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Abstract- Manganese oxide (Mn®) was deposited on
multiwalled carbon nanotubes (MWCNTS) via electrochemical
deposition  technique. Morphological and  structural
characterizations were examined using Scanning Eleon
Microscopy (SEM), Transmission Electron Microscopy (TEM)

and Raman Spectroscopy. Cyclic voltammetry and
Galvanostatic  charge-discharge measurements  were
performed to study the electrochemical properties.

0.2 M Na,SO, was used as an electrolyte for both experiments.
For the purpose of the comparison, CNTs with differat
morphologies and water plasma treatment times were
produced and optimized according to their capacitaoce
performance. Results show that vertically aligned §Ts have
improved capacitive performance than random alignedones
and that water plasma treatment cleans the amorphau
carbon between nanotubes and increase the capacitan of
CNTs from 0.19 to 1 mFcm™2 Finally, addition of 2-3 nm
MnO, layer on CNTs improve the capacitance significanlly
from 1 to 45mFecm? (465 Fg?l). Therefore, results
demonstrate that MNO,/MWCNT composite is a promising
material to use as an electrode in supercapacitors.

Index Terms- 5. Nanostructure Materials; Manganese oxide,
electrochemical deposition, carbon nanotube, supeapacitor.

I- INTRODUCTION

From their discovery (1991), carbon nanotubes (QNTs
have been an attractive research topic due to tnigjinal
properties. Although much has been said on CNT#; ne
applications and new research perspectives arertegpo
every year.

Growing CNTs is normally carried out on a metallic
catalyst such as Fe, Ni and Co. From a catalystr)after
an annealing step, a CNT is grown from each regylti
particle being different growing mechanisms possibl
Catalyst thickness layer and the diameter of the Fe
particles, after annealing, have been correlateith wie
diameter of the obtained CNTSs [1]

Supercapacitors can store electrical energy thraugh
kind of processes, double-layer charging and/ooubh
faradaic process. They fill the gap between batsefiow
specific power and high specific energy) and cotieeal
capacitors (high specific power and low specifiergy),
i.e. they have a specific power as high as coneeati
capacitors and a specific energy close to thatatfekies

2.

Due to their outstanding properties (mechanical,
electrical, thermal...), carbon nanotubes (CNTs) Hasen
used in an increasing range of applications. Int,fac
applications related to supercapacitors have ajrdmen
reported [3-5]. Nevertheless, the studies carrigddom the
influence of the morphology (length of CNTs, diaereind
alignment) and the properties of functionalizatioh the
CNTs on the supercapacitors efficiency are notrdered.

In this work, obtained CNT electrodes were grown by
means of plasma enhanced chemical vapour deposition
(PECVD) on a catalyst layer deposited by magnetron
sputtering. This technology allows us to controVedse
parameters such as catalyst thickness layer, tatyperand
deposition time, which have been optimized to t@MNTs
length, diameter and CNT alignment. The obtainedT€N
were further modified by plasma post-treatmentrideo to
enhance their electrical response. Finally, a digtelayer
of manganese oxide (MnpD was electrochemically
deposited on the surface of the CNTs in order tenfthe
supercapacitor structure.

CNTs electrodes were characterized by means ofccycl
voltammetry, chronopotentiometry  (charge-discharge)
Raman spectroscopy, scanning and transmissionraect
microscopy (SEM, TEM). The two electrochemical
methods permit to evaluate the efficiency of theetteped
electrodes and the SEM and TEM results are usaddess
the morphology of the CNTSs. In this way, we will bble
to correlate the CNTs characteristics with the tetetes
ones in view to increase the efficiency of the
supercapacitor.

[I-OBJECTIVES OF THE WORK
The main objective of this work is to characterize
CNT/composite based electrode material to deterrifire
specific capacitance of supercapacitors which tirec
affects their energy density.

In this purpose, specific objectives were deterochifer

each step of experiment;

a) To study the effects of a water plasma treatment of
the obtained CNTs on the specific capacitance of
the electrode.

b) Optimization of the electrochemical deposition of
MnO, on the obtained CNTs.

c) Characterization of the CNTs electrodes in order
to determine their electrochemical properties.
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[ll- STATE OF THE ART and MOTIVATION

1. Supercapacitor characteristics, structure and teory

Supercapacitor, also known as electrical doubleerlay
capacitor, ultracapacitor, or electrochemical cépads an
electrical energy storage device.

Commercial productions of electrochemical
supercapacitors in the current markets are baseHigin
surface area porous carbon materials as well asdbas
noble metal dioxide systems [6]. These commercial
supercapacitors are widely used as power sources fo
activators, or as elements for long time constawntits, or
standby power for random access memory devices, and
telephone equipments, etc.

Principle; Supercapacitors have two electrodes immersed
in an electrolyte solution, with one separator leetthem,
and two current collectors. The process of enetgsage is
associated with buildup and separation of eledtdbarge
accumulated on two conducting plates spaced some
distance apart as shown in Fig. 1.

