. The
increase in the ID/IG can be related to a diameter of commercial of CNTs and poor inter-
action with PPy during electropolymerization process. Then, the behavior of ID/IG ratio
suggests that a better interaction occurs with the as-prepared samples with an adequate
electrostatic interaction with amounts above 6.5 wt%.

On the other hand, PANI spectra showed two main contributions, the first at 1350 cm−1

corresponding to the stretching vibrational modes of the charged nitrogen segments, i.e.,
the C–N+. stretching vibrations of delocalized polaronic structures, and the second at
1570 cm−1, corresponding to the C–C- stretching of B and Q and C=N [106], Figure 8c,d.
In the case of the electropolymerized PANI/MWCNTs composites obtained by CVD, it
was observed that the Raman bands of the MWCNTs are overlapped with those of the
PANI (Figure 8c). The ID/IG ratio in PÄNI composites is low, with a small percentage of
MWCNTs, and it increased from 6.5 wt%. The general tendency in the case of composites
with commercial CNTs is a reduction in the ID/IG ratio (Figure 8d and Table 2). Most of
the samples with exception of 8 wt% of synthesized and 1 and 6.5 wt% of commercial
MWCNTs and incorporated into PANI had lower ID/IG ratio than that reported by Shao
et al. [107], (ID/IG= 1.08) and Thakur et al. (ID/IG = 1.14) [108], for PANI grafted on the
surface of MWCNTs and PANI/CNT, respectively. These results highlight that the opti-
mization of CVD parameters helps to reach a better structural order and it can modify the
interaction-type between PPy and functionalized MWCNTs [109].

3.3. UV-Visible Optical Absorption Studies of PPy/MWCNTs, PANI/MWCNTs Nanocomposites

The ultraviolet-visible spectra of electropolymerized samples were analyzed to evaluate
the electron states of the pure PPy and PANI polymers, as well as to corroborate the interfa-
cial interaction in the composites with MWCNTs. Figure 9a,b shows the UV-vis spectra of
PPy/MWCNTs composites using synthesized and commercial MWCNTs, respectively.

Two main peaks were observed in the wavelength intervals of 200–350 nm and
800–1100 nm. The first peak ca. 260–270 nm is recognized to the polaron state coming
from PPy and MWCNTs [110], whereas the second peak at approximately 938–948 nm
corresponds to the bipolaron state of PPy (insets in Figure 9a,b) [111]. The polaron arises
from the conjugated electron loss of pyrrole; then, polarons are linked together to form
bipolaron during PPy polymerization [112]. These bands for pure PPy show a wide weak
absorption band between 247–300 nm and a weak peak at ~947 nm (Figure 9a). In the case
of nanocomposites, the peaks present small displacements towards a low wavelength as
well as an increase in the intensity as function of the MWCNTs content in the CP matrix.
Additionally, only the sample with 5 wt% synthesized MWCNTs shows a characteristic
peak at 219 nm of MWCNTs correlated to π-π* transition of aromatic C–C bonds of the
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carbon network [20]. In comparison with the composites produced with commercial
CNTs, it is observed that a reduction in the intensity of both polarons supporting that
interaction and molecular order were better for CVD synthesized CNTs. In fact, some
transitions, such as that observed at 219 nm (5 wt%), are missing in Figure 9b. It has
been stated that modifications in intensity and position of PPy adsorption bands indicate
variations in electronic structure and relocation of polaron levels due to the interaction
with MWCNTs [113]. The small displacements observed in the absorption spectra also
indicate the physical interaction of PPy and MWCNTs, where structure of conductive PPy
is modified after the fabrication of nanocomposites. The results are in good agreement with
previous reports of PPy nanocomposites, highlighting that with this conductive polymer,
the interaction with other nanostructures occurs quite similarly [17,114].
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 1 Figure 9. UV-Vis spectra from: (a) PPy/synthesized MWCNTs, (b) PPy/commercial MWCNTs nanocomposites,
(c) PANI/synthesized CNTs, and (d) PANI /commercial MWCNTs nanocomposites. Pure PPy and PANI films are in-
cluded as comparison.
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On the other hand, Figure 9c,d displays the UV-visible spectra of PANI//MWCNTs
composites using CVD and commercial CNTs. It is also included the UV-vis spectra of
pure PANI. The spectra of pure PANI display three absorption maximums located at 243,
291, and 458 nm. The first two correspond to the π-π* transitions within the benzenoid
ring (B), and the third is due to the polaron-π* transitions within doped quinoid (Q)
structure in doped PANI [115,116]. The spectra of PANI/MWCNTs composites, using the
synthesized carbonaceous structures, display absorbance spectra similar to an overlapping
of the contribution of CNTs and PANI polymers between 243–291 nm.

