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In this work, the nanostructured Mp@as uniformly coated on the multialled carbon nanotube
(MWCNT) by a sonochemical method, and the effect of MWCNT amount on the superieapacit
performance of the nanocomposites were investigated. The structure and morphology of the
nanocomposites were characterized bya}{ diffraction (XRD), thermogravimetric analysis (TGA),
transition electron microscopy (TEM) and scanning electron micpys¢8EM). Also, the specific
capacitances (SCs) of the MWCNT/Mn@lectrodes were studied by cyclic voltammetry (CV). The
result shows that the loading the nanocomposite with of Mv&3 65 wt. %, the electrode has a high

SC of 394 F g (at scan rate of thV s in a 0.5 M NaSQy) indicating a better performance than that

of pristineMnO; electrode$289 F ¢" at scan rate of 2 mV%. Fast Fourier transformation continuous
cyclic voltammetry (FFTCCV) techniqgue was used to study stability and separétmdrarge and
discharge curves of the nanocomposite electrodes, over a large number of cycles (at scan rates 200 m
s%). The results indicated SC that the capacitance of the composite electrode decreases only 3.2% «
initial capacitance, after 4000 cycléherefore, the prepared composite could be potential electrode
materials for supercapacitors.

Keywords: Supercapacitors, Continuous cyclic voltammetry, nanocomposite,, Mafibstructures,
Carbon nanotube, Sonochemistry

1. INTRODUCTION

Supercapacitorare considered as the applicable enestgyage devices, which are used for
various electrical systems, such as mobile devices and hybrid electric vehicles [1]. In fact, they have
higher power density and longer cycle life than batteries while energytydenkiwer than batteries.
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The charge storage mechanism of a Supercapacitor combinefaradic charge (double layer
capacitance) and faradaic reactions [2]. On the basic, these two mechanism supercapacitors ar
classified as: electric doublayer capaitors (EDLCs) that employ typical form carbons and
pseudocapacitors that employ transition metal oxide compounds (e.g. RGO MNO,, Cx03, IrO,,

FeO, SnQ, V20s) or conducting polymers (polyaniline, polypyrrole}13].

In recent years, supercapacittissed on Mn@as electroactive materials are attracting great
attention due to the low cost of the raw material, excellent electrochemical performance and
environmental compatibilityl5-27]. The pseudocapacitance in Ma®@as explained by two reaction
medanisms proposed for the charge storage in Mygded electrodes. The first mechanism is based
on the concept of intercalation/ deinteracalation of protoris gHalkali metal cations such as N&"
in the bulk of the material during redox reaction, thegcribed by the following reactiohd, 18].

charge

MnQO, +M* +e MnOOM (1)
discharge

Where M= H", Na', K", Li".
The second mechanism involves the surface adsorption/ desorption of alkakatietes (M)
on MnG; [16].

charge

(Mnoz )surface+ M " +e (MnOOM)surface (2)
discharge
The main difference between the two mechanisms is the difference in the corresponded
reacting sites. The maj or it yhe iotércaldtibn(déirketacaldMion s i

mechanism while the surface Mn sites have priority in the reaction based on the adsorption/desorption
mechanism 19]. Toupin et al. using Xay photoelectron spectroscopy confirmed that the amorphous
or poorly crystallineMnO, shows the adsorption/desorption mechani&j. [Also, Kuo et al. by in
situ synchrotron Xay diffraction analysis demonstrated that the intercalation/ deinteracalation process
occurs mostly on the crystalline Mp@ompounds 18]. But high relative rsistance of Mn@reduces
charge storage, thus its commercial use is lim2ep).

In order to improve the conductivity of MaOconductive fillers, such as exfoliated graphite
[23, 24], graphite nanoplateled], reduced graphene oxid2d mesoporougarbons 27, 28] carbon
black [29] and carbon nanotubes (CNTBOF36] and other conducting materials are usually composited
with MnQO,. Recently, many researchers in supercapacitors have focused on thgCMhO
composites because CNT has excellent elecroomductivity, available specific surface area and high
chemical stability 37, 38].