Electrolyte, Separatc Electrolyte, ActiveLayel

Current Collectc

Carbon particles in contact

‘—| with an electrolyte film

Fig. 1. Schematic diagram of
electric double layer capacitor
mechanism and illustration of
the potential drop at interface of
electrolyte and electrode [7]

Electrical double layer capacitor accumulates tharge
at the interface between the surface of a condwartidran
electrolyte solution. When charged, the negatives im the
electrolyte will diffuse to the positive electrodehile the
positive ions will diffuse to the negative electeodn this
case, it creates two separated layers of capadctiveage,
so the maximum energy density, W, stored in theaciqr
is given by equation (1).

W :%c.\/2 1)

whereC is the specific capacitance, awds voltage. The
double layer capacitor does not involve chemicattiens,
thus supercapacitors have long life cycles of obaagd
discharge [7]. Some supercapacitors have another
contribution to the capacitance associated witlcti@as at

the surface of the electrodes. These reactionsistoos
electron transfer between the electrolyte and thetrede
surface, with the corresponding change in the diida
state. This kind of capacitance related to fargaacesses

is referred to as pseudocapacitance.

2. Why to develop a supercapacitor?

Energy storage devices are classified accordirenargy
and power density. Power density is related to the
“strength” of a given current and voltage combioati
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while energy density is related to the duratiortiofe that
power can be applied. Electrochemical double layer
(ECDL) capacitors are intermediate systems between
traditional dielectric capacitors (high power) apakteries
(high energy) [6]. A comparison of the propertiesda
performance between battery, capacitor, and supacdar

is given in Table 1.

Tablel. Comparisons of Capacitor, Supercapacitor and Bytfé]

Parameters Capacitors Supercapacitors Battery
Charge time 1%~ 10%s 1~30s 0.3 ~3hr
Discharge time 19~10%s 1~30s 1~ 5hr
Energy density _ _
(Whikg) <0.1 1~10 20 ~ 100
Power density _ _
(Wikg) > 10,000 1,000 ~ 2,000 50 ~ 200
cyclic life > 500,000 >100.000 500 ~
’ ' 2,000
Charge/discharge ~01 0.90~0.95 0.7~0.85
efficiency

Batteries are currently the most common form of
electrical energy storage. However, due to thedrtstycle
life and low power densities, batteries are notasle for
many lightweight power source applications [8].

Conventional capacitors also have extended lifdesyc
(i.e., >10,00Q longer than batteries. However, the small
energy density (i.e., 605 Wh/ky of capacitors is a
significant drawback for many applications whichuize a
large amount of energy storage or delivery [9].

ECDL supercapacitors have properties ranging lesiwe
these two common energy storage devices.

Supercapacitors offer high power density and loygjec
life. Most of available commercial supercapacitbese a
specific energy belowl0 Wh/kg Supercapacitors have
higher specific power than batteries and for theson they
are used in conjunction with batteries in powerli@pfions.
Further improvement of their performance is maigiated
to the specific energy. In addition, conventionapacitors
are limited by dielectric breakdown. However,
supercapacitors typically contain organic electedythat
may limit their use in some applications [10].

As energy storage devices, supercapacitors could be
applied to many emerging technologies such as:

. Electric vehicles,

. Pulse power applications such as satellite
propulsion,

. Light rail applications to provide surge power for
acceleration,

. Power ride-through circuit, in which a back-up

energy cuts in and powers deload if the main
power supply fails for a short time. This type
generally, dominated by batteries but EDLC are
fast making in roads as their price-per-farad, size
and effective series,

. Radars and torpedoes in the military domains,

. Defibrillators and cardiac pacemakers in the
medical domain,

. Memory supplies in phones or computers.
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3. CNTs main characteristics interesting in this case.

Why CNTs for Supercapacitors?

The capacitance for an electrochemical device d¥pen
the separation between the charge on the electande
counter charge in the electrolyte. Since this distais
about few nanometers for nanotubes in electrodegpaced
to a micrometer in ordinary dielectric capacit@stremely
large capacitances result [9].

There are several reasons why CNT-based electrodgs
ultimately be used in supercapacitors. Nanotubgs high
electrical conductivity, large specific surface are
(1to >2000 n¥/lg), good corrosion resistance, high
temperature stability, percolated pore structurealk
dimensions, a smooth surface topology, perfectaserf
specificity since only the graphite planes are eggoin
their structure and can be functionalized to optemiheir
properties [9].

Besides, research has shown that CNTs have thegtigh
reversible capacity of any carbon material for use
lithium-ion batteries [11].

4. Growth control of CNTs by PECVD

Today, there are several methods to produce mualti w
carbon nanotubes (MWCNTS) such as arc discharger la
ablation and thermal catalytic chemical vapor déjoos
(CCVD). Although the two first methods have rapidly
known their consecration for the high quality of NDNTSs,
their application area appears limited for as-dipds
synthesis products [12].

Chemical vapor deposition (CVD) is one of the prsing
techniques for the growth of CNTs because it makes
growth of nanotubes directly onto substrates péessith
relatively low temperature as compared to othehngpies
such as arc discharge or laser ablation methods.