The most important difference to highlight is that the polaron-π* transition tends to
disappear after nanocomposite electropolymerizing, which is related to the interaction
through the MWCNTs carbonyl groups. Similar absorbance spectra were obtained at any
composition, when commercial MWCNTs were used to obtain composites; however, in all
the spectra, the π-polaron transition is missing. Thus, by comparing the UV-vis spectra
PANI nanocomposites using both MWCNTs types, it was observed that samples with
high absorbance are those fabricated with an amount of 6.5 and 20 wt%; whereas for
commercial CNTs, the samples that display the maximum absorbance values were with
5.0 and 6.5 wt%. In addition, the signal that corresponds to polaron-π* transitions within
doped quinoid (Q) structure remains with nanocomposites prepared with CVD CNTs, but
it disappears with commercial ones, highlighting a better interaction of the composites with
the method used in this study. It is also important to recall that under these conditions, the
conductive phase of PANI remains unaltered in the UV region after electropolymerization
process [117]. Recent reports of PANI nanocomposites have demonstrated that the shift of
optical absorption band maximum depends on the composition of polymerization bulk
solution and polymerization process, which in turn modified the appearance of π-π* and
polaron π-transitions [114], but in our case, such displacements were missing.

Finally, during the acid functionalization of MWCNTs, different -OH and -COOH
groups are attached at the open ends and defect sites (Figure 7), and such interaction could
be either covalent bonds or by NH . . . O=C–R, R–NH . . . H–O–R and/or π-π interactions.
The UV-vis spectra confirm that a weak interfacial interaction between these groups occurs
in both kinds of nanocomposites.

3.4. Electrical Conductivity Measurements

A four-point probe method was used to determine the electrical resistance and conduc-
tivity (δ) of pure PPy, PANI, and composites in pellet shape, at room temperature. Pure
PPy showed an electrical conductivity of 1.16 × 10−2 ± 8.49 × 10−2 S cm−1, whereas the
base-PPy nanocomposites tended to increase the electrical measurements with the amount
of CNTs (Table 3). However, there is not a direct correlation between the electrical con-
ductivity and the quantity of CNTs in the matrix. The composites that showed the high-
est values were those with a content of 6.5 wt% (12.5 ± 1.90 S cm−1), followed by 10 wt%
(5.5× 10−1 ± 1.15× 10−2 S cm−1) and 20 wt% (5.0× 10−1 ± 0.0 S cm−1). The other samples
showed an uncertain contribution of the CNTs to the improvement of electrical conductivity.

Table 3. Resistivity and electric conductivity of pure polymeric matrix (PPy or PANI) and nanocomposites with different
MWCNTs amounts using a DC current of 1 mA, at room temperature. For these measurements, it was considered the
surface area of each pellet.

Sample Ω*cm S cm−1 Sample Ω*cm S cm−1

PPy 86.3 ± 0.6 1.16 × 10−2 ± 8.49 × 10−4 PANI 90.6 ± 7.2 1.10 × 10−2 ± 8.80 × 10−4

1 wt% 35.4 ± 0.4 2.82 × 10−2 ± 3.90 × 10−4 1 wt% 64.4 ± 14.1 1.55 × 10−2 ± 3.41 × 10−3

5 wt% 15.3 ± 0.0 6.5 × 10−2 ± 0.0 5 wt% 55.3 ± 18.8 1.80 × 10−2 ± 5.94 × 10−3

6.5 wt% 0.08 ± 0.01 12.5 ± 1.90 6.5 wt% 30.8 ± 0.6 3.24 × 10−2 ± 6.48 × 10−4

8 wt% 10.9 ± 0.0 9.1 × 10−2 ± 0.0 8 wt% 8.3 ± 0.2 1.2 × 10−1 ± 3.6 × 10−3

10 wt% 1.8 ± 0.3 5.5 × 10−1 ± 1.15 × 10−2 10 wt% 3.8 ± 1.0 2.6 × 10−1 ± 7.28 × 10−2

20 wt% 2.0 ± 0.0 5.0 × 10−1 ± 0.0 20 wt% 0.4 ± 0.0 2.5 ± 0.0
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On the other hand, pure PANI showed values 1.10 × 10−2 ± 8.80 × 10−4 S cm−1

whilst, in the case of PANI nanocomposites, the electrical conductivity presented a gradual
enhance with the carbonaceous structures quantity. In this case, high conductivities were
observed for samples with 20 wt% of CNTs (2.5 ± 0.0 S cm−1). The increase in the electrical
conductivity of both polymers nanocomposites is commonly attributable to the π-π stacking
between PPy or PANI and CNTs providing easier conductive channels. The differences
between both polymers are due to the number of functional groups that lead to electrons
transfer in a more efficient way between carbon atoms [118], which in turn is more effective
in PPy than PANI matrix. The percolation behavior of CNTs in a PPy matrix has been
found above 8.4 wt% of CNTs, depending on the synthesis parameters [109,118], but in
this case, the best condition was attained with 6.5 wt% for PPy and 20 wt% for PANI.
These differences at room temperature can be related to the dispersion during the pellet
fabrication and temperature operation.

