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Abstract
Multi-walled carbon nanotubes (MWCNTs) directly grown on a stainless steel mesh were
functionalized using a fast, solvent-free radiofrequency (RF) plasma technique. Two different
gas mixtures of Ar/C2H6/O2 and Ar/C2H6/N2 were used to add oxygen- and nitrogen-containing
functional groups to the surface of MWCNTs. The binder-free forest-like MWCNTs before and
after functionalization were tested as supercapacitor electrodes. The structural and
electrochemical characteristics of the electrodes were evaluated. The RF power (10–30 W) and
functionalization time (1–20 min) were optimized to achieve the highest capacitance. Both
nitrogen- and oxygen-functionalized MWCNTs showed improved capacitive behavior due to
the presence of the functional groups on the MWCNT surface. The highest capacitance was
obtained for the MWCNT electrode functionalized with the RF plasma employing the
Ar/C2H6/O2 gas mixture at 20 W for 15 min, reaching the specific capacitance of
37.3 ± 1.1 mF cm−2 (196.3 ± 5.8 F g−1).

Supplementary material for this article is available online

Keywords: radiofrequency plasma, multi-walled carbon nanotubes,
solvent-free functionalization, supercapacitors

(Some figures may appear in color only in the online journal)

1. Introduction

The urgency to transition away from fossil fuels drives new
renewable energy production, conversion and storage devel-
opments with high efficiency, affordability and sustainability
characteristics. Electrochemical capacitors (or supercapacitors

∗
Author to whom any correspondence should be addressed.

(SCs)) and batteries are crucial in advancing energy storage
devices for many applications, such as hybrid electric vehicles,
portable medical electronics and military devices. Because of
their high energy density, batteries are widely used in auto-
mobile applications. However, the drawbacks of batteries stem
from their working principles; low power density, lengthy
recharge, progressive degradation and high replacement costs.
Compared to batteries, SCs have higher power density, exten-
ded cycle stability and faster charge–discharge characteristics
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and thus, are one of the promising solutions to current energy
storage requirements. Consequently, electrochemical SCs are
particularly useful for high power bursts, such as accelerating
and breaking of high-speed transportation systems. However,
SCs suffer from lower energy density compared to batteries
[1–5].

To overcome the low energy density of SCs, carbonaceous
materials, especially carbon nanotubes (CNTs) providing a
high surface to volume (or mass) ratio, superior electrical con-
ductivity, global abundance, low cost and high stability in
severe environments, have become one of the most extens-
ively studied nanomaterials contributing to the growing energy
storage applications, more specifically in flexible electrode
fabrication. Flexible SCs are in high demand for portable
electronic devices, which require a flexible, lightweight, and
mechanically robust substrate. However, most carbon mater-
ials are in powder or flake form; thus, electrode fabrication
requires binders in contact with the current collector. The non-
conductive nature of the binders results in a higher resist-
ance, reducing the capacitance by covering (insulating) the
active surface of the electrode material [6–8]. In addition, the
relatively poor contact between the active electrode material
(carbon powder) and the current collector contributes to an
increased equivalent-series-resistance in the SC, lowering the
total power and energy density.

A binder-free growth of CNTs is enabled by using inex-
pensive stainless steel (SS) mesh material as a flexible sup-
port (current collector), allowing the entire surface of the
nanotubes to be accessible with low electrical contact resist-
ance [9, 10]. However, CNTs store charge via electrochem-
ical double-layer capacitance, and their hydrophobic nature
hinders their interaction (contact area) with the aqueous elec-
trolyte, resulting in a low power/energy density. To overcome
this issue and increase their surface hydrophilicity, surface
modification or functionalization to add hydrophilic functional
groups or deposit metal oxides can be performed. Further-
more, functionalizing CNTs allows charge storage through
the pseudo-capacitive mechanism via the reversible surface
redox reactions, thus increasing the overall capacitance of the
electrode [6, 11, 12]. Several techniques have been used to
modify the surface of CNTs, including covalent functionaliza-
tion, e.g. using chemical modification with carboxylic groups
by refluxing the CNTs in strong acid solutions [13]. Another
method is the non-covalent functionalization using adsorption
forces, such as hydrogen bonding and electrostatic, by adsorb-
ing amine-functionalized dendrimermolecules [14]. Function-
alization with polymers, biomolecules, surfactants, decora-
tion with nanoparticles, and plasma functionalization are other
techniques used to modify the surface of CNTs [15].