Radio frequency plasma enhanced CVD (RF-PECVD) is
probably the most suitable CNT growth method beeatis
is relatively simple and has a higher reliabilihab other
techniques; it has thus been widely used for thim f
deposition in the fabrication of electronic devices
particular advantage of PECVD for applications in
nanoelectronics is that it allows vertically aligh€NT
growth at relatively lower temperatures as compated
thermal CVD [13].

5. Metal-oxide deposition techniques and advantages
on behavior of supercapacitors

CNT composites have been considered as an effective
material for supercapacitor electrodes, the aduitiphase
mainly including electrically conducting polymersnca
multivalent metal oxide [14]. According to the cbar
storage mechanism, the addition on the surface T C
provides an extra capacitance while each tube asts
micro electrode. They have good chemical stabilifyod
conductivity and a large surface area. In additl©N]Ts can
be strongly entangled, which provides a networkopén
mesopores [15]. As a typical representative of hwtales
supercapacitors, RYNT composite has shown to
possess excellent capacitance performance, bhigitscost
and environment harmfulness limit its applicatibtence,
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other compatible metal oxide electrode materials fo
supercapacitor have been studied extensively, asdtiO,
IrO,, Co;0,4 and MnQ. Among them, manganese dioxide
exhibits appealing electrochemical properties, sashthe
rich redox behavior, various structures and oxalastates
in electrolyte, which can store and converse theetat
charge effectively despite its low cost [14]. Fertiore,
the synergistic effects of MRICNT composites have been
employed to improve the poor electric conductiord an
deficient charge transfer channel of simplex MnO
electrodes [14]. Moreover, manganese dioxide is
considered environmentally friendlier than othemsition
metal oxide systems [15].

The routes of general blended processes are difficu
forming homogeneous dispersion of CNT in composite
matrix and producing close coating layer of Mn@h the
surface of CNT. It has been predicted that the oumif
MnO,/ CNT composites can be prepared using the “redox
deposition” method [14].

Physical vapor deposition (PVD) layers are rather for
corrosion protection, and plasma spraying requires
sophisticated equipment [16]. Electrochemical d#joos
offers significant cost, reliability and environntah
advantages over the previously used evaporation
technology.

In the present work, the possibility of electroctieal
deposition (ECD) of Mn@onto CNTs was assessed. ECD
can accommodate the whole range of different leagéthes
found on a large200 mmor 300 mmdiameter wafer.
Amorphous-MnQ@nH,0 films were deposited on the CNTs
by anodic deposition [5].

6. Characterization techniques interesting in thisase

In our work, characterization was made consideting
different goals according to the purpose of thesturirst
one is electrochemical characterization and seaoral is
microscopic and spectroscopic characterization.

For the electrochemical techniques, cyclic voltarmgne
was performed to interpret supercapacitor behawbr
CNTs electrode after and before Mn@eposition. Besides,
galvanostatic charge-discharge was made to see the
discharge behavior and to calculate the specifiacigance
of CNTs electrode after and before Mnd&position.

6.1. Electrochemical Characterization Techniques

Cyclic Voltammetry;

In typical cyclic voltammetry (CV), a solution commpent
is electrolyzed (oxidized or reduced) by placing siolution
in contact with an electrode surface, and applymg
sufficiently positive or negative voltage to theatode. In
simple cases, the surface is started at a panticaldage
with respect to a reference half-cell such as celoor
Ag/AgCI electrode, the electrode voltage is chantea
higher or lower voltage at a linear rate, and finathe
voltage is changed back to the original value at $hme
linear rate. When the surface becomes sufficiemtiyative
or positive, a solution species may gain electfoos the
surface or transfer electrons to the surface, ctipdy.
This results in a measurable current in the eldetro
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circuitry. When the voltage cycle is reversedsibften the
case that electron transfer between electrode harhical

species will also be reversed, leading to an ‘“iseér
current peak [17]. These features are illustratefig. 2.

Switching point

Fig. 2. Shape of a
voltammogram for a
Nernstian electrochemical
reaction [17] (Epa is the
potential of the anodic
current, Epc is the
Epa potential of the cathodic
current)

Current (Arbitrary Units
1

The quantitative simulations show several things do
Nernstian system. The peak current in a cyclic
voltammogram containing only one species is desdrity
the Randles-Sevcik equation:

nF \/-Djy2
RT

i, =0.4463nF -A-C-(
)

i = (269x10° )’ .AD 242"

At 25 °C whereF is Faraday's constan®§485 C / mgl
Ris the universal gas consta8t314 J / mol K i,is the
peak current irA, n is the number of electrons transferred,
A is the electrode active surface areacir?, D is the
diffusion coefficient of the species onf/s, v is the scan
rate inVs* andC* is the bulk concentration of the species
in mol/cn? [17]. From this equation, it is possible to obtain
electrode active surface ared’"

The achievement of rectangular-shaped cyclic
voltammograms over a wide range of scan rates é@s th
ultimate goal in electrochemical double-layer ciétoas
[18]. Because the bigger area inside the CV curefss to
bigger capacitance of electrode. This behavior ésyv
important for practical applications. First, a hegtenergy
density is expected, because the usable potenatiger is
wide. Second, a higher power density is expectethas
critical scan rate increases

Charge Discharge;

Galvanostatic charge/discharge is a more relialdthau
for getting the specific capacitance than CV [18]l
charge/discharge curves should be almost linear and
symmetric like in Fig. 3.

