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Atmospheric-pressure-plasma-jet processed
carbon nanotube (CNT)-reduced graphene oxide
(rGO) nanocomposites for gel-electrolyte
supercapacitors
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This study evaluates DC-pulse nitrogen atmospheric-pressure-plasma-jet processed carbon nanotube
(CNT)-reduced graphene oxide (rGO) nanocomposites for gel-electrolyte supercapacitor applications.
X-ray photoelectron spectroscopy (XPS) indicates decreased oxygen content (mainly, C-O bonding
content) after nitrogen APPJ processing owing to the oxidation and vaporization of ethyl cellulose.
Nitrogen APPJ processing introduces nitrogen doping and improves the hydrophilicity of the CNT-rGO
nanocomposites. Raman analysis indicates that nitrogen APPJ processing introduces defects and/or
surface functional groups on the nanocomposites. The processed CNT-rGO nanocomposites on carbon
cloth are applied to the electrodes of H,SO4—polyvinyl alcohol (PVA) gel-electrolyte supercapacitors.
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Introduction

Atmospheric-pressure plasma (APP) technology can be operated
at atmospheric pressure without using vacuum chambers and
pumps that are costly and require routine maintenance. There-
fore, it is considered a cost-effective technology. Typical APP
technology includes dielectric barrier discharge (DBD), corona
discharge, and atmospheric-pressure plasma jet (APPJ).*?
Thermal plasma jets are operated in local thermal equilibrium
(LTE), that is, the equilibrium between the electron temperature
and the heavy particle temperature. On the other hand, non-LTE
plasma jets or cold plasma jets have a heavy particle temperature
ranged of 300-1000 K, which is lower than the electron temper-
ature by at least one order of magnitude. APPJ is operated in open
ambient at moderate gas temperatures. This high-reactivity
plasma chemistry has attracted much research attention and
has resulted in various practical applications. It produces charge
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particles, neutral metastable species, radicals, and ultraviolet
(UV) radiation.* Owing to these features, APP technology has
been applied to food and agriculture processing,>” biomedi-
cine,*® and materials processing.'*"*

Batteries usually possess high energy density but low power
density; on the other hand, supercapacitor is the other way
around. There have been some attempts to design cells that
compromise or keep both advantages.'® Supercapacitors are
passive electrochemical energy storage devices that have high
power density and long cyclic lifetime. Electrode materials are
essential for high-performance supercapacitors. Many studies
have focused on developing new electrode materials with
economic processing techniques.”* Two main charge storage
mechanisms are typically involved in supercapacitors: faradaic
pseudocapacitance and/or electrical double layer capacitance
(EDLC). Pseudocapacitance results from reversible redox reac-
tions on electrode material surfaces, and it usually occurs in
metal oxides and conductive polymers.'”**** EDLC originates
from the charge accumulation at electrolyte/electrode, and it
usually occurs in carbonaceous electrode materials.**** CNTs
has been used for supercapacitors with EDLC due to its high
electrical conductivity and superior mechanical elasticity of the
tube-shaped structures.**** It is recommended that CNTs can be
used as a great support for other active materials. Graphene is
also introduced to electrochemical devices because of its
outstanding electrical and thermal properties. By interlayering
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CNTs and graphenes, the supercapacitor performance can be
greatly improved.*® The high specific surface area and chemical
stability of graphene can enhance the supercapacitor perfor-
mance, while CNTs provide a tubular network for graphene.?”
Graphene and CNT composites also have been applied as
transparent conductors.*®

DC-pulse nitrogen APPJs operated at a substrate temperature
of 400-800 °C, which is self-sustained by the plasma jet. They
show high reactivity with carbonaceous materials such as
reduced graphene oxide (rGO) nanoflakes, carbon nanotubes
(CNTs), fibers of carbon cloth, and graphite felts.'***** Strong
—-CN violet emissions are identified in plasma during the early
stage of APP] processing of carbonaceous materials. This vali-
dates the occurrence of vigorous interactions between nitrogen
reactive plasma species and carbon-based materials. In addition,
the rapid etching of polyimide has been realized using non-LTE
APPJs; reactive oxygen species are considered effective for this
rapid etching process.*** Ultrafast mask-free etching of CNT
micro-supercapacitors has also been achieved; in this process,
ozone generated by the APPJ serves as the main oxidants.*® In this
study, we investigate CNT-rGO nanocomposite gel-electrolyte
supercapacitors processed by DC-pulse nitrogen APPJs.
Nitrogen APPJs quickly oxidized/vaporized ethyl cellulose binders
to form nanoporous CNT-rGO nanocomposites. Owing to the
synergetic effects of the reactive nitrogen plasma species and
heat, the optimal processing time is merely 15 s. In comparison
to our previous study with CNT supercapacitors,® the addition of
rGO into CNT electrodes improves supercapacitor performance.

