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e method of carbon nanotubes
modification by microwave plasma for thin
composite films preparation†
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Dariusz Czylkowski,b Robert Miotkb and Monika Wilamowska-Zawłocka *a

In this work we present a simple and efficient method of nitrogen plasmamodification of carbon nanotubes

(CNTs). The process allows for treatment of the nanotubes in the form of powder with quite a high yield

(65 mg of CNTs per hour). The modified carbon nanotubes contain approx. 3.8% nitrogen, mostly in the

pyridinic form. Plasma treated CNTs exhibit better dispersibility in water and higher electric capacitance

than pristine CNTs. Modified CNTs are a proper component of novel nanocomposites based on the

conducting polymer poly(3,4-ethyleneidoxythiophene). Electrodeposited thin layers of the

nanocomposite exhibit improved electrochemical properties (higher capacitance, better stability, lower

resistance, faster diffusion) compared to the pure polymer layers.
1. Introduction

Carbon nanotubes (CNTs) can be described as cylindrically
shaped one-dimensional nanostructures created from carbon
hexagons arranged in a concentric manner. They are built from
one or more graphene layers (single-walled, double-walled or
multi-walled). CNTs have attracted particular research interest
because of their unique features: thermal and mechanical
stability, high surface area, good electrical and thermal
conductivity and tunable porosity. Thus, these properties make
CNTs attractive for potential application in the elds of:
biosensors, fuel cells, nanoscale electronics, dye-sensitized
solar cells, energy storage devices, hydrogen-storage systems,
piezoelectrics etc.1 However, due to the strong intertubular van
der Waals forces, high hydrophobicity and chemical inertness
CNTs form large aggregates. Hence, CNTs are considered as
structures exhibiting poor dispersion in most solvents.2–4

An effective method to enhance chemical reactivity and to
improve dispersibility is the incorporation of heteroatoms such
as nitrogen, oxygen or boron into the carbon matrix. Among
them, nitrogen atoms are the most conveniently used dopants
due to their atomic radius (0.65 � 10�10 m) similar to that of
carbon (0.70� 10�10 m).5 Hence, nitrogen atoms have a feasible
probability to enter the carbon lattice. Furthermore, nitrogen
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possesses a lone pair of electrons, which enhances the con-
jugative effect of the carbon nanotube lattice. Thus, nitrogen-
doped carbon nanotubes (N-CNTs) exhibit extraordinary elec-
trochemical features. Nitrogen addition may provide extra
electrons in the carbon lattice, which improve the number of
electronic states in the conduction and valence bands. More-
over, nitrogen can act as an n-type dopant enhancing the elec-
tron mobility and electric conductivity. Furthermore, the
difference in electronegativity between C and N (2.55 and 3.04,
respectively) results in increasing of the reduced work-function
and tunable polarization. In this case, nitrogen groups may
promote the Faradaic pseudocapacitive reactions, e.g. proton-
ation of pyridinic nitrogen in acidic media.5–14

Incorporated nitrogen can create different congura-
tions.5,15,16 Broadly speaking, there are three kinds of nitrogen
incorporated in graphene sheets: pyridinic (N1), pyrrolic (N2)
and graphitic-type (N3) as presented in Fig. 1. Each of them
possesses distinct localized electronic features.

In particular, pyridinic N donates one pz electron to the ring.
In pyridine the lone electron pair is in an sp2 orbital perpen-
dicular to the p orbitals in the aromatic ring and does not
interact with them. Pyrrolic-type N, in turn, contributes two pz