In this work, the synthesis of the MB®IWCNT nanocomposites with various mass MWCNT
to MnGQ, ratios by sonochemical method is reported. These nanocomposites were thadabie
XRD, TGA, SEM and TEM. Also, supercapacitive properties of the Ma@d MnQ/MWCNT
electrodes with various ratios were examined by cyclic voltammetry (CV), FFT Continuous cyclic
voltammetry (FFTCCV), galvanostatic charge/discharge, and electrazempedance spectroscopy
(EIS). The supercapacitive properties of the electrodes were studied by FFTCCV technique over a
large number of cycles at high scan ra®%; £0]. This technique provided specific information about
the changes in charge exchang the anodic and cathodic section of the CAis47]. Electrochemical
characterizations indicated that the SC of nanocomposite electrodes shows enhanced capacitanc
compared to that of pure Ma@lectrode.
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2. EXPERIMENTAL

2.1. Preparation of MNngMWCNTnanocomposites

For introducing surface functional groups and remove the catalyst particles and other
impurities, MWCNTSs (Shenzhen Nanotech Port) were refluxed in 15 wt. % nitric acid at boiling
temperature for 6.0 h. Predetermined amounts of MWCNT (2&n8%45 wt. %) were added to the
aqueous solutions of 0.25 M Mng@Merck, research grade) and 0.5 M KBr(Merck, research
grade) with the total volume of 100 mL. The mixture was irradiated with ultrasound radiation with 480
W cmi? input power and workinfrequency of 24 kHz. A titanium horn transducer system (UP 200 H,
Dr. Hielscher GmbH) with a 2 mm microtip was employed. The titanium horn was inserted to a depth
of 2 cm into the solution (5% 5 A C) .

2.2. Structure characterization

Crystal phases of tidWCNT, MnO, and MNQ/MWCNT nanocomposites were identified by
an X-ray diffractometer (Bruker, D& d vance )7 0dAt wid=h4 monochromati z
(ee=1.541874 ) operated at 40 kV/ 30 mA. TGA f
from 20 AC to 900 AC in air aninomsing PCh269 R (Natzscha h
tester. The morphologies of the samples were observed by SEM (Philips, XL30) and TEM (Ziess,
EM900 and 80 Kev). To imaging the nanocomposite using TEM, a suspension of the prepared sample
in ethanol was dropasted onto carlmecoated copper grids and dried.

2.3. Electrochemical Measurement

Working electrodes were prepared by mixing of the MMWCNT nanocomposite as active
material 5 wt. % of polytetrafluoroethylene (PTFE) dried powder (Merck) that PTFE was used as the
binder Then, a few drops of ethanol, added to the mixture to make a supplementary homogeneous
solution. Subsequently, the mixture was coated onto the steel grid substrate3jOuitera spatula,
and then pressed at 15 MP.

CV, CP and EIS measurements were quenkd using a potentiostat/galvanostat (PGSTAT30,
Autolab, Echo Chemie) in a thretectrode glass cell. The steeesh was coated with
MnO,/MWCNT nanocomposites as the working electrode, Platinum foil as the counter and Ag/AgCI
electrode (Metrohm AG 910Her i s au, 3 M KCI , 0.207 V wversus
electrode. The measurements were carried out in a 0.5 8Mlaqueous electrolyte at pH 3.3. The
solution temperature was maintained at 25 AC b

2.4. FFTCCV technique

The experimental data collection was performed with the help of the following equipment; a
setup of a computer, equipped with a datguisition board (PGB18HG, Advantech Co.) and a
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custommade potentiostat described in our previous work3-4[/]. A compuer program was
devel oped in Delphi6E environment that was use

3. RESULTS AND DISCUSSION

3.1. Structure characterization

The XRD patterns for Mng MWCNT and MnGQ/MWCNT nanocomposites with several
ratios are shownni Fig. 1.As shown in the figure, the diffraction peaks2atf =2 1. 6 3 A, 3
38. 71A, 41.9A, 42.42A, 55.56A, 66.67A and- 68.
MnO, crystal planes of the (12 0), (23 0),(300),(002),(160),(242),(421)and (00 3),
respectively, (JCPDS card no.iB44) [27]. The crystalline structure of MnCare composed of one
Mn atom surrounded by six O atoms to form an octahedron. Thes Ma@hedral subunits share
vertices and edges to form crystalline tunnel structures by continuously linking to the neighboring
slbuni ts. TheM®Ofirsucwiudel ywfacomcepted as a randon
pyrolusite and 11 248t48.nAcocertirsy tooFig. 1r them$RD epatterm of ¢he |
MWCNT shows a peak at 2d=25. 7 7hithednoreasing sfMVENTI n g
portion in composite, the intensity of this peak was increased.
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Figure 1. X-r ay di ffracti on p a-MhOgand BnOQMWNCNWEhdCOMmpospes r e
with various mass ratios

TGA t her moMgnOaamsMnG/MWGONT narocomposite powders are shown in Fig.
2. TGA was employed to determine the actual content of each component in samples. Four variations
of the TGA t-MeO powdgrs aarshawi in the temperature range dfSf) 156500,
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500550 and 85® 0 0  AeQirst w&ight change at2D00 AC r el at ed t-MnOdehy
powders. The second weight loss in the range of5100 AC coul d be rel ated
removi ng Mn mrystallization powder (which is shown in the molecular fdahu
However, the small weight loss in the ranges of-5080 AC -&ah@ A8GOwer e obse
TGA thermogram, could be associated to the omitting the oxygen from manganese oxide lattice, due tc
the phase transition, M@ Mn,O3, and the transitioMn,O3; to MnzO4 [29, 50].