Experimental details

Preparation of CNT-rGO pastes for screen printing

0.05 g of CNTs (purity: >98%, diameter: 5-20 nm, length: >1 um,
Golden Innovation Business Co., Ltd.), 0.05 g of rGOs (purity
99%, thickness < 5 nm, sheet diameter: 0.1-5 pm, Golden
Innovation Business Co., Ltd.), 1.75 g of 10 wt% ethyl cellulose
(5-15 mPa s, #46070, Fluka) ethanoic solution, 2.25 g of 10 wt%
ethyl cellulose (30-50 mPa s, #46080, Fluka) ethanoic solution,
3.245 g of terpineol (anhydrous, #86480, Fluka), and 1.5 g of
ethanol were mixed and stirred at room temperature for 24 h
using a magnetic stirrer. Then, 4 ml of this mixture was
extracted and condensed at 55 °C for 7 min using a rotovap.

Fabrication of CNT-rGO nanocomposite electrodes on carbon
cloth

CNT-rGO pastes were screen-printed onto carbon cloth,
following which a DC-pulse nitrogen APPJ was applied to process
the printed pastes for 0/5/15/30 s. The APPJ operations have been
described in our previous study.* Fig. 1 shows the substrate
temperature evolution as monitored using a K-type thermocouple
equipped with a data acquisition device (USB-6221, National
Instruments) connected to a computer. After the APPJ was turned
on, the substrate temperature increased rapidly to ~700 °C and
then gradually reached a steady state. The temperature decreased
dramatically after the APP] was turned off. During APPJ
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Fig. 1 Substrate temperature evolution under APPJ operation.

processing, the optical emission spectra (OES) were monitored
using a spectrometer (Ocean Optics, Flame).

Materials characterization of CNT-rGO nanocomposites on
carbon cloth

Scanning electron microscopy (SEM, Nova NanoSEM 230, FEI)
was used to inspect the CNT-rGO nanocomposites on carbon
cloth. X-ray photoelectron spectroscopy (XPS, VGS Thermo
Scientific) was used for surface chemical analyses. An electron
probe X-ray microanalyzer (EPMA, JEOL JXA-8200) was used for
elemental chemical composition analyses. Raman spectroscopy
(Renishaw 1000B) was used to inspect the degrees of disorder-
ing, defect, and impurity of the CNT-rGO nanocomposites. A
goniometer (Model 100SB, Sindatek Instruments Co., Ltd.) was
used to measure the water contact angles of the CNT-rGO
nanocomposites before/after APPJ processing.

Fabrication of gel-electrolyte supercapacitors

APPJ-processed CNT-rGO nanocomposites on carbon cloth
were used as the electrodes of a symmetric supercapacitor. A
gel-electrolyte was prepared by mixing 15 ml of 1 M H,SO, and
1.5 g of polyvinyl alcohol (PVA) at 80 °C for 4 h. The gel-
electrolyte was spread onto two pieces of APPJ-processed
CNT-rGO nanocomposites on carbon cloth and naturally
dried for 24 h. Two pieces of gel-coated electrodes were then
pressed together on the gel sides to form a sandwich-type
supercapacitor.

Characterization of supercapacitors

Cyclic voltammetry (CV) and CV cycling stability tests with
a potential scan window of 0-0.8 V were performed using an
electrochemical workstation (Zahner Zennium) by the two-
electrode method (CNT-coated carbon cloth electrodes).

Results and discussion

Fig. 2(a) shows a photograph of the APP] during APP]J process-
ing. After the APPJ was turned on, its color was blue-purple;
then, the color quickly turned pink after a short duration.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) Photographs of APPJs during APPJ processing on screen-
printed CNT-rGO nanocomposites. (b) Evolution of OES during APPJ
processing on screen-printed CNT-rGO nanocomposites.

Fig. 2(b) shows the evolution of OES during APP]J processing.
The intensity of CN emissions (359, 388, 418, and 453 nm)
increased rapidly and then decreased with the APPJ processing
time. After a certain period, some remnant N, 2"¢ positive
emissions that overlapped with the CN emissions were present.
The other remaining emissions were persistent N, 1% positive
emission (B’Il, — A’S}) at wavelengths longer than 530 nm.
This suggested the violent reaction of carbonaceous materials
with the reactive nitrogen species in plasma. Molecules con-
taining -CN bonds were excited and then relaxed to emit
characteristic optical spectra.