electrons originated from the lone pair, to the p carbon orbitals.
Moreover, the nitrogen atom is sp3 hybridized. On the other
hand, the quaternary sp2 hybridized nitrogen is considered as N
which replaces the C atom in the lattice. Substitutional nitrogen
can change the local density state around the Fermi level of
local carbon atoms.17 Generally, pyrrole-like and pyridine-like
nitrogen improve the capacitive behaviour and substitutional
nitrogen enhances the electronic transfer.8 Thus, doping with
nitrogen atoms has been considered as a feasible strategy in
improving properties of CNTs.
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Bonding and electron configurations for N in the carbon lattice.
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N-CNTs may be obtained by two methods: (i) in situ
synthesis, which is based on direct carbonization of nitrogen-
rich precursors, and (ii) post-treatment functionalisation,
which refers to the modication of previously obtained carbon
nanotubes. The most commonly used in situ techniques are: (i)
spray pyrolysis – chemical vapour deposition – CVD18–28 (plasma
enhanced PECVD,8,29–32 thermal CVD,27,29,33,34 aerosol-assisted
CVD,35,36 high-vacuum CVD – HVCVD,37 etc.), and (ii) chamber
pyrolysis.38–46 Less frequently used are: the arc discharge tech-
nique47–49 and hydrothermal carbonization.50 On the other
hand, the post-treatment strategy includes chemical modica-
tion,51–55 thermal (heating in ammonia atmosphere or carbon-
ization with N-rich precursors located on the CNTs surface56)
and plasma treatment.44 Among these methods, the plasma
approach possesses many advantages: it is solvent-free, less
time-consuming and allows to control the synthesis condition.
Moreover, it is rather a non-destructive method for CNTs
structure, so it does not exacerbate the electrical properties of
nanotubes.57

Generally, direct N-doping of carbon nanotubes in the form
of powder is less studied due to the difficulty of uniform func-
tionalization.58 There are a few reports concerning the N-doping
process of powder CNTs: (i) by using plasma reactors59–62 or (ii)
by plasma treatment of previously immobilized CNTs.63,64 To the
best of our knowledge, this work is the rst report on owing
plasma treatment of carbon nanotubes.

Herein, we report a facile method of plasma modication of
carbon nanotubes. Moreover, plasma modied carbon nano-
tubes ((p)N-CNTs) were used as a component for preparation of
nanocomposites based on conducting polymer poly(3,4-
ethylenedioxythiophene) (pEDOT). The electrochemically
synthesized thin layers of nanocomposite ((p)N-CNTs/pEDOT/
PSS) were studied as electrodes for supercapacitor application.
2. Experimental
2.1. Chemicals

Multi-walled carbon nanotubes ($98 carbon basis; O.D. � I.D.
� L 10 nm � 1 nm � 4.5 nm � 0.5 nm � 3–6 mm), 3,4-
This journal is © The Royal Society of Chemistry 2017
ethylenedioxythiophene (EDOT) monomer, poly(sodium 4-styr-
enesulfonate (PSSNa) and 4-(1,1,3,3-tetramethylbutyl)phenyl-
polyethylene glycol (Triton™ X-100) were supplied by Sigma-
Aldrich (Germany). Salts and acids: KCl, Na2SO4, HCl, H2SO4

(Avantor Performance Materials Poland S.A.) were of analytical
grade and used without purication. 1-Methyl-2-pyrrolidinone
(NMP) (BASF, Germany) and polyvinylidene uoride (pVDF)
(Solef, Germany) were used as received. Nitrogen (Air Liquide
Polska) of purity greater than or equal to 99.995 (% vol.) was
used as the plasma forming gas.
2.2. Plasma modication of carbon nanotubes

In classical plasma systems the microwave (MW) of radio
frequency (RF) plasma is generated in a low pressure closed
chamber. In such a conguration plasma affects only the
surface of the material disposed in the chamber. In case of
samples in the form of powder, especially conductive powders,
i.e. carbon nanotubes, that tend to agglomerate, the energy of
electromagnetic radiation does not penetrate the bulk of the
sample and only a small part of powder is modied. Even
mixing of sample during the classical plasma process does not
increase the degree of material modication. In this paper we
propose an innovative method of carbon nanotubes plasma
processing in ow, atmospheric pressure MW plasma. The
experimental setup for plasma processing of nanotubes is pre-
sented in Fig. 2.