Plasma technologies are gaining more attention for many
applications, especially in energy conversion and environ-
mental fields [16, 17]. Since processing plasmas contain
various reactive species such as electrons, ions, atoms, and
molecules, the plasma can effectively alter the chemical sur-
face properties of carbon materials by forming active spe-
cies on the surface [18]. The plasma treatment can be dry
and solvent-free, thus reducing the environmental footprint.
It features fast turn-on and turn-down times, short reaction

times, and can be performed at low to moderate temperatures.
Extensive tunability of the plasma chemistry and types of func-
tional groups grafted on exposed surfaces can be achieved by
changing the plasma conditions (i.e. gas type and pressure,
power and duration of treatment) [19–22].

In this work, multi-walled CNTs (MWCNTs) with a
forest-like structure were directly grown on a SS mesh (cur-
rent collector) via a binder-free and catalyst-free chemical
vapor deposition (CVD) technique. This approach leads to
a low contact electrical resistance and no agglomeration of
the nanotubes, two important properties for SC electrodes.
The MWCNTs were further treated with a radio-frequency
(RF) plasma using two gas mixtures of Ar/C2H6/O2 and
Ar/C2H6/N2 to add oxygen- and nitrogen-containing func-
tional groups on their surface. The functionalized and non-
functionalized MWCNTs were characterized by transmis-
sion electron microscopy (TEM), scanning electron micro-
scopy (SEM), scanning transmission electron microscopy
(STEM), energy dispersive x-ray spectroscopy (EDS), x-ray
photoelectron spectroscopy (XPS), Raman spectroscopy, and
thermal gravimetric analysis (TGA). The capacitance of the
MWCNTs before and after plasma functionalization was eval-
uated using cyclic voltammetry (CV), galvanostatic charge–
discharge (GCD), and electrochemical impedance spectro-
scopy (EIS). Through this study, we aim to demonstrate that
the capacitance behavior of porous, agglomeration-free func-
tionalized MWCNT/SS electrodes is improved due to the
increased hydrophilicity and additional charge storage through
the pseudo-capacitive mechanism.

2. Materials and methods

2.1. Growth and functionalization of MWCNTs

MWCNTs were synthesized by thermal CVD in a quartz tube
furnace using acetylene gas (MEGS, dissolved) as the car-
bon source and a SS mesh (SS316L, grid bars: 165 × 800
per 6.45 cm2; thickness: 0.150 mm; wire diameters: 0.07 and
0.05 mm; grid opening: 15 µm, TWP Inc.) as the support for
direct growth. The surface of the mesh was oxidized in the
CVD furnace by exposure to air for 2 min; then the furnace
was purged with Ar (Praxair, 99.999% purity) for 5 min to
remove O2 from the furnace. The growth of MWCNTs started
by feeding C2H2 (68 ± 5 sccm) and Ar (592 ± 5 sccm) to the
furnace for 2 min. To complete the growth, the C2H2 flow was
stopped, and Ar was allowed to flow for another 2min. Finally,
the MWCNT-covered mesh was cooled down to room temper-
ature [9, 10]. This synthesis process leads to the growth of a
dense forest of intertwined MWCNTs on the SS, thus forming
a porous electrode with high specific surface area.

The functionalization step was performed using a con-
tinuous wave low-pressure capacitively-coupled RF plasma
(13.56 MHz). Prior to functionalization, Ar was injected into
the vacuum chamber for 3 min and then pumped down to
10−5 Torr to reduce the air/moisture content. During function-
alization, the chamber pressure was maintained at 2 Torr by
continuously flowing a gas mixture of Ar (Praxair, 99.999%
purity), C2H6 (MEGS, 99.995%), with O2 (MEGS, 99.993%

2



J. Phys. D: Appl. Phys. 55 (2022) 194001 E Pajootan et al

purity) or N2 (MEGS, 99.999% purity) at the flow rates of 250,
1 and 5 sccm, respectively, to functionalize theMWCNTswith
oxygen (O-FMWCNT) or nitrogen (N-FMWCNT) functional
groups. Ar is used as themain plasma forming gas to ensure the
stability and treatment uniformity. Ethane (C2H6) was added
as a source of carbon and hydrogen in the gas mixture, allow-
ing the formation of oxygen- and nitrogen-rich plasma poly-
mers [23]. The sample was placed on a live SS disk electrode
(6 cm diameter) and the ground electrode was a SS disk of
10 cm placed 3 cm away. The RF plasma power levels and
treatment times were 10, 20 and 30W and 1, 2.5, 5, 10, 15 and
20 min, respectively. At the end of the experiment, the cham-
ber was pressurized by injecting Ar until atmospheric pressure
was reached.