Fig. 3 shows SEM images of as-deposited CNT-rGO nano-
composites (without APPJ-calcination) and CNT-rGO nano-
composites processed by APPJs for various durations. The large-
diameter (~10 pm) cylinder-shaped materials are carbon cloth

Fig. 3 SEM images of as-deposited CNT-rGO nanocomposites
(without APPJ-calcination) and CNT-rGO nanocomposites processed
by APPJ for various durations.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Raman spectra of CNT-rGO nanocomposites before/after
APPJ processing.

fibers. CNTs and rGO nanoflakes form nanoporous composite
structure.

Fig. 4 shows the water contact angle measurement results of
the screen-printed CNT-rGO nanocomposites before/after APP]
processing. Without APPJ processing, the screen-printed CNT-
rGO shows a water contact angle as large as ~140°. After APPJ
processing for 5 s, the screen-printed CNT-rGO and carbon
cloth fibers became highly hydrophilic, and testing water
droplets completely penetrated the nanopores.

Fig. 5 shows the Raman spectra of the CNT-rGO nano-
composites processed by APPJ for various durations. The D-
band (~1350 cm™ '), G-band (~1580 cm '), and G'-band
(~2700 em™") are identified in the spectra.®** The stretching of
the C-C bond in graphitic materials contributes to the G-band
featuring an sp® carbon system.*® The D-band typically indi-
cates carbonaceous impurities with sp® bonding or broken sp*
bonds.**** The G'-band is a second-order two-phonon process
corresponding to long-range ordering in a sample.”® The
intensity ratio of the D-band and G-band (Ip/lg) is frequently
used for purity or defect assessment.”* I/l was 0.92 before
APPJ processing, and this ratio increased to 1.07 after APPJ
processing. This suggests that reactive species in nitrogen APPJs
interact with the CNT-rGO nanocomposites and introduce
some defects or surface functional groups to the
nanocomposites.

Fig. 6 shows a wide scan of the CNT-rGO nanocomposites
before/after APP] processing. Typical Cls and O1s binding
energy peaks are present. These are typical elemental compo-
sitions of CNT, rGO, and binders (ethyl cellulose, terpineol, and

RSC Adv., 2018, 8, 2851-2857 | 2853
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Fig. 6 XPS wide scan of CNT-rGO nanocomposites on carbon cloth.

ethanol). After APP] processing, N1s and Nals signals started to
appear. Table 1 shows the elemental composition analyzed
from XPS and EPMA. EPMA also shows Na signals from all
samples including those without APPJ processing. This Na
contamination could result from the APPJ], environment, or
personal handling. The appearance of the N1s signal indicates
nitrogen doping on CNT-rGO nanocomposites and carbon
cloth fibers introduced by nitrogen APPJ processing. The overall
oxygen content also significantly decreased after APPJ process-
ing, indicating the oxidation and vaporization of terpineol and
ethyl cellulose after APPJ processing. As the APP] processing
time increased, the oxygen content recovered slightly, possibly
owing to the oxidation process caused by the reaction among
reactive plasma species in nitrogen APPJ], environmental
oxygen, and the materials.

Apparent shape changes of XPS Cl1s and Nis fine scan
spectra were observed for CNT-rGO nanocomposites with/
without APPJ processing. Fig. 7 shows the XPS C1s fine scan
spectra. The as-deposited CNT-rGO (without APP] processing)
shows a strong C-O peak at ~286.1 eV. This originates mainly
from the ethyl cellulose.** The C-O peak decreased dramatically
after APP] processing, indicating the removal of a significant
amount of ethyl cellulose by the nitrogen APP]. The C-C content
was mainly contributed by CNTs, rGOs, and the carbon cloth
fibers. Fig. 8 shows the XPS N1s fine scan spectra of the CNT-
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Fig. 7 XPS Cls fine scan spectra of CNT-rGO nanocomposites
before/after APPJ processing.
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Fig. 8 XPS Nis fine scan spectra of CNT-rGO nanocomposites
before/after APPJ processing.

rGO nanocomposite before/after APP] processing. Without APPJ
processing, no N1s signal was observed. After APP] processing,
the N1s signal was noted. This suggests that nitrogen APPJ]
resulted in the nitrogen doping on CNTs, rGOs, and/or carbon
cloth fibers. Nitrogen doping in the carbon-based material was
considered to benefit the capacitive performance of the super-
capacitor because of the introduction of pseudocapaci-
tance.>*>>*® However, pseudocapacitance effect is not noted in