From TGA thermograms of the nanocomposite powder could be estimated content of
MWCNT. It was found that the weight percent of MWCNT in the nanocomposite was about 35 wt. %.
TGA thermogram for the nanocomposite containing 65% MM@/CNT, shows a slight decrease (6
wt. %) at temperatures up to 200 AC, which col
physically adsorbed water. A sharp weight loss in the range df64000 AC and the 35
observed in the TGA data related to the combustion of MWCNT from the nanocomposite.
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Figure 2. TGA thermograms of Mn@and 65% Mn@MWCNT nanocomposites

3.2. Morphology characterization

Fig. 3 shows SEM images of the pure Mr(@), and MNQ/MWCNT nanocomposite (b and c),
respectively. In Fig. 3a, the Mnhanoparticles, in addition to their aggregation, they have almost a
spherical shape with diameters of in rage o680nm. For the new nanocomposite, as shown in Fig.
3c the particle size of Mnfwas estimated to be rangé20 to 50 nm. Furthermore, Fig. 3b and 3c
shows that Mn®@are distributed uniformly onto MWCNTSs surface. Fig. 3d shows a TEM image of the
MnO,/MWCNT nanocomposite. The figure, also, conforms the SEM results in which thee MnO
nanoparticles are spread irrtRIWCNTSs matrix.
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Figure 3. SEM images of Mn@ (a), MnGQ/MWCNT nanocomposite (b, ¢) and TEM images of
MnO,/MWCNT nanocomposite (d)

3.3. Electrochemical characterization

3.3.1. CV and specific capacitances

The electrochemical performance of the Mradd MnO,/MWCNT electrodes were evaluated
by CV, and the results are shown in Fig. 4. The SCs of the electrodes can be calculated from CV
according to the following equation [1]:
\4i
SC= L IdVv
vy |,

3)

WheredV is voltage difference, theis the scan rate (¥%), theV; is the initial voltage (V), the
V4 is the final voltage. Fig. 4a shows the CVs, in a potential rang of 0.0 to 1.0 V, for purgavidO
65% MnQ/MWCNT electrodesri 0.5 M NaSO, electrolyte, at a scan rate of 50 mV8oth CVs
shows approximate mirror images, respect to the-zen@nt line. In fact, observing a rapid current
response to voltage reversal at the end of each potential indicates the ideal pseilidechehavior
of the constructed nanocomposite electrodes. The SCs values of puseaMh66% MNQMWCNT
electrodes were 181 F'gind 292 F d at the scan rate of 50 mV*,srespectively. The obtained SCs of
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the 65% MnGQ/MWCNT electrode is 65% highehan SCs of the pure MnCelectrode. Such
enhancement in SCs can be attributed to the synergy effects of each pristine component in the
nanocomposites. Also, part of the enhancement in SCs, could be due to the existence of smallel
particle size on the elecide surface, which provided a high specific surface area. This could cause an
increase the number of available active sites and thus boost the amount of energy that may store in th
supercapacitor electrode®4]. Fig. 4b illustrations the CV curves of ND,/MWCNT electrode with

various mass ratios. The area of the CV loop of 65% ¥YMW/CNT electrode, is significantly larger

than that of the other MIMWCNT electrodes.
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Figure 4. The CVs of MnQ and 65% Mn@MWCNT electrode at a scan rate of 50 mV(g), CVs
of MNO,/MWCNT electrodes with various mass ratios at a scan rate of 50'nfj,sand CVs
of 65% MnQ/MWCNT electrode at various scan rates (c), and the SC of V@
MnO,/MWCNT electrodesvith different ratios at different scan rates (d)

Fig. 4c shows the CVs of the pure 65% M¥I@WCNT electrodes at various scan ratess(b
mV sb). These curves are quasctangular showing ideal pseudocapacitance behavior and fast
charging/discharging process characteristic. However, the distance betwasratedic and cathodic
currents at the same scan rates is much smaller than obtained for 65%MVACNT electrode,
which indicates a lesser SCs. The change in SCs as a function of the scan rates for.takedthoQe
and MnQ/MWCNT electrode are plotteid Fig. 4d. As shown SCs for 65% Ma@®IWCNT decrease