2.2. Structural characterization

The structure of theMWCNT forest on SS was investigated by
high-resolution field emission SEM, STEM (Hitachi, Cold FE
SU-8000 SEM/STEM), and TEM (Thermo-Scientific, Talos
F200X G2 TEM). EDS (XMax 80 mm2 Oxford Instruments)
was used under STEM mode for elemental mapping of the
samples. For TEM imaging, the porous electrode was sonic-
ated for 1 min in acetone (Sigma-Aldrich) to break off indi-
vidual nanotubes from the SS mesh and collect them on a
TEM Cu-grid. XPS (Thermo-Scientific, K-Alpha XPS appar-
atus, Al Kα source, micro-focused monochromator and spot
size of 200 µm) was utilized to study the elemental composi-
tion and chemical state of the carbon structure before and after
functionalization. The flood gun was used during the measure-
ment to avoid substrate charging, and data analysis was per-
formed by the Avantage software (Thermo Fisher Scientific).
Raman spectroscopy (Thermo-Scientific, DRX2, laser excit-
ation wavelength of 532 nm) was carried out to assess the
structural integrity of the MWCNTs before and after func-
tionalization. TGA (TA Q500, TA Instruments, USA) was
performed over a temperature range of 20 ◦C–800 ◦C under
air at a constant heating rate of 50 ◦C min−1 to determine
the mass of MWCNTs grown on the SS from the mass loss.
Optical emission spectroscopy (OES) was used to qualitat-
ively detect the main species present in the plasma. The tip
of an optical fiber was placed directly in front of the vacuum
chamber glass viewport and the other end connected to a
portable spectrometer (Ocean Optics USB2000) to record the
spectra in the 200–1000 nm range with the spectral resolution
of 1 nm.

2.3. Electrochemical tests

The electrochemical performance of all samples was assessed
by CV, GCD and EIS, in a 4 M KOH solution (90% assay,
Sigma-Aldrich, Germany) using a three-electrode cell with
Hg/HgO reference electrode, platinum wire counter electrode,
and MWCNTs/SS working electrode. The geometric surface
area of the working electrode exposed to the electrolyte was
0.785 cm2. Prior to all experiments, the electrolyte was purged
with Ar for 40 min to remove the oxygen dissolved in the
electrolyte. In order to obtain reproducible electrode surface

behavior, the working electrode was cycled 70 times in the
potential range of −0.7–0.3 V at a scan rate of 100 mV s−1 in
Ar-saturated 4 M KOH before each experiment. To determine
the capacitance, CV was performed in the same potential win-
dow at different scan rates, and GCD was carried out at dif-
ferent current densities. The specific capacitance from these
tests was respectively calculated using equations (1) and (2)
[24, 25]:

Cs =
1

m× r · (Vf −Vi)

Vfˆ

Vi

I(V)dV=
Q

2×m× (Vf −Vi)
(1)

Cs =
I×∆t

(Vf −Vi) ·m
(2)

where Cs is the specific capacitance in F g−1, m is the mass of
MWCNTs per unit geometric area in g cm−2, r is the scan rate

in V s−1,
Vf´
Vi

I(V)dV is the area under cyclic voltammograms

within the potential window representing the charge, Q is the
total electric charge in Coulombs, ∆t is the charge/discharge
time in seconds, I is the applied current in Amperes andVf −Vi

is the potential window.
All electrochemical tests were repeated three times, and the

average and standard deviation values are reported. EIS meas-
urements were conducted by applying a sinusoidal potential of
10 mV (peak) at a dc working electrode potential of −0.2 V
in a frequency range from 100 kHz to 10 mHz. The NOVA
2.1.5 software was used for modeling the Nyquist plots with
an equivalent circuit.

3. Results and discussions

3.1. MWCNT growth

Figures 1(a–a′′) and (b–b′′) shows SEM images of the SS
mesh before and after the pre-treatment oxidation step. It
should be explained that the growth temperature of MWCNTs
on SS was first optimized, and the corresponding explana-
tion is provided in the supporting information (S.1. Optim-
ization of MWCNT growth temperature available online
at stacks.iop.org/JPhysD/55/194001/mmedia). As shown in
figure 1(b–b′′), the surface of SS becomes rougher after the
oxidation step. According to the SEM and TEM images
in figures 1(c–c′′) and (d–d′′), at 700 ◦C, multi-walled and
bamboo-like CNTs predominantly grew on the surface of the
SS (diameter: ∼30–40 nm and length: ∼13–15 µm). Further-
more, different types of defects such as wall stacking faults,
kinks and encapsulated fullerenes were observed in the TEM
images. These are high-energy sites suitable for binding func-
tional groups. The d-spacing of 0.35 nmmarked in figure 1(c′′)
is attributed to MWCNTs [9].