(a) 09
) 1 500 1000 1500 2000

Fig. 3.
Charge—discharge
curve vs. time.[20]
The numbers at top
of the curves refer
to the cyclic time.
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The specific capacitance is calculated from therlipart
of charge/ discharge curves using:

C=1/[(AVIA).A] 3)

Wherel is the constant currenit is the time interval for
charge/ discharge in voltage/, A is the active surface area
of composite material ard is specific capacitance [19].

6.2. Microscopic and Spectroscopic Techniques

For the microscopic and spectroscopic charactésizat
first Raman spectroscopy was performed to obsenmee t
chemical composition of obtained electrode aftertewa
plasma treatment. Also scanning electron microscopy
(SEM) was made; to check the growth of CNTSs; tockhe
the homogeneity of CNTs tips and the presence of
amorphous carbon, to see the MnOn CNTs. Last,
transmission electron microscopy (TEM) was made to
check the presence and thickness of Mo®the surface of
CNTs.

Raman Spectroscopy;

Raman spectroscopy is a spectroscopic techniquetase
study vibrational, rotational, and other low-freqag
modes in a system [21].

The structure, topology, and size of CNTs are acsoof
their outstanding mechanical and optical properaes!
their electronic behavior. Raman spectroscopy p®@ular
technique for determining the diameter distribution
chirality, purity, and architecture of CNTSs.

The most prominent Raman features in CNTs are the
radial breathing modes (RBMs), the higher frequebcy
(disordered),G (graphite), andG' (second-order Raman
scattering fromD-band variation) modes. The quality of a
sample has often been evaluated using B& band
intensities. For high-quality samples without défeand
amorphous carbon, thB/G ratio is often less tha@ %
[22].

Scanning Electron Microscopy;

The scanning electron microscope (SEM) is a miapsc
that uses electrons rather than light to form aagen The
SEM also produces images of high resolution, wimglans
that closely spaced features can be examined aglta h
magnification. The combination of higher magnifioat
larger depth of focus, greater resolution, and eisample
observation makes the SEM one of the most heawgdu
instruments in research areas today [23].

Transmission Electron Microscopy;

The transmission electron microscope (TEM) operates
the same basic principles as the light microscageubes
electrons instead of light. What you can see witlight
microscope is limited by the wavelength of lightsétheir
much lower wavelength makes it possible to get a
resolution a thousand times higher than with atligh
microscope [24].
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IV- METHODOLOGY
1. Preparation of CNT-based electrode
CNT based electrode production was carried out in a
reactor resulting from the European project “Nabetu

(Fig. 4).

Fig. 4. PECVD reactor and Lift system to open [26]

This reactor consists on three magnetron sputtdraagls
and a high temperature PECVD accessory. All these
process heads mounted in the same chamber (redudtio
manufacture costs and power consumption) and with a
simple “Turn-on” procedure of the whole system,r¢his
an easy maintenance and no time consuming during
processes. This reactor enables the possibilibjasing the
substrate and high vacuum conditions [25].

During the processes, all parameters were contrdile
using a PC software control in “Labview” of NI

CNT based electrode production procedure was carrie
out according to Fig. 5, which shows the whole @enkd
processes to optimize operating conditions in orter
obtain better CNT based electrodes.

During production of CNT based electrode, to make a
optimization, SEM was used ta) find the optimal
annealing temperature in order to obtain a desired
formation of Fe particles to growth CNTig; assess vertical
alignment, and homogeneity of the deposited CNTs idh
evaluate water plasma effect on the CNT morphology.

In accordance with these purposes; sputtering of Fe
catalyst on Si wafer was use to depdsithm with the
presence o2 Paand50 WAr plasma. PECVD was chosen
as a better process to grow vertically aligned CNArewth
process with PECVD was done &80 °C, 900 sand50 W
RF power in the presence of WB,H, mixture where NH
is using as a carrier gas angHgis a precursor gas.

The water plasma helps to
open the ends of CNTs to
make the inner side
functional and also to
remove amorphous carbon
from the CNTs. Avoiding
amorphous carbon makes
the area between CNTs
area clean and functional
where the ion diffusion also
happens. Besides, opened
tips permit to the inside of
the wall of CNTs to be
functional. Therefore, this
effect provides higher
surface area.

Fig. 5. Algorithm of making
CNT based electrode
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Time and pressure parameters are the most impanest
which can change the growth of CNTs significanfg. a
result, water plasma was performedb@tPaand60 swith
50 W plasma power. The details of optimization can be
found in Burak Caglar’s thesis [26]. Then the metete
deposition was made by electrochemical depositisingu
three electrode e-cell system. To change the thigkisome
parameters have been optimized like: concentratbn
electrolyte solution, deposition time and voltagering
electrochemical deposition.

