Vol. 125 (2014)

ACTA PHYSICA POLONICA A

No. 6

Proc. of the 8th International Conference NEET 2013, Zakopane, Poland, June 18-21, 2013

Influence of the Oxygen Plasma Treatment on Carbon

Electrode and Capacity of Supercapacitors

Z. KAVALIAUSKAS®”* | L. MARCINAUSKAS®® AND V. VALINCIUS®
¢Lithuanian Energy Institute, Plasma Processing Laboratory, Breslaujos 3, LT-4440, Kaunas, Lithuania
bKaunas University of Applied Sciences, Faculty of Technology, Pramones 20, LT-50468, Kaunas, Lithuania
¢Kaunas University of Technology, Department of Physics, Studentu 50, LT-51368, Kaunas, Lithuania

Amorphous carbon electrodes were deposited using atmospheric pressure plasma torch from the mixture of
argon and acetylene gases on the stainless steel substrates. The ratio of Ar/CyH; was in the range of 15-55. The
deposited coatings were immersed in low pressure oxygen plasma for 1 min. Scanning electron microscopy images
show that when Ar/C;H, ratio increases from 15 to 55, the electrodes surface roughness decreases. The Raman
scattering spectroscopy results indicated that the In/I¢ ratio decreases from 2.04 to 1.35. It was observed that
with the increase of Ar/C3H; ratio from 15 to 55, the capacity of supercapacitor increases from 16 mF to 36 mF.
The electric capacity of capacitors has increased up to 7 times after their exposure in oxygen plasma.
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1. Introduction

Supercapacitors offer a promising alternative approach
to meeting the increasing power demands of energy stor-
age systems in general, and of portable (digital) elec-
tronic devices in particular [1, 2]. Supercapacitors are
able to store and deliver energy at relatively high rates
because the mechanism of energy storage is a simple
charge-separation. The vast increases in capacitance
achieved by supercapacitors are due to the combination
of: (i) an extremely small distance that separates the
opposite charges, as defined by the electric double-layer,
and (ii) highly porous electrodes that embody very high
surface area [3, 4].

The power and energy-storage capabilities of these de-
vices are closely linked to the physical and chemical prop-
erties of the carbon electrodes. Variety forms of carbon
(activated carbon, glassy carbon, and nanotubes) are cur-
rently preferred as the electrode materials because they
have exceptionally high surface areas, relatively high elec-
tronic conductivity, and acceptable cost [5, 6]. The con-
ductivity, nanopores diameters, surface area, etc. have a
major influence on the supercapacitors parameters (ca-
pacity, stability voltage, and charge-discharge time). Ad-
ditionally, the nanopore diameter has a significant effect
on capacity [4, 7]. At a very low pore diameter, capac-
ity decreases, although the surface area can be very high
[8, 9]. Also the capacity of the carbon-structure elec-
trodes can be increased by the formation of various metal
oxides, conductive polymers on the top of carbon, or by
treatment in plasma [10-13].

In this work, an attempt to increase the capacitance
of electric double layer capacitors by modification of the
carbon electrodes is made using oxygen plasma.
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2. Experimental

The carbon electrodes were deposited from argon-
-acetylene gas at the atmospheric pressure on the stain-
less steel 1X18HI9T substrates. Argon was used as gas
carrier and acetylene as the precursor. Details about
this technique are disclosed in Refs. [14, 15]. The ratio
of Ar/CsHs varied in the range of 15-55; the arc voltage
was 39 V, the arc current — 25 A, the deposition time
— 150 s, and the distance between plasma torch outlet
and sample — 0.005 m.

The modification of carbon electrodes was performed
by ion irradiation using the magnetron plasma as source
of ions accelerated under 500 V negative bias voltage.
The coatings were immersed in the low pressure oxygen
plasma for 1 min. The pressure of the oxygen gas was
~ 1.5 Pa. The magnetron discharge current in the Oq
gas was variable in the range 1-20 mA corresponding to
a dissipated power density of 5-500 W cm™2.