A waveguide-supplied microwave (2.45 GHz) plasma source
(MPS) operated at atmospheric pressure was used in this study.
In such a type of MPS the plasma was generated within
a dielectric (quartz) tube of inner and outer diameters and
length of 10, 12 and 350 mm, respectively. Nitrogen as the
plasma forming gas was introduced to the quartz tube via four
gas inlets assuring a swirl ow inside the tube. Multi-walled
carbon nanotubes mixed with gas (nitrogen ow seeded with
the carbon nanotubes) were delivered to the plasma axially
(Fig. 2). The plasma conditions (absorbed microwave power,
nitrogen ow rate) were chosen experimentally to assure stable
plasma source operation as well as good efficiency and repeat-
ability of modication of carbon nanotubes. For instance,
RSC Adv., 2017, 7, 31940–31949 | 31941
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Fig. 2 Experimental setup for CNTs modification in nitrogen plasma.
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increasing the absorbed microwave power resulted in MPS
quartz tube overheating leading to its destruction while
increasing nitrogen ow rate caused process instabilities.
Hence, the total nitrogen gas ow rate of 20 NL min�1 and the
absorbed microwave power of 1 kW are the experimentally
optimised conditions. Additionally, thinking of scaling up the
presented process and its potential industrial application it is
recommended to operate with microwave of the order of 1 kW
which allows to use cheap commercial magnetron such as that
installed in microwave oven and standard waveguide compo-
nents. Plasma treated nanotubes (p)N-CNTs were trapped in
deionised water and aerwards, dried in vacuum (12 h). For our
experiment the process efficiency was estimated to 65 mg of
nanotubes per hour. For future experiments we plan to optimize
the CNTs feeder construction to improve the stability of mixing
CNTs with nitrogen gas and to avoid transferring of nanotubes
agglomerates to the plasma area. We expect that this will
increase the efficiency of the process.

Regardless of the method described above, additional
samples of carbon nanotubes were processed in a classical low-
pressure RF plasma system (Femto Plasma System, Diener
Electronics, Germany) operating at 13.56 MHz and 50W plasma
power. Carbon nanotubes in the form of powder were processed
for period of time in the range from 2 min to 1 hour in
a nitrogen atmosphere (samples marked as N-CNTs). Detailed
conditions of plasma treatment of investigated CNTs samples
by both methods and corresponding pictures of their aqueous
suspensions are gathered in Table S1 and Fig. S1, respectively
(see ESI†).

The aim of functionalization of carbon nanotubes is to
increase their hydrophilicity and hence improve their dis-
persibility in polar solvents. Pristine carbon nanotubes (CNTs)
and plasma treated carbon nanotubes were dispersed ultra-
sonically in water. Pristine CNTs, as well as N-CNTs remain
agglomerated even aer surfactant addition, whereas (p)N-
CNTs disperse homogenously in pure water (Fig. S1 in ESI†).
2.3. Preparation of electrode layers

Pristine and N-doped carbon nanotubes electrode layers were
prepared by the dip-coating technique. Firstly, 25 mg of CNTs
and (p)N-CNTs powders were dispersed in 4 mL of 1-methyl-2-
pyrrolidinone by sonication (20 h). Secondly, poly(vinylidene
uoride) binder was added. The weight ratio between CNTs and
pVDF was 9 to 1. Aerwards, the slurries were mixed by
31942 | RSC Adv., 2017, 7, 31940–31949
sonication and then concentrated until the required viscosity
was obtained by slow evaporation of solvent by heating (80 �C)
and stirring. Then, deposition of the slurries on Pt wires by the
dip-coating technique was carried out. The last step was drying
of the layers in a vacuum dryer. For electrochemical measure-
ments only coatings of similar weight were used.

Nanocomposite layers based on nitrogen-doped carbon
nanotubes and poly(3,4-ethylenedioxythiophene) with poly(4-
styrenesulfonate) counter-ions ((p)N-CNTs/pEDOT/PSS) were
prepared by electrochemical deposition at +0.87 V from an
aqueous solution containing 1 mg mL�1 of N-doped carbon
nanotubes, 15mMEDOT and 0.1 M PSSNa. The electrochemical
synthesis was performed in a three-electrode cell conguration.
The working electrodes were: glassy carbon disc electrodes
(0.0314 cm2), platinum disc electrodes (0.0177 cm2) or platinum
plates (0.5 cm2), the reference electrode was Ag|AgCl|0.1 M KCl
and platinum mesh served as the counter-electrode. The
deposition charge was equal to 0.2 C cm�2. The concentration
of (p)N-CNTs in the synthesis solution was selected according to
our previous research.65
2.4. Characterization techniques

X-ray photoelectron spectroscopy (XPS) spectra of pristine and
functionalised carbon nanotubes were measured using an
Escalab 250Xi spectroscope (ThermoFischer Scientic, United
Kingdom) with a monochromatic Al Ka source. Samples were
studied in the form of powder. Spectra were acquired at
constant analyser pass energy of 10 eV with 0.1 eV steps and
were tted with mixed Gaussian–Lorenzian peaks aer Shirley-
type background subtraction.