2. Design and construction of experimental setup ah
description of general system of ‘AutoLab’

Both MnQ, deposition and electrochemical measurement
were carried out inside the same homemade
electrochemical cell (Fig. 6-a). The cell has auva of
500 mland consists of three input holes used to intreduc
the different electrodes; counter electrode, Ag/AgC
reference electrode and working electrode.

AutoLab (PGSTAT30, USA, Fig. 6-b) system was used
for the electrochemical deposition of Mp@nd for the
electrochemical characterization of the samples.

Systems setup was almost the same for both MnO
deposition and electrochemical measurements. After
putting the electrolyte inside the e-cell, it isxed by using
a magnetic twister below the e-cell. In this wagctiolyte
can be kept homogeneous inside the e-cell.

The cell is provided with a gas entrance thatvedldhe
removal of oxygen by bubbling nitrogen gas througgéa
solution (Fig. 7). The setup also allows the maignet
stirring of the aqueous solution.

3. Metal-Oxide Deposition

Manganese oxide deposition was carried out in liheet
electrode e-cell system (Fig. 6-a) by applying aodic
potential to the CNTs electrode using a Pt ringtetele as
the counter electrode and a Ag/AgCl reference eldetin
a Mn,SQ, solution. AutoLab system device was used for
the electrochemical deposition and all parameteesew
controlled by using Nova 1.5 (Copyright 2009, Ede@ie
B.V.) software.

e il . 1

Fig. 6. a) Three electrode e-cell system b) AutoLab System

Fig. 7. Working electrode holder system used inside le-cel
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Before deposition process, deposition conditiorchsas
applied potential, aqueous solution of Mnéncentration
were defined according to the previous studieshisiway,
parameters were fixed such as: concentration aftisol
0.2 M Mn,SQ, and set potential0.4 V. Then, to calibrate
the deposition rate of Mn©O 30 min deposition time was
performed on a Si wafer to be able to measurehilbkriess
by using Atomic Force Microscopy (AFM). Then three
different MnGQ, deposition time3 min 6 min and10 min
were tested and the capacitance of the obtaineglsam
was measured in order to assess the influence @,Mn
the final properties of the electrode.

4. Characterization techniques

As described in section IlI-6, CV, charge discharge
Raman spectroscopy, SEM and TEM were performed to
characterize MN@MWCNTSs composite electrode material.

4.1. Electrochemical Characterization

CV and charge-discharge behavior were utilized to
evaluate the electrochemical behaviors of the
MnO,/MWCNT composite.

The main role of the CV was to see the redox beinavi
and compare capacitance calculating the area irthide
curve. CV is also used to determine the activeaserfarea
of the CNTs electrodes by introducing the sampleain
solution with an electrolyzable species {#ee™). In
charge-discharge experiments, the discharge bahade
observed and using equation {Bg specific capacitance of
the CNT based electrode was obtained. The ¥MDRT
composite with a definite area of abdutnf was used as
working electrode. A commercial Metrohm Pt ring
electrode served as the counter electrode, and gkgj/#vas
used as a reference electrode to control the pataritthe
working electrode. A0.2 M N&SQ, solution was used as
electrolyte, respectively. Additionally).005 M KFe(CN)
with 0.1 M NaSQ, solution was used to determine the
surface area of CNTs. Active surface are, was
calculated using equation (2).

All electrochemical experiments were carried outoaim
temperature and the potentials were referred ta/&gClI
reference electrode. All chemicals were analytiadgt
Double-distilled water was used throughout.

4.2. Microscopic and Spectroscopic Characterization

The morphologies of the MnOfilm and MnQ/CNT
electrodes were observed by SEM (FESEM, Hitachi
S-4100, Japan). This technique was also used imiapt
the parameters that affect the morphology of theTE€N
during the production process such as; annealing
temperature, annealing time, plasma power and water
plasma treatment. The nanostructure of the M@GNT
electrode such as thickness, homogeneity and the
nanostructure of CNTs such as SW or MW CNTs were
examined using TEM (CM-30, JEOL, Holland). The
characterization of water plasma effect on amorphou
carbon was done based on Raman Spectroscopy (106400
Jobin Yvon, Division Instruments (ISA), Japan).
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VI- RESULTS and DISCUSSION

1. CNTs morphology influence on supercapacitor
properties

By producing vertically aligned CNTs on Si electeopgve
obtain a potentially higher active surface areanthia
random aligned CNTs. Therefore, higher active serfarea
will provide higher ion transfer and capacitancer fo
supercapacitors.

Fig. 8 shows the morphological differences between three
samples of CNTs obtained under different conditioftse
desired CNTs (Fig. 8-a) have vertical and homogeseo
alignment with high density while the other CNTsg(B-b
and c)showed random and less dense alignment. Table 2
shows the properties and the growth conditionshefé
three CNTs samples.

