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Abstract

The effect of cold atmospheric He plasma on multi-walled carbon nanotube (MWCNT) / cobalt nanoelectrodes has been
investigated for reversible hydrogen ion storage. To perform plasma treatment, the material suspensions were subjected
to plasma treatment for different durations, such as 30, 60, and 100 seconds, and then deposited on Cu foam to be used
as active anode material. After characterization, the discharge capacity of the nanoelectrodes was examined, revealing
that cold plasma treatment, even at the shortest duration (30 seconds), increases the hydrogen storage capacity of the
nanoelectrodes due to the formation of reactive oxygen and nitrogen functional groups on the walls of the MWCNTSs.
This study also indicated that there is an optimal plasma treatment time of 60 seconds, resulting in the highest discharge
capacity of 9700 mAh/gr at a constant current of 1 mA. Consequently, He plasma treatment of the nanoelectrodes offers
promising applications in hydrogen storage and the battery industry.
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1. Introduction

One of the principal issues in the economic development
of countries is clean and sustainable energy, due to the
increasing need for energy resulting from population
growth. The growth of the world population and the
increasing use of natural energy resources, such as fossil
fuels, have caused the world to face a serious reduction in
these resources and climate change. These problems have
increased the demand for clean and sustainable energy to
replace fossil fuels. Studies in recent years have shown
that hydrogen-based fuel cells are the best alternative
energy source because they are produced effortlessly,
have high energy density, and can be easily converted to
other forms of energy, such as convenient fuel for
transportation [1-5]. In these fuel cells, electricity is
produced by combining hydrogen and oxygen, which
provides a clean energy source without any air pollutants,
as the only by-product is water. While hydrogen is an
effective fuel that can replace fossil fuels, there are
challenges, such as a lack of efficient and inexpensive
methods for reversibly storing hydrogen for commercial
implementation [6]. Therefore, in recent years,
researchers have investigated different methods to store
hydrogen, such as high pressure (compressed hydrogen),
low temperature (liquid hydrogen), and porous solid
materials [7-9]. The first two methods are commercially

inefficient, while the last one shows promising results due
to its high-capacity storage, safety, effectiveness, and low
cost. Various studies have shown that carbon-based
materials can store hydrogen [10-14] as a result of
physical binding between hydrogen and carbon atoms.
Consequently, the desorption of physisorbed hydrogen
from these materials requires high activation energy.
These materials also have a high surface area and low
production costs; as a result of the Chahine rule, the
amount of stored hydrogen is proportional to the surface
area [16]. Carbon nanotubes are carbon-based materials
that, in addition to the aforementioned properties, have
low weight and high chemical and thermal stability for
hydrogen storage. They are classified into two main
groups: single-walled carbon nanotubes (SWCNT) and
MWCNT. In 1997, the first study of SWCNTs showed
that these particles have a high reversible hydrogen
storage capacity via a physisorption mechanism due to
their unique characteristics, such as a cage-like structure,
high surface area, high electrical conductivity, and
nonporous structure, which are necessary for dissociating
hydrogen molecules and preventing carrier recombination
[6, 18]. Different reports have shown that hydrogen can
be stored at various sites in carbon nanotubes (CNTs),
such as the outer walls, defect sites, and the spaces
between single layers in MWCNTs or mesoporous tube-
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like channels [19-23]. As a result, the hydrogen storage
capacity in MWCNTs is significantly greater than in
SWCNTs. Other studies have shown that the hydrogen
storage capacity of CNTs can be increased when they are
decorated with metals such as Co, Fe, Ni, and Ca [23-25].
This is because, initially, Kubas interaction enhances the
adsorption of hydrogen molecules, and then hydrogen
molecules are dissociated on the metal particles.
Consequently, atomic hydrogen spills over into the spaces
between carbon layers in MWCNTSs, resulting in an
increased hydrogen uptake capacity of the CNT
composite [23, 26-28]. In 2010, Gao et al. showed that
oxygen treatment of carbon nanotubes (CNTs) can
produce defects, and doping them with metals such as Pd
and Ni as catalysts can significantly increase their
hydrogen storage capacity [29] .Regarding the properties
of plasma, it appears that cold atmospheric pressure
plasma can be used to enhance the cycle life of MWCNT-
based materials decorated with metals through hydrogen
adsorption at defect sites, Co nanoparticles, and the
formation of oxygen-containing groups. Plasma, which is
the fourth state of matter, consists of electrons, ions,
excited species, free radicals, UV radiation, and
electromagnetic fields. Based on species temperature,
plasma is classified into two main groups: thermal plasma
and non-thermal plasma. In thermal plasmas, the electron
and ion temperatures are nearly the same (