The structure of the (p)N-CNTs/pEDOT/PSS and CNTs/
PEDOT/PSS electrode layers were characterized by a scanning
electron microscope (SEM) FEI Quanta FEG 250. The 10 kV
beam accelerating voltage was used with a Secondary Electron-
Everhart–Thornley Detector (SE-ETD) working in high vacuum
mode pressure 10�4 Pa.

Raman spectra of CNTs and (p)N-CNTs powders were ob-
tained with a confocal InVia, Renishaw micro-Raman spec-
trometer. The excitation wavelength was 514 nm (Ar ion laser),
and the wavenumber was in the range of 100–3200 cm�1.

The electrochemical properties of carbon nanotubes and
composite layers were investigated by cyclic voltammetry (CV),
chronopotentiometry (ChP) and electrochemical impedance
spectroscopy (EIS) using the AUTOLAB 302N potentiostat–gal-
vanostat (AUTOLAB, Eco Chemie, B.V., Netherlands) under
Nova soware. All electrochemical tests were carried out in
a three-electrode electrochemical cell under argon atmosphere.
The Ag|AgCl|0.1 M KCl electrode and Pt mesh served as the
reference and the counter electrode, respectively.
3. Results and discussion
3.1. Characterization of pristine and nitrogen-doped carbon
nanotubes

Pristine and plasma treated carbon nanotubes were investi-
gated by X-ray Photoelectron Spectroscopy and Micro-Raman
This journal is © The Royal Society of Chemistry 2017
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Table 1 Curve fitting results of C 1s, O 1s and N 1s spectra of pristine carbon nanotubes and nitrogen-doped carbon nanotubes

Pristine CNTs
(p)N-CNTs
(ow plasma 1000 W)

(p)N-CNTs
(ow plasma 250 W)

N-CNTs (chamber
plasma 13.56 MHz,
50 W, 1 h)

AssignmentBE/eV at% BE/eV at% BE/eV at% BE/eV at%

C 1s — — — — — — 283.4 6.5 C]C
284.6 78.5 284.6 54.7 284.5 90.7 284.6 45.7 C–C sp2, C–H
285.2 9.9 285.1 19.0 285.3 7.4 285.5 30.3 C–C sp3

285.9 4.1
286.6 5.3 286.8 15.7 — — 288.5 6.7 C]O, C–O,

C]N, C–N
O 1s 531.8 1.4 — — 530.9 0.9 — — O]C

534.2 0.8 532.7 6.8 533.2 1.0 532.4 6.9 O–C
N 1s — — 398.9 2.5 — — 399.8 3.9 Pyridinic N

— — 401.4 1.3 — — — — Pyrrolic N,
quaternary N

Fig. 3 Raman spectra showing differences in structure of carbon
nanotubes upon the nitrogen-doping process.
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Spectroscopy in order to evaluate their chemical and structural
changes aer the nitrogen doping process.

XPS measurements were carried out mainly for verication
of surface functional groups of the carbon nanotubes. The
results of tting of C 1s, O 1s, N 1s spectra are collected in Table
1.

C 1s spectra of investigated samples were resolved into
signals located in the range from 283.4 eV to 288.5 eV. The
peaks are assigned to the particular carbon–carbon, carbon–
oxygen and carbon–nitrogen bonds according to the literature
reports.66–69 Two samples aer plasma treatment, namely (p)N-
CNTs (1000 W) and N-CNTs, exhibit higher amount of C–C
sp3 bonds and higher amount of C–O/C]O and C–N/C]N
bonds compared to pristine CNTs. This result suggest incor-
poration of oxygen and nitrogen functional groups on the CNTs
surface. Moreover, XPS analysis conrmed presence of nitrogen
in these two samples. The N 1s spectrum is deconvoluted into
two main component peaks at binding energies of 398.9 eV and
401.4 eV. The rst one can be ascribed to the pyridinic nitrogen,
while the second one refers to both pyrrolic and quaternary
nitrogen.66,70 The peak recorded at 401.4 eV is not divided into
two separate signals due to its weak energy. The total nitrogen
content in the (p)N-CNTs (1000W) and N-CNTs samples is at the
same level, namely 3.8 at% and 3.9 at%, respectively. Although
both samples exhibit similar amount of nitrogen, the sample N-
CNTs modied in standard plasma system does not give
homogenous suspension in water (see Fig. S1, sample E, in
ESI†). This leads to the conclusion that investigated classical
low-pressure RF plasma (13.56 MHz, 50 W) apparently does not
penetrate the bulk of the sample but causes modication only at
the surface of CNTs agglomerates. On the other hand, neither
nitrogen atoms nor increased amount of oxygen were detected
for the sample treated with lower power ow plasma (p)N-CNTs
(250 W). Despite this fact, the sample (p)N-CNTs (250 W) exhibit
relatively good dispersion in 0.1 M PSSNa aqueous solution
(Fig. S1, sample I, in ESI†). This suggest that modication of
CNTs with lower power ow plasma was insufficient. Presented
results demonstrate that homogenous dispersion of CNTs in
This journal is © The Royal Society of Chemistry 2017
water is possible only when CNTs are modied uniformly in the
bulk of the sample and when the amount of heteroatoms/
functional groups is on the proper level. The sample (p)N-
CNTs modied in optimised conditions (ow plasma, 1000 W)
was selected for further investigation.