To observe the changes in the electrical behavior with the applied current, nanocom-
posites with an amount of 6.5 wt% were evaluated by the four-point probe method
using 1, 2, and 5 mA, Figure 10a,b. The nanocomposites were compared to pure ma-
trixes (PPy or PANI). Figure 10a shows that the pure PPy conductivity increases from
1.16×10−4 ± 8.49 × 10−4 S cm−1 to 1.33 × 10−2 ± 2.1 × 10−4 S cm−1 with 1 and 2 mA,
respectively. Thereafter, the electrical conductivity reduces using a current of 5 mA
(1.31 × 10−2 ± 1.23 × 10−3 S cm−1), which can be due to the structural changes during the
applied current.

The analyzed PPy/MWCNTs nanocomposites with 6.5 wt% present a fairly constant
conductivity between 12.5 ± 1.90 and 12.53 ± 1.23 S cm−1. The result indicates that an
adequate synergy with electrical stability has been reached between the MWCNTs and
PPy [119,120]. Electrical conductivity of PANI and its nanocomposites (6.5 wt%) are shown
in Figure 10b. In this figure, the pure PANI shows a similar trend as PPy with a reduction
in the conductivity from 1.10 × 10−2 ± 8.80 × 10−4 to 9.9 × 10−3 ± 3.18 × 10−4 S cm−1;
the lowest value is observed at 5 mA. It is possible that the emeraldine phase of PANI
changes its oxidizing degree, and then it reduces the electrical conductivity. On the other
hand, PANI composites again showed a slight increase with the electrical conductivity from
3.24 × 10−2 ± 6.48 × 10−4 to 5.06 × 10−2 ± 2.15 × 10−4 S cm−1 by varying the applied
current from 1 to 2, but again they were reduced up to 2.94×10−2 ± 7.71 × 10−4 S cm−1

with 5 mA. These results clearly indicate that after this applied current, the composite loses
its electrical stability.

In comparison with other composites such as PPy/perovskite manganite
(5.0 × 10−3 S cm−1) [120], it can be seen that the electrical conductivity values of either
PPy or PANI/MWCNTs composites were high enough. On the contrary, σ values of the
PPy/MWCNTs and PANI/MWCNTs are low compared to previous reports in the litera-
ture, which display values in the range of 40–60 S cm−1 for PPy composites [121,122] and
32–223 S cm−1 for PANI composites depending of the CNT amount [27], but it is important
to consider other factors such as MWCNTs quantity, pellet thickness, and compaction
pressure. In fact, in the supplementary material (Figure S2 in the Supplementary Material),
it can be observed that under similar conditions of synthesis, the electrical conductivity of
PANI composites, using the synthesized nanotubes of this work, was high compared to the
commercial source of CNTs. The DC conductivities of pure polymers (PPy or PANI) and
their composites, at room temperature, are related to hopping of charge carriers between
polymer chains and MWCNTs; PPy and PANI, being conjugated polymers, exhibit the
hopping process in DC conductivity [120].

It has been reported that the conductivity in CPs varies with their morphologies
and synthesis methods. The morphology observed in this work is presented as inset fig-
ures (Figure 10a,b). Differences in morphologies can be seen in a way that influence the
measured electrical conductivities. In this context, for example, PPy nanotubes display
32 S cm−1 [123], whereas PPy globular powders show values from 1.55 to 2.11 S cm−1 [124];
PPy, produced by pyrrole oxidation with iron (III) chloride, exhibits values from 1.5 to



Polymers 2021, 13, 351 20 of 29

4.4 S cm−1 [125] and from 0.007 to 0.012 S cm−1 when PPy is prepared with a surfac-
tant [126]. Similarly, the electrical conductivity of PANI doped with HCl in presence of
((NH4)2S2O8), as oxidant, has been reported to be 0.143 S cm−1 [127].
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Figure 10. Variation of electrical conductivity performance of (a) PPy/MWCNT and (b) PANI/MWCNT
composites at different applied currents.