The XPS survey scans in figure 1(e) identified Fe, Mn, Cr,
C and O on the surface of SS, while after the oxidation step, Ni
was also detected during the surface analysis. The surface per-
centage of Fe increased significantly from 12 to 30 at% during
the SS oxidation, providing accessible catalyst on the surface
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Figure 1. SEM images of (a–a′′) SS, (b–b′′) oxidized SS, and (c–c′) MWCNTs grown at 700 ◦C on SS. (c′′) and (d–d′′) are TEM images of
MWCNTs on SS. (e) XPS survey scans, (f) Raman spectra of SS, oxidized SS and MWCNT/SS, and (g) TGA of MWCNT/SS.

of SS for the direct growth of MWCNTs. After the growth of
MWCNTs on SS, the XPS survey scan indicated 98% of C
and only 2% of O as the main elements, proving that a forest
of metal-free MWCNTs is grown on SS.

Moreover, the Raman spectra displayed in figure 1(f) con-
firm the existence of oxide species on the surface of the
oxidized SS with peaks at 1324, 850, 657, 612, 417, 293,
247 and 224 cm−1, whereas for MWCNTs, the vibrational
modes of nanotubes (D, G and 2D bands) are detected,
which are further explained in the supporting information
(section S.1.) [26, 27]. Figure 1(g) displays the average
mass loss result of MWCNT/SS during TGA. No mass loss
related to amorphous carbon is evident at temperatures below
450 ◦C, while the mass loss of 0.54 wt% at temperatures
higher than 540 ◦C is due to the loss of graphitized car-
bon (MWCNTs) [9, 28]. Therefore, an area mass density of
0.19 ± 0.02 mgMWCNT cm−2

SS was used to calculate the spe-
cific capacitance of the electrodes.

3.2. MWCNT plasma functionalization

The as-grown MWCNTs were functionalized with nitrogen-
and oxygen-containing plasma gas mixtures at RF power
levels of 10, 20 and 30 W for 1, 2.5, 5, 10, 15 and 20 min.
The optical emission spectra recorded during the RF func-
tionalization step are presented in figures S3(a) and (b). The

hydroxyl radical molecular emission band, argon and oxygen
peaks, and the first and second positive band systems of N2

are recognizable. No significant carbon species emission is
observed. The overall forest-like structure of MWCNTs on
SS was not affected by the plasma functionalization at moder-
ate power levels, and no observable degradation or damage to
individual nanotubes was evident. Figure 2(a) shows the selec-
ted XPS spectra of C 1s of the as-grown MWCNTs before
and after plasma functionalization using the Ar/C2H6/O2 gas
mixture.

The C 1s peaks were deconvoluted using the Avantage
software to investigate the degree of functionalization of
MWCNTs. As figure 2(a) shows, the high-energy side of the
C 1s peak broadened after functionalization, confirming the
presence of oxygen-containing functional groups on the sur-
face of MWCNTs. The C 1s peaks were fitted using six com-
ponents. The three main carbon components are the asym-
metric graphene sp2 component at 284.45 eV, symmetric sp3

carbon at 284.9 eV and π-plasmon at 290.5 eV. The func-
tional groups from low (285.5 eV) to high (288.5 eV) bind-
ing energies can be C−N, C−O or C−O−N, C=O or C=N,
and C=O−O or N=C−O [23, 29, 30]. Furthermore, a thin
layer of amorphous carbon was observed by TEM imaging of
the surface of a nanotube, shown in figure 2(b). This amorph-
ous structure forms due to the existence of C2H6 in the gas
mixture, resulting in the formation of a plasma polymer film
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Figure 2. (a) Deconvoluded XPS spectra of C 1s for O-FMWCNT samples. (b) TEM image, and (c) STEM image and EDS mapping of
O-FMWCNT-20 W–15 min.

on the MWCNTs. Additionally, the STEM imaging and EDS
mapping of O-FMWCNT functionalized at 20W for 15 min in
figure 2(c) confirm the presence of oxygen in the O-FMWCNT
samples.