To be able to make a calculation of active surfacs,
current vs. potential curve was obtained in a
0.005 MKFe(CN) 1 M NaSQ, solution. Using equation
(2), the obtained active surface areas w82 +0.1, 1.04
+0.02 and1.52 +0.044 crhfor the vertically aligned CNTs
electrode and other two random aligned CNTs eldeso
Fig. 9-b indicates the current vs. scan rate cwhieh was
obtained from CV graph (Fig. 9-a) to calculate dutive
surface area from slope of the line.

Cyclic voltammetry comparison measurements of same
three samples are shown in Fig. 10 to compare @étlexr
behavior and capacitance performance. Vertical lsigt
densely CNTs show higher redox ad capacitive behavi
than other CNTs. From the charge-discharge
measurements, the following specific capacitandethe
CNTs tested electrodes were obtained using equéBpn
0.19, 0.11and0.13 mFcrif in orderly for Fig. 8-a, b and c.

Fig. 8. SEM images of CNT growth type obtained in threéemint
conditions a) 3 nm Fe thickness, 68D PECVD, b) 5 nm Fe thickness,
750°C PECVD, c) 5 nm Fe thickness, 680PECVD
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Table2. Conditions and results of different CNTs samples

CNTs CNTs Immersed Active Active Specific
# diameter(nm) Length Area (cn) surface Area  Surface Area/ Capacitance
(um) (cm?) Immersed Area (mFcm?)
3 nm Fe, 680C
PECVD 21 15.8 0.64 3.92+0.1 6.13 0.19
5 nm Fe, 750C
PECVD 95 3.8 143 1.04 £0.02 0.73 0.11
5 nm Fe, 680°C
PECVD 81 3.9 1.08 1.56 +0.05 1.44 0.13

As we can clearly see from the Tablartd SEM images,
3500 - oyt at low temperature, CNTs density is always highantat
high temperature, so when using PECVD, high tenipsza
process does not provide enough alignment and degise
CNTs. From Table 2 results we can conclude that,
vertically aligned CNTs have better specific catmuie
=T = than random aligned one. In fact, we can also cmiecthat,
as expected, the specific surface area is largemwhe
CNTs are vertical and thinner.

2500 - ====100mVs-1

— - =50mVs-1
1500
500

8%

-1500

Current (1LA)

2. Water plasma influence on supercapacitor
properties
Water plasma was done to remove amorphous carbon
from the CNTs samples. Moreover, water plasma he&lps
open ends of CNTs to make the inner side availdhtae
and pressure parameters can be changed in order to
3500 optimize the water plasma process. The morpholayy a
30001 the amorphous carbon contamination were changeld wit
. performing water plasma on CNTSs.
Water plasma conditions were first optimized acouayd
2000 to their effect on amorphous carbd®0 s water plasma
1500l showed a clearer effect if compared to other coombt
(30 sand300 9. SEM and TEM images show the effect of
1000 S ;
water plasma clearly, as shown in Fig. 11. Fig.-lL1a
indicates the CNTs without water plasma while Figlita-

-2500

-3500 -

Potential (V) vs. Ag/AgCl

25004

Current (LA)

5004

010 0.15 0.20 0.25 0.30 0.35 0.40 Il shows CNTs afte60 swater plasma. Diameter of CNTs
2 -1 also decreases fro@l + 3 to 15 + 2 with water plasma
conditions, as shown in TEM figures, Fig. 11-b

Scan rat€ (V*? s

Fig. 9. a) CV results of VA- CNTs with applying 3 différecan rate
(50, 100 and 150mW3, b) Current vs. scan rate curve obtained from

previous figure
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Fig. 10. Cyclic voltammetry results of samples with 150m¥can rate. Fig. 11. SEM iamges and TEM images of CNTs a) and cpuitvater

plasma, b) 60 s and d)300 s water plasma
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—— without water plasma
— 60s water plasma
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Fig. 12. Raman spectroscopy of 60s water plasma CNTs aechpa an
un-treatment sample ones

The main features in the Raman spectra are fidgror
ones. The so-called disorder-inducBdband appears at
1355 crit andG band appears 4581 crit in the MWNT
sample spectra, like in the Fig. 12.

The most distinct characteristic of first order aptmus
carbon Raman spectrum is an asymmetric featurden t
1000 - 1800 cfh with the summit at about450 cnil.
Fig. 12 shows the Raman spectrum of two CNT eldetro
sample. As is seen from the water plasma curve, th
amount of the amorphous carbon obviously decreaied
performing300 s, 50 Wvater plasma at room temperature
and50 Pa Also the presence of amorphous carbon affects
the Raman spectrum of MWCNTSs and display EhandG
band in low intensities, as is seen from withoutspha
curve.

The active surface area of CNTs decreased 812 to
1.04 cnif after a60 s water plasma treatment. It can be
related with the decreasing in the diameter of Cldfier
plasma implementation. Fig. 13-a shows the obtaid¥d
of CNTs after60 swater plasma in 0.005 M KFe(CN)1
M N&SQ, solution with applying three different potential
rates 60, 100 and 150 mV3). Fig. 13-b indicates the
current vs. scan rate curve which is obtained from
graphs (Fig. 13-a) to calculate the active surfaea from
slope of the line.