T, ~T,,, 210" K ) while in non-thermal plasmas, the

ion —
electron temperature is higher than the ion temperature
(with  ions remaining at room temperature)

T.(=10°K)>T, (=®300K). While the main

drawback of thermal plasma is its high temperature and
low excitation selectivity [30], non-thermal plasmas, such
as plasma jets, have low temperatures and high excitation
selectivity.  Therefore, non-thermal plasmas are
extensively used in industrial applications because of their
high selectivity in plasma chemical reactions and their
low temperature [31-33]. One of the gases commonly
used as a feed gas in plasma discharges, due to its easier
ignition, is He gas.

According to our knowledge, no hydrogen storage study
has used He plasma treatment to investigate the effect of
cold plasma treatment on the hydrogen storage capacity
of composites made of Co/MWCNT. Therefore, in this
study, a helium plasma jet was used before the deposition
of cobalt/MWCNT on Cu foam, and the nanoelectrodes
were utilized as active anode materials to investigate
hydrogen storage capacity. Regarding plasma properties,
an increase in hydrogen adsorption by the electrodes is
expected because He cold plasma treatment alters the
chemical  surface  properties of Co/MWCNT
nanoelectrodes by forming functional groups such as
oxygen and nitrogen on the walls of the MWCNTs.
Consequently, we applied plasma at different treatment
times, such as 0 seconds, 30 seconds, 60 seconds, and 100

seconds, and found that 60 seconds of plasma treatment
increases hydrogen storage more effectively.

2. Experimental method

2.1 Purification

For this studyy, MWCNTs were synthesized using
chemical vapor deposition along with molybdenum
catalysis to create Co/MWCNT nanoelectrodes [34].
Their diameter was 30-40 nm. To achieve purified and
functionalized MWCNTs, we treated the surface of the
MWCNTs by ultrasonicating them in a mixture of H2SOa
and HNOs (1:3 volume ratio) for 4 hours at 50 °C. This
chemical oxidation process produces oxygen-containing
groups on the surface of the MWCNTSs, resulting in
increased chemical activity [35-37]. The resulting
MWCNTs were then thoroughly rinsed several times with
deionized water to achieve a neutral pH of 7. Finally, the
purified and functionalized MWCNTs were dried at 100
°C for 3 hours. As a result, carboxylic functional groups
were attached to the surface of the MWCNTs, causing
them to be uniformly dispersed in the solution [38, 39].