The mechanism of plasma functionalization is very
complex since the RF power, time, gas mixture composition,
and pressure have a significant influence. As reported in table
S2, increasing the RF power for 1 min of functionalization
with Ar/C2H6/O2 leads to lower oxygen percentage and sp3

carbon percentage on the surface of MWCNTs. This can be
explained by the formation of oxygen fragments from the
C2H6 and oxygen mixture, which can etch away some of the
coatings or scavenge a portion of the radicals formed in the
plasma. At longer treatment times, a higher percentage of oxy-
gen and sp3 carbon is present in the samples. Furthermore,
these percentages continue to increase by increasing the RF
plasma power. This can be caused by different interactions
between the plasma-produced active species with MWCNTs
rather than with plasma polymer formed on the MWCNT sur-
face. Nevertheless, the overall trend indicates that by increas-
ing the treatment time, a higher percentage of oxygen is
present on the MWCNT surface. It should be noted that oxy-
gen functionalization at the highest plasma power level of
30 W for 20 min resulted in the chemical etching at the junc-
tion point of MWCNTs and SS, thus detaching the nanotubes
from the surface of the SS mesh and damaging the electrode

structure (data not shown). Therefore, it can be concluded that
higher RF plasma power levels and longer treatment times
provide more favorable conditions for the active species to
react with the nanotubes or even damage them.

Similar to O-FMWCNT, the C 1s spectra from XPS ana-
lysis of N-FMWCNT samples are shown and deconvoluted
in figure 3(a). The EDS mapping of the STEM images of
N-FMWCNT for 10 W–10 min and 30 W–10 min are also
presented in figures 3(b) and (c), which evidences the pres-
ence of both oxygen and nitrogen on the surface of the
N-FMWCNT. As listed in table S2, for the functionalization
time of 1min, by increasing the RF power from 10 to 20W, the
sp3 carbon increased from 9.8% to 21.2%, and then decreased
to 1.4% at a RF plasma power of 30 W. This can be caused
by the activation of more OH radicals at higher power levels,
which can etch away the groups formed on the MWCNTs.
However, at the treatment time of 10 min, the sp3 carbon con-
tent is not affected by the increase of RF plasma power. Over-
all, the results reported in table S2 demonstrate that the total
amount of oxygen and nitrogen groups increased significantly
by increasing the functionalization time from 1 to 10 min. It
should be noted that oxygen functional groups are added to
N-FMWCNTs either by interacting with the plasma-produced
OH radicals (detected by OES, figure S3) or through reactions
between the fresh sample and atmospheric air, referred to as
ageing [23, 29–31].
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Figure 3. (a) Deconvoluted XPS spectra of C 1s for N-FMWCNT. STEM image and EDS mapping of N-FMWCNT (b) 10 W–10 min and
(c) 30 W–10 min.

3.3. Electrochemical tests

Figure 4(a) shows cyclic voltammograms of MWCNTs before
and after RF plasma functionalization, recorded at a scan rate
of 25 mV s−1. The CV recorded with the non-functionalized
MWCNT shows a relatively featureless shape (on the scale
of the graph presented). However, the CVs recorded with the
oxygen- and nitrogen-functionalized electrodes display the

shape that indicates the occurrence of redox reactions, i.e. the
pseudo-capacitive behavior of the electrodes. This is evident
from the presence of broad anodic and cathodic shoulders neg-
ative of −0.2 V and positive of −0.1 V. However, these redox
shoulders are not well-defined due to a small percentage of
functional groups added to the surface and the faster charging
kinetics of the electrochemical double layer compared to the
slower redox kinetics of surface functional groups [32].

6
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Figure 4. (a) Cyclic voltammograms of non-functionalized and functionalized MWCNTs recorded in 4 M KOH at a scan rate of
25 mV s−1. (b) Capacitance of all the investigated MWCNT-based electrodes as a function of RF plasma power levels and treatment times,
calculated from CVs recorded at 25 mV s−1. (c) Dependence of capacitance on scan rate. (d) GCD of non-functionalized and functionalized
MWCNTs recorded in 4 M KOH at the current density of 1.0 mA cm−2.

The charge (area) under the O-FMWCNT and N-
FMWCNT voltammograms is significantly larger than
that of the bare MWCNTs, indicating an increased charge
storage/delivery (i.e. capacitance). The corresponding capa-
citance of the electrodes was calculated using equation (1)
at a scan rate of 25 mV s−1, and the values are presented in
figure 4(b). The results demonstrate that nitrogen and oxygen
functionalities can indeed enhance the charge storage/delivery
properties of the nanotubes. The O-FMWCNT electrode
functionalized at a RF plasma power of 20 W for 15 min
showed the highest capacitance of 37.3 ± 1.1 mF cm−2