Table1 C, N, O, and Na relative compositions as measured using XPS and EPMA

XPS EPMA
at% C N o Na C N o Na
As-deposited 74.70 ~0 25.30 ~0 99.11 ~0 0.556 0.3305
APP] 5 s 89.82 4.227 5.461 0.487 95.06 4.394 0.174 0.3640
APPJ 15 s 83.87 5.996 9.119 1.012 96.28 3.307 0.157 0.2485
APP] 30 s 85.05 5.236 8.392 1.313 95.75 3.853 0.145 0.2466
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Fig. 9 CV curves of supercapacitors with electrodes processed by
APPJ for various durations.

our samples; the redox peaks are not observed in the CV curves
of Fig. 9. The introduction of nitrogen doping in carbon mate-
rials could also improve hydrophilicity.*® The improvement of
hydrophilicity could facilitate the contact between the electro-
lyte and the nanoporous electrode materials, leading to
improved capacitance.

Fig. 9 shows the CV results obtained by characterizing the
supercapacitors. The specific capacitance can be calculated
based on the following equation.'”

Cp=

! JV" 1(v)av (1)

mv(Vy = V) Iy,

where Cj, is the specific capacitance; m, the mass of the printed
material; v, the potential scan rate; V,—V,, the potential scan
window; and I(V), the response current at voltage V under CV
operation. The areal capacitance can be obtained by replacing m
with the electrode apparent area A. Table 2 lists the calculated
capacitance values based on Fig. 9. APPJ processing signifi-
cantly improved the performance of supercapacitors. The
capacitance value reached a maximum value of 93.1 F g '
(9.10 mF ecm %) with 15 s APPJ processing. APP] processing can
remove the nonconductive ethyl cellulose binders, thereby
improving the capacitance. Furthermore, the improved wetta-
bility may facilitate the penetration of the gel-electrolyte into
nanopores of the nanocomposites and increase the contact area
between the electrolyte and the electrode materials, thereby
improving the performance of supercapacitors. In comparison
with APPJ-processed CNT supercapacitors,’ the addition of
rGOs apparently improved the capacitance values, possibly

Table 2 Capacitance values evaluated by CV under potential scan rates of 2, 20, and 200 mV s~
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Fig. 10 (a) CV cycling stability test evaluated under a potential scan
rate of 200 mV s~ (b) Capacitance versus cycle number.

owing to the larger surface-to-volume ratio of rGO nanoflakes
compared with that of CNTs.

The stability of the best achieved supercapacitor with 15 s
APP] processing was evaluated by cycling CV tests under
a potential scan rate of 200 mV s~ . Fig. 10(a) shows the cycling
CV curves spaced by 100 cycles. The CV curves almost overlap
except for the curves of cycle 1 and cycle 100. Fig. 10(b) shows
the capacitance value versus cycle number. The capacitance
retention rate is 97.46% after 1000 CV cycling tests. The stability
is comparable to that of APPJ-processed CNT supercapacitors
whose capacitance retention rate is 94.7% after 1000 CV cycles.

Summary

We evaluate CNT-rGO nanocomposite gel-electrolyte super-
capacitors processed by DC-pulse nitrogen APPJs. XPS analyses

1

Specific capacitance (F g~ )

Areal capacitance (mF cm ™ ?)

Scan rate

(mvs™) As-deposited APP] 5 s APP] 15 s APPJ 30 s As-deposited APP] 5 s APP] 15 s APPJ 30 s
2 49.4 86.8 93.1 83.5 4.45 7.97 9.10 7.73

20 35.9 70.0 77.6 69.7 3.23 6.43 7.58 6.46

200 21.6 58.0 65.4 59.3 1.94 5.33 6.40 5.49

This journal is © The Royal Society of Chemistry 2018
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indicate that APPJ processing results in the removal of ethyl
cellulose and introduction of nitrogen doping. The hydrophi-
licity is also significantly improved by the nitrogen APPJ pro-
cessing; this facilitates the penetration of the gel-electrolyte into
nanopores to improve the contact between the electrolyte and
the electrode materials, thereby improving the supercapacitor
performance. Raman analyses suggest the introduction of
defects and/or surface functional groups on CNT-rGO nano-
composites and carbon cloth fibers. The best achieved specific
(areal) capacitance is 93.1 F g~ " (9.1 mF cm ™) with 15 s APPJ-
processed CNT-rGO nanocomposite electrodes, as evaluated
by CV under a potential scan rate of 2 mV s~ . Mixing rGOs into
CNTs in the nanoporous electrodes improves the super-
capacitor performance.
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