The properties of carbon coatings were characterized
by the Raman scattering (RS) spectroscopy technique
using Spectra-Physics Nd:YAG laser (532 nm, 50 mW,
spot size 0.32 mm). RS were recorded in the Raman
shift range from 1000 to 1800 cm~! and were fitted with
Gaussian contours, using least squares fitting software.
The electrodes structure was analyzed by X-ray diffrac-
tion (XRD) (DRON-UM1, BRUKER D8Advance) with
standard Bragg—Brentano focusing in a 5°-70° range us-
ing Cu K, radiation. The surface topography analysis of
fabricated carbon layers was carried out using scanning
electron microscope (SEM) JSM-5600. Simple superca-
pacitors have been manufactured, including plasma car-
bon electrodes. These simple devices are sandwiches of
plasma carbon electrodes with an electrolyte, permeat-
ing the space between and within them. Aqueous solu-
tion (dilute KOH electrolyte) was used as the electrolyte.
To avoid contact between the electrodes, a separator was
applied, whereas stainless steel was used as the current
collector.
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3. Results and discussions

SEM surface views reveal that the coating topography
and structure depend on the working gas composition
and surface erosion (Fig. 1). When carbon surfaces with
maximum acetylene rates were affected by oxygen plasma
for 1 min, the surface radicals which have the weakest
binding energy with the surface were etched. After the
interaction with oxygen plasma, the visible surface struc-
ture becomes strictly formed (Fig. 1b).

Fig. 1.
ter oxygen treatment: (a)
(b) AI‘/CQHQ = 55.

SEM surface views of carbon coatings af-
Ar/CQHQ = 15,

The electrode surface consists of microgranules. After
the interaction with the active oxygen, the diameter of
microgranules increases, decreasing the acetylene quan-
tity in the plasma flow. Meanwhile, very strict struc-
ture of microgranules is visible at minimum acetylene gas
flows, the diameters are hard to estimate. As it may be
noticed, after the interaction with oxygen plasma, the
surface becomes rougher when Ar/CsHs ratio decreases.
This is because the obtained large diameter granules at
low Ar/CyH, ratios in oxygen plasma are etched from
all sides, and for this reason their diameter naturally de-
creases. When Ar/CyHs ratio increases, the obtained
microgranules surface becomes smaller in diameter, be-
cause they and the inner surface layers are etched; there-
fore, the small granules disappear, and during that time,
new microgranules are formed [14].

The disordered amorphous carbons have two peaks:
the so-called graphite (G) peak at 1580 cm~! and the so-
-called disordered-induced (D) peak at 1350 cm~!. The
spectra of the exposed carbon electrodes consist from
two separated almost the same intensity D and G peaks
(Fig. 2). It reveals that the carbon layer is amorphous
carbon film with mixed structures of sp® and sp? carbon
sites. The positions of the D peak almost do not change
the initial position. Meanwhile, the G peak slightly
shifted to higher values (from 1586 to 1591 cm~!), the full
width at half-maximum (FWHM) of the G peak broad-
ened (from 97 up to 110 cm™!) and the intensity ratio
between the D and G peaks (Ip/Ig) decreases (from 2.04
down to 1.35) with the increase of the Ar/C3;H; ratio.

The decrease of the Ip /I ratio indicates a higher frac-
tion of the sp® carbon sites. However the relatively high
Ip/Ig values indicate domination of the sp?> C=C sites.
The broader AG indicates higher structural disorder [15].
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Fig. 3. The dependences of supercapacitor capacity on
the ratio of Ar/CoHos.

Meanwhile the separation of the D and G bands is at-
tributed to the existing glassy carbon phase in the layer.

RS measurements demonstrated the amorphous
graphite-like carbon with glassy carbon phase inserts
structure. The XRD measurements confirmed the ex-
istence of amorphous carbon phase. The diffraction pat-
terns of the etched carbon electrodes have no diffraction
peaks attributed to the crystalline carbon structure.

Investigation of RS analysis shows that the quantity of
sp? C=C bonds decreases when Ar/CyH, ratio increases;
thus, the quantity of sp?> C~C bonds increases. The rel-
ative integrated intensity ratio (Ip/Ig) decreases from
2.04 to 1.35. At the same time, the capacity of super-
capacitor increases from 16 mF to 36 mF with the in-
crease of the Ar/CyHy ratio from 15 to 55 (Fig. 3). It
may be noted that the capacity values of exposed car-
bon electrodes increases up to 5-7 times compared to
non-exposed. Such tendency may be related due to the
fact that the prepared carbon electrodes beside sp? and
sp® carbon sites have CH,, sites. It is believed that the
CH,, sites are etched by the oxygen plasma rather than
the carbon sites. The results indicate the increase of ca-
pacity when the quantity of sp? bonds decreases [1, 2].
In this case, the quantity of sp? bonds does not affect
the capacity. It may be stated that the dimensions of
nanopores or surface area have the main impact on the
capacity.