(196.3 ± 5.8 F g−1), and the N-FMWCNT electrode func-
tionalized at a RF plasma power of 10 W for 2.5 min yielded
a capacitance of 32.6 ± 1.6 mF cm−2 (171.6 ± 8.4 F g−1).
The capacitance of non-functionalized MWCNTs was signi-
ficantly lower, 14.3 ± 0.7 mF cm−2 (75.3 ± 3.7 F g−1). This
value is in the range of values reported in the literature for non-
functionalized MWCNT electrodes, 15–50 F g−1 [28, 33–36].
However, higher values were also reported for functionalized
CNTs; for instance, Shen et al prepared a film of single-walled
CNTs (SWCNTs) by drying a dispersion of SWCNTs over a
filter paper and further dissolving the filter paper to have a thin
film over a membrane. They improved the capacitance from
32.1 F g−1 to 146.1 F g−1 with 6 h of reflux treatment with
nitric acid to functionalize the CNTs with carboxylic groups
[34]. Likewise, Frackowaic et al made electrodes in a pellet

shape by pressing the mixture of MWNTs, acetylene black
and polyvinylidene fluoride and using gold current collector.
As a result, they enhanced the capacitance of CNTs from 15 to
90 F g−1 by chemical KOH activation with a KOH:C ratio of
4:1, at 800 ◦C [33]. Although significant improvements were
observed in these studies, it should be noted that the electrodes
reported in the current work were produced without incorpor-
ating a binder into the carbon structure and casting the layer
onto a current collector, resulting in a good electrical conduct-
ivity and high capacitance of the electrodes. Moreover, using
the rapid dry plasma functionalization technique, there is no
need to use chemicals or apply high temperatures during the
functionalization process.

The effect of scan rate on the capacitance of the electrodes
is presented in figure 4(c). As expected, by increasing the scan
rate, the capacitance decreases. This decrease can be related to
the kinetics of charge-transfer compensation by ion migration.
Namely, at higher scan rates, due to the presence of nano-scale
pores on the MWCNTs (figure 1), the migration of ions with-
in/inside the pores is limited, rendering the MWCNT surface
area accessible for the charge storage smaller. However, it can
be noted that the decrease in capacitance on the functional-
ized MWCNT is much smaller than that on pristine MWCNT.
Thus, the capacitance of the O-FMWCNT and N-FMCNT
recorded at 1000 mV s−1 decreased down to ca. 55% of the
value recorded at 10 mV s−1, while on the non-functionalized

7
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Figure 5. The influence of RF plasma power and time on the (a), (d) the sp3 to sp2 ratio, (b), (e) percentage of functional groups, and (c), (f)
capacitance of O-FMWCNT and N-MWCNT, respectively.

MWCNT the value decreased much more, down to 26%. This
indicates that the functionalized MWCNTs offer a 3D struc-
ture that is more favorable for ion migration than that one
offered by the pristine MWCNT.

The GCD measurements were performed at 1.0 mA cm−2,
and the charge–discharge curves are provided in figure 4(d).
The observed divergence from the general linear triangu-
lar form of the curves is due to the existence of redox
reactions on the surface of MWCNTs, which contribute
to additional charge storage. The curve recorded with the
non-functionalized MWCNT also shows a slight deviation
from linearity, indicating that there is also the occurrence
of redox surface reactions even on this surface, to a certain
degree. Figure 4(d) shows that the charge–discharge dura-
tion of the MWCNT electrode is the shortest, whereas the
charge–discharge time of the N-FMWCNT and O-FMWCNT
is longer, indicating larger charge storage-delivery of the latter
two surfaces, similar to what is observed in voltammograms in
figure 4(a) [4]. Employing equation (2), the capacitance val-
ues from the GCD curves were calculated to be 10.7 ± 0.5,
24.9± 1.3 and 33.8± 0.9 mF cm−2 or 56.3± 2.6, 131.1± 6.8
and 177.9 ± 4.7 F g−1 for the MWCNT, N-FMWCNT
and O-FMWCNT electrode materials. The enhanced pseudo-
capacitive behavior of the F-MWCNTs, through both the
occurrence of the redox reaction of the functional groups at
the electrode–electrolyte interface and increased accessibility
of the MWCNT surface to the electrolyte, leads to a higher
capacitance of the electrodes [37].