To investigate the structure of pristine and nitrogen-doped
(p)N-CNTs, a Raman spectroscopy measurement was conduct-
ed, and the results are shown in Fig. 3. In our work we utilize
a ve-peak model to t rst-order bands, and two peaks for the
second-order ones (Fig. 4).

The spectra were deconvoluted independently aer back-
ground subtraction. The results of the tting procedure are
gathered in Table 2. The rst-order bands include: (i) D-band
(1348 � 2 cm�1), (ii) G-band (1580 � 5 cm�1), (iii) D0-band
(1614 � 4 cm�1), (iv) D00-band (1496 � 5 cm�1), and (v) I-band
(1216 � 3 cm�1), whereas the second-order spectra can be
tted with two peaks: 2D-band (2693 � 3 cm�1) and D + G-band
(2929 � 3 cm�1). The D, D0, I, D00, D + G bands are assigned to
the disordered symmetry of the carbon sp2 network. The dis-
organisation in the graphitic lattice may be caused by several
effects: functional groups, in-plane defects of the tube, amor-
phous carbon (presence of the D00 peak), heptagon–pentagon
pair, incorporated heteroatoms, etc.71–73 As shown in Table 2, the
RSC Adv., 2017, 7, 31940–31949 | 31943
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Fig. 4 Fitting of first-order Raman spectra: (a) CNTs, (b) (p)N-CNTs;
fitting of second-order spectra: (c) CNTs, (d) (p)N-CNTs.
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area of peaks connected with disorder in the carbon lattice has
increased aer plasma modication.

The results show that plasma treatment changes the struc-
ture of carbon nanotubes suggesting successful incorporation
of nitrogen atoms in the carbon lattice. Moreover, the area of G
and 2D bands, both associated with ordered crystalline
graphitic structures, decreased aer nitrogen incorporation.
The Raman spectra indicate that aer the process of nitrogen
doping the symmetry of the carbon sp2 network denitely has
exacerbated.

According to literature reports, the peak area ratio of D and G
bands (AD/AG) or of D0 and G peaks (AD0/AG) may be used to
quantify the amount of defects in the carbon lattice.29 As shown
in Table 2, the process of nitrogen doping causes an increase of
the AD/AG ratio: from 1.51 for pristine CNTs to 1.80 for nitrogen
doped (p)N-CNTs. The same dependence is analysed for the AD0/
AG ratio: 0.15 for CNTs and 0.28 for (p)N-CNTs. These results
indicate that the degree of disorder in graphitic lattice and edge
plane exposure increases. The growth of these peak area ratios
is connected with heterogeneous N-doping onto the carbon
lattice of carbon nanotubes.22,74 Thus, the resolution of Raman
spectra agrees well with the XPS data.

Cyclic voltammetry curves of CNTs and (p)N-CNTs electrode
layers were recorded to evaluate their electrochemical behav-
iour. A rectangular shape of CV curves (Fig. 5) conrms the
capacitive character of both types of carbon nanotubes.
However, nitrogen-doped carbon nanotubes exhibit higher
capacitance values, probably due to the presence of surface
functional groups, which may be a source of pseudocapaci-
tance.11–14 Another reason of higher current density observed on
the CV curve of (p)N-CNTs may be the more homogenous
electrode layer compared to the pristine CNTs, which tends to
agglomerate.