The measurements show that the capacity value is the
highest when acetylene quantity in plasma flow is the
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lowest. This suggests that at Ar/CoHs = 55 after elec-
trodes surface interaction with oxygen plasma, the sur-
face area is the highest [10]. Many authors claim that
the sizes of nanopores have a significant influence on the
capacity. When the size is smaller than the diameter of
electrolyte molecules (0.5 nm), the formation of double-
-layer is impossible; thus, pores larger than 0.5 nm can
be eventually accessible electrochemically. As a result, it
is difficult to estimate what parameter (area of surface,
diameter of nanopores, or quantity of sp? bonds) has the
major influence on the capacity of condenser. Meanwhile,
the change of Ar/CoH, ratio leads to a slight decrease
of stability voltage (changes in 0.4-0.5 V range). It is
well known that the supercapacitors stability voltage is
about 0.5-1 V for the liquid electrolyte, and they do not
depend on electrode material [1, 2]. The main reason
for the variation of stability voltage is a powerful electric
field (about 107 V/m), resulting from charging voltage
between the electrodes [2]. It affects the disappearance
of the double-layer. On the other hand, the stability level
of double electrical layer depends on the inner resistance
of supercapacitors. The electric field makes the electric
charge carriers to migrate through the electrolyte.

The measured voltamperic dependence of supercapaci-
tors at various Ar/CyHs ratios is presented in Fig. 4a. As
the results show, when Ar/CyHs ratio increases from 15
to 55, the capacitors voltamperic characteristic curves
are nearly the same (in range of 0.2-0.4). Increasing
Ar/CsoHs ratio from 15 to 55 and at voltage range of
0.4-0.55, the leakage current increases faster. Therefore,
at 0.4 V of voltage the disruption of electrical double-
-layer begins. The quantity of electric charge through
the electrolyte is also increasing. The quantity of sp?
bonds has no influence on current level of leakage. Elec-
tric charge migrates through the electrolyte because of
the strong electric field [2].
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Fig. 4. (a) Voltamperic characteristics of supercapac-
itors when Ar/C,H, ratio is the following: 1 — 15,
2 — 27, 3 — 40, 4 — 55 and (b) supercapacitors
charge-discharge cycles: 1 — Ar/C;H; = 15 and 2 —
Ar/CQHQ = 55.

Measurements of the charge-discharge cycles show ap-
propriate symmetry of the peaks (Fig. 4b); thus, no
chemical reactions between the electrolyte and electrode
take place. The studies show that the maximum charg-
ing voltage is 0.4-0.5 V. This approximately matches
the value of supercapacitors stability voltage. The

Z. Kavaliauskas, L. Marcinauskas, V. Valincius

charge-discharge cycle of the capacitors increases from
40 to 65 s, with an increase of Ar/CoHs ratio from 15
to 55. The longest charge-discharge cycle (65 s) was ob-
tained for the capacitor with the highest capacity value
(36 mF). Therefore, when the capacity of the supercapac-
itors increases, the characteristic charge-discharge time
also increases.

4. Conclusions

Three-dimensional structure dominates on the surface
of carbon electrodes. The microgranules, with diameter
varying from 0.5 to 3 pum, are visible on the surface. RS
investigations show that the quantity of sp? carbon bonds
decreases when Ar/CyHj ratio increases. Similarly, the
capacity of supercapacitor increases from 16 mF to 36 mF
when the quantity of acetylene in the plasma flow de-
creases. The capacities of the carbon electrodes increase
from 5 up to 7 times after treatment in oxygen plasma.
The change of Ar/CoHy ratio marginally diminishes the
voltage stability. The leakage current increases from 10 to
40 pA. Meanwhile, the measurements of charge-discharge
cycles show a proper symmetry of peaks. The character-
istic charging time (65 s) is the longest when the capacity
of supercapacitor is 36 mF.
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