The interpolation matrix of the effect of RF plasma power
and time on the percentage of sp3-to-sp2 carbon ratio (cal-
culated from the XPS results), functional groups and the
corresponding capacitance are reported in the 3D plots in
figure 5. Figures 5(a) and (b) illustrate that by increasing the
RF plasma time at different RF plasma power level, the per-
centage of oxygen on the MWCNT surface increases. It seems
that more reactions occur on the MWCNT surface at higher
treatment time, resulting in adding more oxygen-containing
groups to the MWCNT surface. The sp3-to-sp2 ratio in the
carbon changes over a small range. Figure 5(a) shows that an
increase in the RF plasma power level results in a decrease of
sp3 carbon at short functionalization times, which can be due
to the removal of amorphous carbon from the MWCNTs by
the strong oxygen active species. At longer functionalization
times (ca. 10–15 min) and higher RF plasma powers, the sp3-
to-sp2 carbon ratio increases as a consequence of the addition
of more oxygen-containing groups to the surface. However,
at higher RF powers and times past 15 min, the sp3-to-sp2

carbon ratio decreases, which can be explained by the struc-
tural damage caused by active oxygen species and consequen-
tial chemical etching at the junction point of MWCNTs and
SS, resulting in detachment of the nanotubes. On the other
hand, figure S4 displaying the Raman spectra (normalized
to G band) of all functionalized samples under different RF
plasma functionalization conditions indicates that the R-value
(ID/IG ratio) is sensitive to surface modifications upon plasma
treatment. As the RF plasma power and time increase, the
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Figure 6. (a) Nyquist plots of MWCNT before and after plasma functionalization (inset: (b) low-frequency region), (c) and (d) the
equivalent circuits, and (e) GCD stability of O-FMWCNT for 1000 cycles at a current density of 1 mA cm−2.

intensity of the D band and consequently the R-value increase,
corresponding to the presence of more structural defects in
the nanotubes, which can be originated from the reduced
π-conjugated states (figures S4(a)–(c)) [38]. A similar trend
is observed for the capacitance of the electrodes. The capa-
citance of the O-FMWCNT electrodes (figure 5(c)) increases
by applying higher RF plasma power levels and longer func-
tionalization time, which resulted from the addition of more
oxygen-containing groups and a higher sp3-to-sp2 carbon ratio
on the surface of MWCNTs. However, as mentioned earlier,
at high RF plasma time and power, the occurrence of chem-
ical etching can reduce the surface area of the electrode by
detaching the nanotubes from the SS, resulting in a substantial
decrease in capacitance, as evidenced in figure 5(c).

Increasing the RF plasma treatment time with the nitrogen-
containing gas mixture leads to a more substantial increase of
the number of functional groups and sp3 carbon on the sur-
face ofMWCNTs, comparedwith oxygen (figure 5). However,
with an increase in RF plasma power levels at shorter times, the
corresponding values first increase and then drop (figures 5(a)
and (b)). The corresponding Raman spectra (figures S4(d)–(f))
demonstrate a decrease in the intensity of the D band, followed
by an increase. It has been reported that different compet-
ing mechanisms take place during plasma functionalization;
etching or removal of surface defects/amorphous carbons by
plasma active species, deposition of plasma polymer on the
surface, and addition of functional groups to the surface
[19, 39]. It appears that at low power levels, the excited spe-
cies produced in the nitrogen-containing plasma can remove
the amorphous carbon from the MWCNTs and lower the
sp3-to-sp2 carbon ratios in their structure. This result is con-
firmed by the appearance of a less intense D band in the
Raman spectra shown in figures S4(d)–(f), leading to a lower
R (ID/IG) value associated with MWCNTs with fewer struc-
tural defects. However, at higher plasma power levels, the
active species can functionalize or form an amorphous layer
over the graphitic layers of MWCNTs. At higher RF plasma
power levels, more collision between the plasma-produced
active species can reduce their energy level, which will not be
sufficient for etching away the incorporated functional groups
or the deposited amorphous carbon [19, 39, 40]. However, at
higher RF plasma power levels and longer functionalization

times, a more significant broadening of the D and G bands is
observed as illustrated in figures S4(d)–(f). This is associated
with more structural defects, similarly to the MWCNTs syn-
thesized at low temperature (figure S1(f)). Figure 5(f) shows
that the capacitance of the N-FMWCNT electrodes seems to
be relatively independent of the plasma conditions and sur-
face chemistry. This can be attributed to the existence of
a much higher sp3-to-sp2 carbon ratio (figure 5(d)) than O-
FMWCNT electrodes (figure 5(a)), which damages the struc-
tural integrity of MWCNTs, further affecting their electro-
chemical performance.

The impedance behavior of the electrodes was assessed
using EIS, and the Nyquist plots of MWCNTs before and
after functionalization are reported in figure 6(a). It is evident
from the quasi-linear/vertical shape of the Nyquist plots that
the capacitive contribution dominates the impedance behavior.
Unlike pure electrical double-layer capacitors that show a ver-
tical line, the frequency dependence of the real impedance
component reveals the pseudo-capacitive properties and/or the
existence of impedance resulting from the porosity of all three
electrodes. A slightly sloped and curved line in the lower fre-
quency region and a semicircle-like behavior in the higher fre-
quency region (figure 6(b)) originate from the kinetics of the
redox reaction and ion movement inside the pores, contribut-
ing to the actual impedance component, thus yielding two time
constants [41].