3.2. Characterization of nanocomposite (p)N-CNTs/pEDOT/
PSS

Plasma treated (ow plasma, 1000 W) carbon nanotubes (p)N-
CNTs, due to their improved electrochemical properties, were
31944 | RSC Adv., 2017, 7, 31940–31949 This journal is © The Royal Society of Chemistry 2017
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Fig. 7 CV curves of the (p)N-CNTs/pEDOT/PSS and pEDOT/PSS
electrode layers at 0.2 V s�1; outer electrolyte 0.1 M KCl.

Fig. 5 CV curves of (p)N-CNTs and CNTs dip-coated on Pt wires;
outer electrolyte 0.1 M KCl, scan rate: 0.2 V s�1.
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selected for preparation of nanocomposites based on conduct-
ing polymer pEDOT with polystyrenesulfonate counterions. The
nanocomposite (p)N-CNTs/pEDOT/PSS layers, obtained by
electrodeposition, exhibit good adhesion to the electrode
substrates, eliminating the need of using any additional binder.

Scanning electron microscope measurements were taken to
study the morphology and homogeneity of (p)N-CNTs/pEDOT/
PSS layers and composite with pristine carbon nanotubes
CNTs/pEDOT/PSS for comparison (the CNTs/pEDOT/PSS
composite was electrodeposited with the same procedure as
(p)N-CNTs/pEDOT/PSS layers). As shown in SEM images (Fig. 6),
both composite layers exhibit a cauliower-like structure, which
is typical for poly(3,4-ethylenedioxythiophene).65,75–77 In the case
of (p)N-CNTs/pEDOT/PSS composite the presence of (p)N-CNTs
is clearly visible in the SEM images. Plasma treated carbon
nanotubes create entangled networks that increase porosity of
the nanocomposite. As can be seen in Fig. 6a), (p)N-CNTs are
Fig. 6 SEM images of the surface of electrode layers deposited on Pt s
CNTs/pEDOT/PSS 100 000� magnification, (c) CNTs/pEDOT/PSS 2500

This journal is © The Royal Society of Chemistry 2017
homogenously distributed within the composite. Higher
magnication image of (p)N-CNTs/pEDOT/PSS (Fig. 6b) shows
that polymer acts like a binder surrounding and connecting
carbon nanotubes. On the other hand, SEM pictures of the
CNTs/pEDOT/PSS composite do not show any evidence of
presence of CNTs in the polymer matrix. The surface of CNTs/
pEDOT/PSS is quite smooth and signicantly less porous than
(p)N-CNTs/pEDOT/PSS. Moreover, there are places in the CNTs/
pEDOT/PSS layer with a large roughness (Fig. 6c), that may
suggest random incorporation of CNTs agglomerates in the
polymer.

Electrochemical measurements of the nanocomposite layers
were performed in order to evaluate their usefulness as elec-
trodes for supercapacitor application. The CNTs/pEDOT/PSS
composite layers did not give reproducible results, thus the
electrochemical studies for pure polymer without carbon
nanotubes (pEDOT/PSS) are presented for comparison with the
ubstrate: (a) (p)N-CNTs/pEDOT/PSS 10 000� magnification, (b) (p)N-
� magnification, (d) CNTs/pEDOT/PSS 25 000� magnification.

RSC Adv., 2017, 7, 31940–31949 | 31945
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Fig. 10 Chronopotentiometry tests of the (p)N-CNTs/pEDOT/PSS
electrode layer recorded in various electrolytes at 5.8 A g�1 current
density; empty symbol – anodic current, full symbol – cathodic
current.

Fig. 8 CV of the (p)N-CNTs/pEDOT/PSS electrode recorded in
various electrolytes; scan rate 0.1 V s�1.
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(p)N-CNTs/pEDOT/PSS composite. CV curves of the nano-
composite (p)N-CNTs/pEDOT/PSS and the conducting polymer
pEDOT/PSS (Fig. 7) have a rectangular shape due to the capac-
itive behaviour of both materials. It is worth noticing that the
nanocomposite layers exhibit signicantly higher capacitance
values compared to the pure polymer electrodes.