3.5. Hall Measurements

Hall effect measurements were also realized in these samples to determine the car-
rier density (n) and mobility (µ) at 300 K, using a Hall field of 0.550 T orthogonal to
the current density. The relevance of Hall effect measurements is described in the litera-
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ture [128]. The results for pure PPy, PANI, and selected sample (composite with 6.5 wt%
MWCNTs), were as follows: for pure polymers PPy, n = 6.4 × 1016 ± 5.8×1014 cm-3, and
µ = 1.9 ± 0.1 cm2 (V s)−1; in the case of pure PANI, n = 2.9 × 1017 ± 2.4 × 1014 cm−3

and µ = 17.9 ± 0.3 cm2 (V s)−1. Polymer nanocomposites with PPy displayed values of
n = −1.6 × 1019 ± 1.6 × 1017 cm−3 and µ = 1.6 × 10−2 ± 1.3 × 10−4 cm−3 cm2 (V s)−1,
whereas n = 4.9 × 1018 ± 6.1 × 1016 cm−3 and µ = 1.6 × 10−2 2.1 × 10−4 cm2 (V s)−1

were obtained for PANI composites. Conventionally, the positive carriers are “holes”,
and the negative carriers are electron in a semiconductor material (n values). Then, it can
be observed that pure PPy presents an acceptor character, which is modified to donator
character after adding the MWCNTs. In the case of pure PANI and PANI composites, both
samples show an acceptor character [129]. The carrier densities of PPy nanocomposites
increase two orders of magnitude and PANI increases in one order, highlighting that CNTs
made an important difference in the conductive properties. Conversely, Hall mobility is
reduced in both nanocomposites with values close to zero, indicating the possibility of
quantum confinement of the charge carrier by the addition of CNTs; thus, it becomes more
conductive. This final observation confirms that depending on the interaction between
MWCNTs and polymer matrix, the carrier density and mobility can be modified. The choice
of an adequate composition of CNTs in a conductive polymeric matrix promotes these
properties, but they depend on the stability and morphology of the composites.

3.6. Structural Changes and Stability of Nanocomposites

To determine structural modifications of both polymer composites with the addition
of CNTs (6.5 wt%) and after electrical characterization, XRD measurements were realized
using synthesized and commercial MWCNTs. The comparison with pure polymer matrixes
is also presented in the spectra. XRD patterns of pure PPy display broad signals, which are
typical of amorphous phases [20,130], Figure 11a. The main diffraction peaks for commer-
cial and synthesized MWCNTs are observed ca. 26◦, 43◦, and 45◦, corresponding to the
(002), (100), and (101) planes. The composites show crystalline structures induced by the
addition of CNTs. An important observation in the synthesized MWCNTs is that the diffrac-
tion peaks become narrow, intense, and more defined in comparison to composites using
commercial CNTs. As a result, the calculated crystallinity of the PPy/WMCNTscommercial
was of 58%, whereas PPy/MWCNTssynthesized was about 78%. This increase in crystallinity
in comparison to pure could be due to defects present in the composite, which is better
using synthesized carbon nanotubes [131].

Pure PANI patterns display the characteristic signal of the (200) basal plane of the
orthorhombic structure at 25.5◦; the amplitude is indicative of the amorphous nature in
this polymer (Figure 11b). Other signals are identified at 23.8◦, 26.4◦, 30.5◦, and 32.6◦ corre-
sponding to (012), (210), (211), and (120) (PDF# 53–1890). The XRD pattern of MWCNTs
synthesized displays the most intense signal of graphite at 26.1◦. As is observed in the
patterns, the PANI composites with either synthesized or commercial MWCNTs display the
contributions of both phases. The main effect after adding CNTs is again the increase in the
crystallinity, with values of 47% and 36% for both composites prepared with commercial
MWCNTs and CVD process. The structural order of the conductive polymers improves
in the presence of MWCNTs, especially using CVD CNT. The physical interactions, the
alignment, and defects are the responsibility of the improvement in the crystallinity degree.
The results indicate that the nanocomposites are stable in the structure and crystallinity
after the electric polarization.