Table 3. Conditions and results of CNTs with different avgblasma

Aydin Toygan MUTLU
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Fig. 13. a) CV 60 s water plasma CNTs with applying 3 céffie scan

rates (50, 100 and 150 rﬁ\}) b) Current vs. scan rate curve obtained
from previous figure

Cyclic voltammetry results shown in Fig. 14, prabhat
water plasma improve capacitive performance du¢héo
removal of the amorphous carbon. Applyi6@ s water
plasma, the specific capacitance showed a raise rd9
to 1 mFcen? according to their charge-discharge results
obtained using equation (3). But on the contramy, long
or too short plasma negatively affects the specific
capacitance Q048 mFcif for 300 s water plasma,
0.32 mFcrif for 30 swater plasma) since the plasma makes
the CNTs shorter or does not clean the amorphotmra
enough. Fig. 14 also proved that wh splasma shows
higher capacitance compared not only to the CNTsowut
plasma but also to the other plasma tin83and300 9.

Diameter Length Immersed Area Active Active Surface Area Spec_:mc
# (nm) (nm) () Surface Area / Immersed Area Capacitance

(cm?) (mFcm?)

without water 21+3 15.8 0.64 3.92+0.1 6.13 0.19

plasma

30s water plasma 30+4 9.0 1.05 1.28 £0.03 1.22 0.32
60s water plasma 15+2 11.2 0.49 1.04 £0.02 2.12 1

300s water plasma 17+2 55 0.8 1.48 £0.09 1.85 0.48
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CNTs with 60 s water plasma
CNTs with 300 s water plasma
350 CNTs without water plasma

450 4

CNTs with 30 s water plasm

250

150

Current (uUA)

-150 -

-250 -

Potential (V) vs. Ag/AgCl

Fig. 14 CV of CNTs without and with different water plasimzes in
150 mV&' scan rate.

Figure 14 also indicates that, there is no sigaific
capacitance performance difference with apply®® s
water plasma to CNTs. But applyirBP0 swater plasma
shows better capacitance performance compare80ts
water plasma. Therefore, we can conclude that eviém
shorter CNTs, long time water plasma shows higher
capacitance thanks to the more open surface argl les
amorphous carbon contamination. And also we carihsgty
the removal of amorphous carbon has more significan
effect to capacitance than the length of CNTSs.

Table 3 indicates that, performing water plasmaratte
growth CNTs is a suitable option to remove the ghous
carbon from the samples and it increases theirifspec
capacitance.

So we can conclude that the implementation of water
plasma increases the specific capacitance of ebtbstr
thanks to more open and higher active surfaced\afghy
removing the amorphous carbon contamination, asvisho
in the substrate part of Figure 11 a-Il.

3. Manganese oxide
properties

3.1. Determination of solution composition

After several trials of different conditions, dejims rate
of MnO, could not be found on CNTs. However, the
deposition rate on a Si wafer was determined bysomézg
the thickness of the deposited Mnl@yer with AFM for
different deposition times. From these studies the
deposition rate was taken dsnm MnO, thickness per
minute in a0.2 M Mn,SO, solution applying a voltage of
0.6 V[27].

influence on supercapacitor

3.2. Optimization of deposited thickness

To make an optimization of MnQdeposited thickness,
three different thicknesses were tried such3ass and
10 nm which corresponds to the deposition tim@&s6 and
9 min, respectively. CVcurves indicate that the best
capacitance is obtained aftgérminutes of deposition time
(Fig. 15).

Aydin Toygan MUTLU

800 7 wererans 3 min deposition of MnO,

-==-= 10 min deposition of MnO,
600 1 — 6 min depositon of MnO, T

Current (LA)

00 07
Potential (V) vs. Ag/AgCl

Fig. 15. Cyclic voltammetry compare of three different Mri@posited
time CNT electrodes in 150mV/gotential scan rate

The presence of MnlXilm for 3 min deposition can be
seen from SEM and TEM images, Fig. 16.

According to the SEM images, MaQayer seems well
deposited not only on the tips but also on therddte
surfaces of CNTs. Also in these images, lots ofsgapre
seen on the surface and these may cause from the
hidrophobicity of CNTs in the aqueous solution.

From TEM images, thickness of Matyer was found to
be 2.4 + 0.4 nmfor 3 min deposition. It proves that the
deposition rate is approX.8 + 0.1 nm/minwhich is close
to the value that we estimated before.

e }: g |1 —
Fig. 16. SEM and TEM images p@eposited CNTs after 3 min
deposition. Mn@layer can be seen in TEM figures.
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Table 4 Conditions and results of CNT electrode functiaration