The impedance behavior of the electrodes was modeled
using the equivalent electrical circuits (EEC) presented in
figures 6(c) and (d); the response of the non-functionalize
MWCNT electrode was modeled by the EEC in figure 6(c),
while the response of the two functionalized electrodes was
modeled using the EEC in figure 6(d). In these EECs, Rs, rep-
resents the electrolyte resistance, the internal electrode mater-
ial resistance, and contact resistance between MWCNT and
the SS mesh (current collector). The capacitance related to the
electrostatic charging of the double-layer (CPEdl) and the res-
istance for ion migration to compensate the charge (Rdl) is
described through the CPEdl-Rdl time constant, correspond-
ing to the response of the system in the higher-frequency
region. The CPEW element in figure 6(c) represents the imped-
ance related to the migration of ions through the pores of the
MWCNT electrode during the charging/discharging process.
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For the two functionalized electrodes, their pseudo-capacitive
behavior can be characterized through the pseudo-capacitance
(CPEp) and its corresponding polarization resistance (Rp),
representing the lower-frequency range CPEp-Rp time con-
stant. Due to the presence of surface roughness, porosity,
surface inhomogeneity and non-uniform charge distribution,
a constant-phase-element (CPE) was used instead of a pure
capacitance [42–45]. Table S3 reports the values of the equi-
valent circuit components. The values of CPEdl power, ndl,
deviate from the value for pure capacitance (n = 1), which
could be due to the heterogeneity (in terms of the surface-
charge distribution and morphology) of the MWCNTs. It can
be seen that the CPEdl value increases after functionalization
of the MWCNT, while the corresponding Rdl value decreases,
which can be due to the enhancement of surface wettability,
offering amore accessible surface area ofMWCNT to the elec-
trolyte. Table S3 shows that the pseudo-capacitance (CPEp)
of the O-FMWCNT is higher than that of the N-FMWCNT,
which agrees with the CV and GCD results presented earlier
in the text. However, it can be noticed that the Rp value for the
O-FMWCNT is higher than that recorded for theN-FMWCNT
electrode, indicating a slower kinetics of surface redox reac-
tions. This, in turn, indicates that the increased capacitance of
the O-FMWCNT surface recorded by CV, GCD, and CPE val-
ues in EIS, can also be due to the increased accessibility of
the O-FMWCNT surface to the electrolyte, in addition to the
contribution of the surface-redox reactions to the total charge
storage/delivery capacitance.

The charge–discharge cyclability of the O-FMWCNT-
20 W–15 min electrode was tested by performing GCD for
1000 cycles at a current density of 1 mA cm−2. The results
in figure 6(b) show 82% retention of the initial capacitance
of the electrodes after 1000 cycles. However, the capacitance
increased to its initial value after equilibrating the electrode at
the open circuit and repeating the experiment (data not shown).
Thus, this drop in capacitance with cycling can be attributed to
the drying of the MWCNTs’ deep pores, resulting in a lower
surface area and thus, a lower capacitance. McArthur et al [28]
and Frackowiak et al [46] observed a similar phenomenon and
explained the reversibility of this reduction after allowing the
electrode to equilibrate at an open circuit.

4. Conclusion

MWCNTs with a forest-like structure were directly grown
on SS meshes without the use of any catalyst to produce
binder-free electrodes that were tested for application in SCs.
We demonstrated that the RF capacitively-coupled plasma
can be used as a dry MWCNT functionalization method to
improve the electrode’s charge storage/delivery performance.
The porous MWCNT-SS electrode’s surface was further mod-
ified by using different gas mixtures at different RF plasma
power levels and treatment times in order to functionalize the
MWCNT surface with oxygen and nitrogen functional groups.
It was illustrated that processing parameters, including plasma
power and time, indeed governed the surface chemistry of

the functionalized nanotubes and thus their capacitive beha-
vior. The capacitance of the MWCNTs electrodes increased
from 75.3 ± 3.7 F g−1 to 196.3 ± 5.8 F g−1 after function-
alization by RF plasma using an Ar/C2H6/O2 gas mixture at
20 W for 15 min, without any damage to the structure of the
MWCNTs. Accordingly, the solvent-free RF plasma method
provides convenient and mild operating conditions to ensure
the functionalization of carbon-basedmaterial used for various
applications.
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