The nanocomposite (p)N-CNTs/pEDOT/PSS layers were
tested by cyclic voltammetry in different aqueous electrolytes:
1 M KCl, 1 M Na2SO4, 1 M HCl and 1 M H2SO4 (Fig. 8). The
capacitance values achieved by (p)N-CNTs/pEDOT/PSS elec-
trodes are higher in acidic solution compared to the neutral
ones. It may be caused by functional groups present on the (p)N-
CNTs surface that are more reactive in acidic solution. XPS
analysis of (p)N-CNTs revealed that most of nitrogen atoms,
incorporated during plasma treatment, are pyridine-like, which
may be protonated in acidic media.11,14 Moreover, oxygen
functional groups (i.e. quinone/hydroquinone), which are also
present on the (p)N-CNTs surface, may be a source of additional
pseudocapacitance in acidic electrolytes.12,14,65,78,79

Prolonged galvanostatic charge–discharge measurements of
the (p)N-CNTs/pEDOT/PSS nanocomposite and pEDOT/PSS con-
ducting polymer electrodes were performed to evaluate the
Fig. 9 Chronopotentiometry tests of the (p)N-CNTs/pEDOT/PSS and
pEDOT/PSS electrode layers recorded at 5.8 A g�1 in 0.1 M KCl elec-
trolyte; inset: examples of chronopotentiometry curves recorded at
different current densities in 0.1 M KCl electrolyte.

31946 | RSC Adv., 2017, 7, 31940–31949
cyclability and the specic capacitance values. The results are
presented in Fig. 9. The composite electrodes exhibit nearly two
times higher capacitance values over thousands of charge–
discharge cycles compared to the polymer electrodes. Moreover,
the capacitance retention aer 1000 cycles is higher for the
composite (95%) than for the polymer (85%). Better stability of the
(p)N-CNTs/pEDOT/PSS nanocomposite electrode layer is probably
due to improved mechanical properties caused by the presence of
plasma treated carbon nanotubes.80 Chronopotentiometric curves
recorded at different currents (inset in Fig. 9) are symmetrical,
conrming fast and reversible charge–discharge processes of
investigated nanocomposite electrode layers.

Multicyclic chronopotentiometry tests were performed in
different electrolytes (Fig. 10). The capacitance retention aer
thousands of cycles in neutral electrolytes is much higher (78–
95%) compared to the acidic solution (67%). On the other hand,
the capacitance values are two times higher in acidic media,
which is in agreement with the results obtained from cyclic
voltammetry measurements.

Electrochemical impedance spectroscopy measurements
were carried out to examine the electrochemical behaviour, in
particular the electrode kinetics, the capacitance and charge-
transfer resistance of the investigated layers and the solution
resistance. EIS analyses were conducted in contact with 1 M KCl
electrolyte, in the frequency range from 25 kHz to 0.1 Hz with
Fig. 11 Nyquist impedance plots of the (p)N-CNTs/pEDOT/PSS and
pEDOT/PSS; outer electrolyte 1 M KCl.

This journal is © The Royal Society of Chemistry 2017
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Fig. 12 Bode plots of (p)N-CNTs/pEDOT/PSS and pEDOT/PSS; outer
electrolyte 1 M KCl.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 1
0:

23
:5

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the amplitude equal to 10 mV. EIS spectra were recorded at
a rest potential equal to 0.10 V and 0.25 V for the pEDOT/PSS
and (p)N-CNTs/pEDOT/PSS layers, respectively. The Nyquist
plots are presented in Fig. 11. The intercept of the curve with the
real impedance axis gives an estimate of the solution resistance,
which is equal to approximately 21 U. In the high- and mid-
frequency region a line at a slope of about 45 degrees is
present on both Nyquist plots. This domain is due to the
distributed resistance/capacitance in the porous electrode and
can be described by the nite transmission line model.81–83 The
slope is slightly higher for the nanocomposite layer, suggesting
faster diffusion of ions into the porous structure. The knee
frequency is equal to 1 kHz for pEDOT/PSS and 1.45 kHz for the
(p)N-CNTs/pEDOT/PSS electrode. The higher knee frequency for
the nanocomposite indicates that a stable electric double-layer
is formed over a wider range of frequencies. This is evidence
that the (p)N-CNTs/pEDOT/PSS electrode may be more rapidly
charged and discharged than the pEDOT/PSS electrode. In the
low frequency region the slope of the Nyquist curve is nearly
parallel to the imaginary axis. Such behaviour is typical for ideal
capacitors with fast kinetics of charge ow processes.