Aydin Toygan MUTLU

4 Diameter Length Immersed Surface Area Immersed Area / Capsa?c?tcalfr;((::e
> .
(nm) (nm) Area (cn) (cm?) Active Surface Area (mFem?)
VA-CNTs 21+3 15.8 0.64 3.92+0.1 6.13 0.19
VA-CNTSs, 60 s water 1542 11.2 0.49 1.04+0.022 2.12 1
plasma
VA-CNTSs, 60 s water
plasma, 3 nm MnQ, 24+3 0.55 0.36 £0.02 0.65 4.5

layer

—— MnO2/MWCNT composite electrode
== CNT electrode after 60 s water plasma
""""" VA-CNT electrode

400 -

300 4

R

Current (LA)

Potential (V) vs. Ag/AgCl

Fig. 17. CV results compare of three different samplehoée different
condiiton at 100mVsscan rate

Finally, Fig. 17 shows that MnOlayer increased the
specific capacitance of CNT electrode significanttywas
found that with3 nmMnO, deposition on CNT electrode,
the specific capacitance increase frdmto 4.5 mFcnif
(1 mFen? corresponds to CNTs witBO swater plasma).
Also from Table 4, it can be seen that the increake
specific capacitance for different functionalizatio
processes.

Specific capacitance for MWCNT electrode was
also found inFg'. It was estimated that all Mhwas
oxidized to MA* during electrochemical deposition. And
the total mass of MnOwas determined according to the
total charge that passed through the electrodengluhis
oxidation and using Faraday constant and the nmo¢ess of
MnO, (3.5 x 1¢° g).

Finally, the specific capacitance of the MW@OWCNT
electrode was found to B&3 Fg'.

Table 5 shows the different specific capacitancailte
and the conditions. Highest value has been obtdaiye.-
W. Nam et al. [37] asl701 Fg' using NiQ/MWCNT
composite material on Si wafer. Also, C. Fang and
coworkers have obtaine#i380 Fg' with RUQ/MWCNT
composite material on Si wafer [32].

MnO,/MWCNT composite material was also studied on
several materials [14, 20, 28, 30, 31, 33, 36, 38,41].
The highest value using MR@MWCNT material has been
obtained by Z. Fan et al. &9 Fg" on graphite substrate
[35]. In the closest study with our work, Kyung-Whlam

-10 -

and coworkers have obtained71 Fg' by using
MnO,/MWCNT material on Si wafer [31].

CONCLUSIONS

As it was indicated before, CNTs are good condectiv
high specific area materials well suited to supeac#ors
requirements. Besides and more importantly, theifase
can be functionalized by metal oxide, polymersxdiaing
to overcome the presence of some impurities.

Our work showed that the appropriate materials and
processes can be optimized to improve the CNT
capacitance performance which can be used in energy
devices.

In the first step, we obtained that vertically akgl CNTs
have higher capacitance than random ones so ieprihat
the morphology affects capacitance significanthgec&use,
even when the CNTs are dense and long, they dau# hs
high specific capacitance as with vertically alidri@NTs.

The surface treatment of the CNTs with water plasraa
proven to give higher results thanks to the cleanerlarger
active surfaces of nanotubes. Long time water pdadid
not show higher capacitance despite of the remginin
amorphous carbon contamination because when teenpla
time becomes longer, plasma starts to cut the dfpthe
nanotubes and makes them shorter and also smaller i
diameter.

MnO, addition was the crucial step and process for our
work and we obtained the highest specific capacéaof,
475 Fg' with a3 nmMnO; layer.

So it was proved that MiMWCNT is very suitable and
strong material to use as an electrode in a supacdar.
And that MnQ is an effective, low cost composite material.
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Table5. Specific Capacitance Results and progamdditions of other studies

Aydin Toygan MUTLU

Ref.

no Electrode material CNT morph. CNT diameter Composite material/deposition tech. Spec. Cap.

[28] Polished graphite plates MWCNT 10-20nm PSS/BEMNO, 375F/g

[29] Si wafer MWCNT Ru@electrochemically deposited) 1170 Fig

[30] Nickel foam MWCNT 15nm Manganese dioxide nabefs 155 F/g

[31] Si wafer MWCNT 15to 40 nm Mngelectrodeposition) 471 Flg

[32] Si wafer (Ti film 200 nm) MWCNT Ru© 1380 F/g

[33] Ni foam 20 nm Mn@ 522 Flg

[14] Ni foam MWCNT MnQ(in situ coating) 250.5 Flg

[34] Graphite MWCNT Ru@ 628 F/g

[20] Ti foil MWCNT 20nm MnQ(coprecipitation method) 250 F/g

[35] Si wafers MWCNT Polypyrole (PPy) 250 F/g

[36] Graphite substrate MWCNT 50-100 nm ¥-Mn0; (electrochemically induced 579 Fig

deposition)

[37] Si wafer MWCNT NiOx (electrochemical deposit) 1701 Fig

. Mn-oxide (electrophoretic deposition

[38] Graphite substrate MWCNT technique, EPD) 260 F/g

[39] Stainless-steel MWCNT 70-80 nm Manganese doxXelectrodeposition) 356 F/g

[40] Ni-foam MWCNT 30-70 nm Nickel oxide 160 F/g

[41] Platinum foil MWCNT 50-100 nm MnO; (thermally decomposing 568 Flg

manganese nitrates)
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