2.2 Preparation of electrodes

The electrodeposition method was used to deposit
Co/MWCNT nanoelectrodes on nanosized porous and
small (1x2 cm?) Cu foam. To carry out this process, the
electrochemical bath solution consisted of 312 g L
Co0S04:(H20)2, 6.19 g L NaCl, 100 g L' HsBOs, 0.005
g CTAB, and 0.005 g of functionalized MWCNT powder
in 50 cc of double-distilled water, which were
homogenized by ultrasonic vibration for 3 hours at 70 °C
and stirred at room temperature for 0.5 hours. To
investigate the effect of cold atmospheric pressure plasma
(CAP) on the hydrogen storage capacity of the prepared
electrodes, we divided the suspensions into four groups
and treated them with a helium plasma jet at different
exposure times of 0, 30, 60, and 100 seconds. The helium
plasma jet was created using a tungsten wire inserted at
the center of a quartz cylinder as a dielectric, with a
copper tape used as the outer electrode. It was ignited at a
rectangular voltage of 5 kV and a frequency of 20 kHz,
with a gas flow rate of 1 L/min. The distance between the
plasma jet nozzle and the surface of the suspension was
about 2 cm. To ensure that plasma particles reached all
parts of the suspension, we stirred the suspension during
plasma treatment at 25 °C and 300 rpm using a magnetic
stirrer. Following this, the plasma-treated suspension was
used for the electrodeposition process of the electrodes.
The electrodeposition was carried out using a platinum
(Pt) plate as the cathode and Cu foam as the anode,
separated by a gap of 1 cm, with a current density of 5 mA
cm2 and a duration of 5 minutes. As a result, Co/MWCNT
nanoelectrodes on the Cu foam were obtained as working
electrodes. Figure 1 shows a schematic summary of the
experimental process.
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Figure 2. EDX analysis of CoO/MWCNT nanoelectrodes under plasma radiation for (a) Os (b) 30s, (c) 60s, (d) 100s.
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Figure 4. Spectrum produced by the He plasma jet.
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2.3 Hydrogen ion storage capacity measurement

The chronopotentiometry technique was employed to
perform all the chemical analyses using three-electrode
cells. Pt, Ag/AgCl, and Co alloy/MWCNT were used as
the counter, reference, and working (active anode
material) electrodes, respectively. A liquid composed of 6
M KOH in 100 mL of deionized water was used as the
electrolyte (figure 1). In this technique, a constant current
of 1 mA was applied between the working and counter
electrodes, and the resulting potential was measured
against the reference electrode as a function of time.
Finally, the electrochemical adsorption/desorption
properties of the working electrodes were evaluated for
the first fifteen cycles, and the storage capacity of the
working electrodes was calculated using equation (1):

Specific capacity (mAh/gr) = [Constant current (mA) x
Discharge time (h)] / Active material weight (g)

(1

In fact, the copper foam is weighed before and after the
material is deposited onto it, and the difference is
considered to be the weight of the active material weight.
In this study, H* ions were absorbed (extracted) into the
working electrode to perform charge (discharge) on the
anode, based on the half-cell reaction.

3. Results and discussion

In plasma treatment, various parameters, such as plasma
radiation time, gas flow rate, and gas mixture
composition, affect the treatment process. In this study,
the effect of plasma radiation time on the hydrogen
storage capacity of Co/MWCNT nanoelectrodes has been
investigated. To examine the impact of different plasma
treatment times on the elemental composition of
Co/MWCNT nanoelectrodes and the stoichiometric ratio
of products, we employed EDX analysis. As shown in
figure 2, all samples consist of different ratios of carbon
(C), oxygen (O), sulfur (S), and cobalt (Co) due to
receiving varying amounts of plasma radiation.

For further insight into the changes induced by cold
plasma radiation, we have plotted the percentage of each
element present in the EDX spectra against different
plasma radiation times.

As we can see in figure 3, compared to the sample without
plasma treatment (0 s), all treated samples with He plasma
exhibit a lower percentage of carbon and cobalt elements
while showing a higher percentage of oxygen. This
observation may be attributed to the different interactions
between plasma reactive species and the solution, as these
reactive species activate the solution prior to layer
deposition on the surface of the electrode. The 30 s and 60
s treatments with He plasma result in the highest amounts
of oxygen-containing functional groups on the electrodes.
These functional groups enhance the hydrophilicity and
charge storage capacity of MWCNT-containing
electrodes, creating active sites that are favorable for
increasing hydrogen storage capacity [41]. In contrast, the
100 s treatment leads to the detachment of cobalt particles
from the surface of the electrode and damages its