The dependence between the specic capacitance and
frequency (Fig. 12) exhibits an almost horizontal slope in the
low frequency region. The specic capacitance values (C) were
calculated from the imaginary part of the impedance spectra
(�Z00) according to eqn (1):84,85

C ¼ � 1

2pfmeZ00 (1)

where f – frequency (Hz),me – the mass of active material of one
electrode. These values are in agreement with the capacitance
values obtained from cyclic voltammetry and chro-
nopotentiometry measurements. Based on the EIS measure-
ment, one can conclude that the presence of plasma treated
carbon nanotubes in the polymer matrix changes the resistance
of the electrode layer, improves the diffusion processes and
increases the capacitance values.
4. Conclusions

A facile method of owing plasma treatment was applied for
efficient modication of carbon nanotubes. The presented
This journal is © The Royal Society of Chemistry 2017
method allows to process the samples in the form of powder
without using any solvent. Moreover, it is easy to control the
synthesis conditions and inuence the properties of the nal
product. Carbon nanotubes modied in optimised plasma
conditions contain approx. 3.8% of nitrogen, mostly in pyr-
idinic form. Modied (p)N-CNTs, due to the presence of
nitrogen functional groups, exhibit better dispersibility in
water, higher capacitance values compared to pristine CNTs. A
novel nanocomposite (p)N-CNTs/pEDOT/PSS was synthesized
and tested for supercapacitor application. The nanocomposite
electrode layers exhibit two times higher capacitance values
(above 100 F g�1), improved stability (95% capacitance reten-
tion aer 1000 cycle in neutral electrolyte), lower resistance and
easier diffusion than pure polymer layers. These features
suggest that the (p)N-CNTs/pEDOT/PSS nanocomposite is
a suitable electrode material for high-power application.
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M. Terrones and J. Y. Cavaillé, Chem. Phys. Lett., 2007, 444,
1–8.

35 F. Villalpando-Paez, A. Zamudio, A. L. Elias, H. Son,
E. B. Barros, S. G. Chou, Y. A. Kim, H. Muramatsu,
T. Hayashi, J. Kong, H. Terrones, G. Dresselhaus, M. Endo,
M. Terrones and M. S. Dresselhaus, Chem. Phys. Lett.,
2006, 424, 345–352.

36 J. J. Adjizian, R. Leghrib, A. A. Koos, I. Suarez-Martinez,
A. Crossley, P. Wagner, N. Grobert, E. Llobet and
C. P. Ewels, Carbon, 2014, 66, 662–673.
31948 | RSC Adv., 2017, 7, 31940–31949
37 L. Shi, M. Sauer, O. Domanov, P. Rohringer, P. Ayala and
T. Pichler, Phys. Status Solidi B, 2015, 252, 2558–2563.

38 C. H. Choi, S. Y. Lee, S. H. Park and S. I. Woo, Appl. Catal., B,
2011, 103, 362–368.

39 C. H. Choi, S. H. Park and S. I. Woo, Appl. Catal., B, 2012,
119–120, 123–131.

40 D. P. Dubal, N. R. Chodankar, Z. Caban-Huertas, F. Wolfart,
M. Vidotti, R. Holze, C. D. Lokhande and P. Gomez-Romero,
J. Power Sources, 2016, 308, 158–165.

41 K. Kordatos, A. D. Vlasopoulos, S. Strikos, A. Ntziouni,
S. Gavela, S. Trasobares and V. Kasselouri-Rigopoulou,
Electrochim. Acta, 2009, 54, 2466–2472.

42 X. Li, L. Kong, J. Yang, M. Gao, T. Hu, X. Wu and M. Li, Appl.
Phys. A: Mater. Sci. Process., 2013, 113, 735–739.

43 Z. Xu, H. Li, M. Fu, H. Luo, H. Sun, L. Zhang, K. Li, B. Wei,
J. Lu and X. Zhao, J. Mater. Chem., 2012, 22, 18230.

44 Z. Zhao, Y. Dai, G. Ge, X. Guo and G. Wang, Phys. Chem.
Chem. Phys., 2015, 17, 18895–18899.

45 Y. Wang, Y. Liu, W. Liu, H. Chen, G. Zhang and J. Wang,
Mater. Lett., 2015, 154, 64–67.

46 T. Pan, H. Liu, G. Ren, Y. Li, X. Lu and Y. Zhu, Science
Bulletin, 2016, 61, 889–896.

47 A. Ben Belgacem, I. Hinkov, S. Ben Yahia, O. Brinza and
S. Farhat, Mater. Today Commun., 2016, 8, 183–195.

48 M. Glerup, J. Steinmetz, D. Samaille, O. Stéphan, S. Enouz,
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