After the conjugated electron loss of pyrrole, polarons are linked together to form
bipolaron during PPy polymerization [112]. 12. As is reported, pure PPy displays three
weight loss stages [132,133], (Figures S3 and S4 in the Supplementary Material). The first
stage is attributed to the water removal (~13%, below 363 K); the second step is related to
the volatile compounds in PPy (~18%, 363–514 K); and the final stage is characterized by a
marked drop starting at 514 K and ending at 897 K (~69%), which indicates that after this
temperature, PPy is totally decomposed [134,135]. In the case of pure PANI, the degradation
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process occurs in four stages: the first weight loss is correlated with the elimination of
absorbed moisture (below 373 K, ~13%), followed by the weight loss of water molecules
that are attached as a secondary bonds in PANI (403–633 K, ~14%). The third stage is due
to the carbonization of PANI backbone, and it occurs between 673–953 K (~32%), and the
last stage between above 953 K is correlated with the carbon burning (~41%).
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Figure 11. XRD patterns of selected (a) PPy/MWCNTs and (b) PANI/MWCNTs nanocomposites
and their corresponding comparison with pure matrix and commercial MWCNTs.

PPy/MWCNTs composites (Figure 12) display a thermal behavior similar to pure
PPy, but the decomposition requires a high temperature at each stage: <383 K (~10%),
383–523 K (~4%), and the third step from this temperature up to 996 K (~84%), confirm-
ing the improvement in the thermal properties due to addition of MWCNTs [105,133].
The balance is attributed to the carbon burning (~2%).

On the other hand, the TGA for PANI/MWCNTs (Figure 12) composites display an
improvement in the thermal stability in comparison to the PPy/MWCNTs system. The first
loss occurs from 298 K to 542 K (~2%); the second mass loss occurred in the temperature
range of 542–741 K (~10%), and it is correlated with the elimination of moisture attached
as secondary bonds. About 86% of weight loss occurs between 741 and 924 K due to
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total decomposition of PANI/MWCNTs composites [136]. Finally, about 3% is due to the
residual carbon.
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Figure 12. TGA thermograms of PPy/MWCNTs, PANI/MWCNTs composites using synthesized
carbonaceous structures and their comparison with pure polymers.

From the above results, it was found that the optimal conditions for synthesizing
CVD CNTs modulate the stability, structural properties, and electrical features, which are
essential for technological applications such as thermoelectric devices.

4. Conclusions

In this work PPy/MWCNTs and PANI/MWCNTs composites were synthesized by
electropolymerization process to determine changes in their stability and electrical prop-
erties. The conditions during the synthesis of MWCNTs by CVD process such as the
decomposition time, argon fluxes, amounts of precursor, temperature (at 1023 K and
1123 K), and the purification process (HNO3 + H2SO4 or HCl + H2O2) were also optimized
and compared with commercial CNTs.

The results from structural and optical properties indicate that the main parameters
influencing the purity of bamboo-like morphology CNTs are the processing temperature
at 1123 K and the treatment with HCl + H2O2 that impacts directly on the elimination
of Fe3C, as well as the increase of crystallinity degree and reduction of the absorption
in UV-vis range. Under a similar purification process, the stability of the synthesized
CNTs displayed an improvement in the thermal stability and structural order (ID/IG ratio),
but with high defects compared to commercial CNTs. PPy composites show similar elec-
trostatic interactions, which are probably through hydrogen bonding, regardless of the
MWCNTs amounts, but a better structural order was obtained from 6.5 wt%. In contrast,
PANI/MWCNTs composites showed high structural order with low amounts of CNTs
and increased after 6.5 wt%. The defects quantity (IG’/IG) of these samples is still higher
than the observed in composites using commercial carbon nanotubes. The absorption
bands of the PPy composites present the same transitions after polymerization process,
whereas PANI/MWCNTs composites show that the polaron-π* transition is reduced after
electropolymerizing. However, the conductive bands (polaron-π*) in the composites with
commercial MWCNTs disappeared. Under these experimental conditions, an adequate
amount to add them into the CPs matrixes was 6.5 wt%. The crystallinity of composites
with optimized properties shows that the crystallinity degree and thermal stability related
to the alignment of PANI and PPy chains on the MWCNTs are enhanced with the CNTs.
Finally, in adequate amounts and synthesis parameters, the synthesized MWCNTs improve
the carrier density and mobility of both CPs up to two orders in magnitude, which posi-
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tively affect the electrical conductivity. Comparing both CPs, it can be concluded that the
electrostatic interaction, stability, and conductivity are better in PPy/MWCNTs compared
to PANI/MWCNTs composites.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-436
0/13/3/351/s1, Figure S1. UV-vis spectrum of purified commercial MWCNTs; Figure S2. Compari-
son of electrical conductivity of PANI composites using the synthesized and commercial nanotubes
with an amount of 6.5 wt%; Figure S3. Derivative thermogravimetric analysis of PPy, MW carbon
nanotubes synthesized and commercial; Figure S4. TGA thermograms of pure polymers.
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