structure. This is detrimental to both the oxidation of
MWCNTs and hydrogen storage, as cobalt acts as a
catalyst that promotes MWCNT oxidation, thereby
increasing their hydrophilicity and charge storage
capacity [23]. Concerning figure 3 (b, d), we can see that
during plasma treatment from 60 to 100 s, the amount of
oxygen in the samples is reduced while the cobalt amount
remains nearly constant. This result indicates that other
oxygen fragments may be formed from oxygen mixtures
or that some portions of radicals in the plasma-treated
solution have been scavenged [41]. Additionally, the
decrease in cobalt particles in MWCNTs leads to reduced
adsorption and dissociation of hydrogen atoms, resulting
in a decreased hydrogen storage capacity. To gain more
insight into the reactive species present in the He plasma
jet, optical emission spectroscopy was employed during
solution treatment, measured by an ISTA-UV
spectrometer. The tip of the optical fiber is placed directly
in front of the plasma nozzle to record the plasma
spectrum. This spectrum is shown in figure 4. As we can
see in this figure, hydroxyl radicals, as well as He,
nitrogen, and oxygen reactive species, are identified.
These reactive species interact with the solution to
produce other reactive species that can create defects on
the walls of carbon nanotubes.

These defects, which are high-energy sites, are suitable
for binding oxygen-containing functional groups such as
O-H, C-O, and C-O-N. The presence of these oxygen
functional groups was previously confirmed in the EDX
images shown in figures 2 and 3 [41]. Therefore, as a
result, plasma treatment in all samples increased the
oxygen functional groups through the production of
reactive oxygen species such as OH; however, with
increasing treatment time, the amount of oxygen
decreased. The functional groups enhance the hydrogen
storage capacity of MWOCNTs through two main
mechanisms: (i) the creation of pores on a nanometer
scale, which increases the surface area and creates deep
potential wells, and (ii) doping with elements that can
enhance hydrogen interaction [42-44].

To investigate the structural changes of samples treated by
the He plasma jet at different treatment times, we
employed X-ray diffraction (XRD) analysis using the
X/Pert Pro system, as shown in figure 5. All diffraction
peaks of cobalt correspond to the hexagonal form of
cobalt. Figure 5(a) shows the XRD pattern of the sample
with no plasma treatment and confirms the formation of a
Co/MWCNT nanoelectrode, evidenced by the appearance
of hexagonal carbon and cobalt peaks. The highest peak
in this figure is attributed to the hexagonal carbon
nanotube peak. By comparing figures 5 (b), (c), and (d),
we can see that as the plasma radiation time increases
from 0 to 100 s, the intensity of the carbon and cobalt
hexagonal peaks decreases as a result of the activation of
the solution by plasma reactive species. As previously
shown in figure 4, the plasma consists of different reactive
species, such as reactive oxygen, nitrogen, and helium
species, which, upon contact with the aqueous solution,
produce additional reactive species. In contact with the
aqueous solution, long-lived reactive species such as
H20:, O3, NO:7, and NOs™ are produced alongside short-
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lived reactive species such as OH, NO, and ONOO™ [45,
46]. The long-lived reactive species remain in the solution
for minutes to days, while the short-lived species persist
for one nanosecond to several seconds and react quickly
to produce additional long-lived species [47, 48]. These
species alter the physical and chemical properties of
carbon nanotubes by introducing oxygen groups on their
surfaces. Various reports have shown that with increasing
treatment time, the physicochemical properties of the
treated solution such as density, concentration of reactive
species, oxidation-reduction potential, and conductivity
increase [49-51]. Additionally, as shown in figure 5 (b), in
the sample with 30 s of plasma treatment, carbon appears
in the cubic phase instead of the nanotube phase due to the
introduction of reactive oxygen-containing functional
groups into the structure of MWOCNTs [52] . As
demonstrated in Ref. [50], with increasing plasma
treatment time, the amounts of oxygen and nitrogen
groups significantly increase in the solution. These
functional groups are incorporated into MWCNTs by
interacting with OH radicals in the aqueous solution,
allowing CNTs to store charge through surface reversible
redox reactions, thereby facilitating a pseudo-capacitive
mechanism and increasing the electrode's capacitance
[53-55]. By comparing the results obtained from EDX and
XRD (figures 2 and 5), one can observe a correlation
between the decrease in cobalt and carbon species due to
the attachment of oxygen-containing groups to the
nanotubes.

Figure 6 (a-d) shows the SEM analysis of Co/MWCNT
nanoelectrodes before and after plasma treatment. These
figures indicate the structural properties of the samples.
As we can see in this figure, plasma treatment causes the
breakdown of MWCNT agglomerations in the composite,
which is an important factor for supercapacitor electrodes
[41]. This breaking mechanism occurs such that after
layer deposition on the surface of Cu, the nanotubes are
separated from the surface and take on a net-like shape.
This result also emphasizes the decrease in carbon content
in the samples treated by plasma radiation, which was
evident in the EDX figures. Figure 6 illustrates a net-like
shape of MWCNTs in the 60 s plasma treatment, which is
more effective compared to the 100 s treatment, while
plasma treatment at 30 s does not produce such changes.
Finally, to investigate the effect of plasma radiation on the
hydrogen storage  capacity of Co/MWCNT
nanoelectrodes, we conducted chronopotentiometry
analysis. During the charging process, electrons move to
the working electrode, allowing H" ions to adsorb on the
surface of the active electrode via physisorption. In
contrast, during the discharge process, the adsorbed
hydrogen on the surface of the active electrode is released

[56]. As a result, the greater the amount of hydrogen
adsorbed, the higher the discharge capacity. Figure 7 (a-
d) illustrates the discharge behavior of the samples treated
with He cold plasma at different times: 0 s, 30 s, 60 s, and
100 s under a constant current of 1 mA. The optimized
discharge capacity of each sample can be extracted from
the potential versus discharge capacity curves. In each
considered sample, an increase in discharge capacity is
observed with an increasing cycle number. For example,
in figure 7 (a), the 15th cycle exhibits a higher discharge
capacity than the first cycle due to the increased number
of activated sites available for adsorbing hydrogen ions,
which accounts for the greater discharge capacity. As
shown in figure 7, the discharge capacities are 6711
mAbh/gr, 8000 mAh/gr, 9700 mAh/gr, and 6088 mAh/gr
for the 0 s, 30 s, 60 s, and 100 s samples, respectively.
These results indicate that plasma treatment increases
discharge capacity from 0 s to 60 s; however, increasing
the treatment time to 100 s results in a decrease in
discharge capacity. Consequently, the 60 s treatment with
He cold plasma yields the highest discharge capacity,
while longer treatment times have a detrimental effect on
the discharge capacity of the samples. The increase in
discharge capacity with plasma treatment can be
attributed to the creation of novel sites such as oxygen-
containing groups and the breakdown of MWCNT
agglomerations, which are favorable for hydrogen
adsorption. Therefore, the 60 s plasma radiation on
Co/MWCNT nanoelectrodes enhances their suitability as
composites for hydrogen storage applications.

4. Conclusion.

In this study, we treated the Co/MWCNT nanoelectrode
with a cold atmospheric He plasma jet before layer
deposition. Various plasma treatment times, such as 0 s,
30 s, 60 s, and 100 s, were applied to achieve the optimal
conditions for the hydrogen storage process. Our results
showed that plasma treatment, even for a short time
interval such as 30 s, increases hydrogen discharge
capacity by creating defects and functional groups on the
surface of MWCNTs that are favorable for hydrogen
storage. Based on our findings, the 60 s plasma treatment
resulted in the highest discharge capacity and,
consequently, the greatest hydrogen storage capacity due
to the increased formation of oxygen functional groups
that create defects on the walls of MWCNTs and lead to
net-like shapes. However, increasing the plasma treatment
time to 100 s decreases hydrogen discharge capacity due
to the reduction of oxygen groups caused by the formation
of other oxygen fragments or the scavenging of some
radicals in the plasma-treated solution.
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