Int. J. Electrochem. SciMol. 11, 2016 427

from 394 to 250 F § with scan rate, from 2 to 200 mV'sBased on these results, one could be
suggested that at low scan rates; the electrolyte ionsofNd) inserted into the available pores bét

MnO, structure. This could lead to procurement a higher effective the redox reaction and a high
capacitance. But when the scan rate is increased to 200 oV lsigher, the effective interaction
between the electrolyte ion and the pores is signifigatgcreased. In this condition, effective redox
reaction occurred only to the outer surface of the electrode, which caused a decline in the total
capacitance.

Also, In the Fig. 4d demonstrates the change in SCs with the change of MWCNT in the
nanocompositelectrodes. The percentage of MWCNT content in the nanocomposite had a direct
effect the nanocomposite conductivity, where any decrease in MWCNT resulted in a decrease in the
capacitance of the electrodes. In fact, the amount of MWCNT in the nanocompasites 35% the
conductivity of the nanocomposite enhanced. However, when amount of MWCNT goes to more than
35%, the faradic capacitance decreased, but the double layer capacitance increased. Still, the value «
the double layer capacitance enhancemesd wmuch smaller than the value decline in the faradic
capacitance.

3.3.2. FFTCCV measurements
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Figure 5. The MnQG and 65% MNn@MWCNT electrode 3BFFTCCYV curves as a function of time at
measured 200 mVs(a, b). Variation of the SC of MnGand 65% MNn@MWCNT electrode
as a function of number of cycles at measured 200 ™(¢)s
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The FFCCV technique could be considered the best tools for examination of variation charge
storage of a supercapacitor during that potential cyci®gdf]. In this method, nder a longterm
potential cycling, the stability of the electrodes is evaluated. Fig. 5a and Fig. 5b show three
dimensional (3D) FFTCCVs of Mn{and 65% Mn@MWCNT electrode, which was performed at a
scan rate of 200 mV'sn 0.5 M NaSQj, respectively.

In these two 3Eplots, the changes in the CVs over number of cycles are more noticeable. As
shown in Fig. 5c, the SC of Mn@lectrode retain at 82.1% of its original value, at scan rate 200 mVs
! for 4000 cycles in 0.5 M N&O.. Also, shows changes thalue SC of the 65% MMWCNT
electrode, where it decreases slightly at the beginning and then, decreases only 3.2%, after applyin
4000 CVs. In the other measurements, after applying 4000 CVs. The above results prove that the 65%
MnO,/MWCNT electrode aréighly stable during potential cycling test compared to Mek@ctrode.

Fig. 6a and 6b illustrates the absolute capacitive charge changes in the CVs curves in during
time. In fact, the details of the occurring changes can even be seen well, when thieatugeorded
CVs subtracted from the current at background (or reference) CV, where the reference CV was
obtained by averaging 5 CVs at the beginning of the measurement. As seen in Fig. 6a and 6b current il
the central potential no significant changest turther current changes can be observed in the initial
potential and the final potential.
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Figure 6. Curves result from the subtraction of 5 CVs average background from the subsequent CVs at
measured 200 mV sfor MnO, electrode (a) and 65% MMIWCNT electrode (b), Variation
of the capacitive current of the charge and discharge curves separately as a function of time for
MnO, electrode (c) and 65% MIWCNT electrode (d).
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Another advantage of FFTCCV technique is investigated separately chargdisahdrge
behavior of the electrodes. Fig. 6¢ and 6d is compared the charging and discharging behavigr of MnO
and 65% MnG@MWCNT electrode at a scan rate of 200 m¥ As shown in Fig. 6c, the change in
capacitance during charge and discharge of Mgl€rtrode, where the curves are almost identical and
symmetrical. This may due to the same resistance for entering and exiting of the cations in the pores o
the MnQ nanoparticles. Fig .6d shows the charge and discharge behavior of 65%MWWCNT
electrode As shown in the figure, curves for capacitance changes during the charge and discharge are
not symmetrical. As demonstrated in the figures, the capacitance changes in the charge curve is greate
than the discharge curve. This behavior could be conclu@ddasily cations entering into the pores.

But, in discharge, those cations could be hardly exited from the pores. Likewise, in Fig. 6d, the
difference in capacitance reduction is observed between the two curves at the beginning of the curve
(until to 10@M0 s). After this time, the difference in capacitance reduction is equal. This behavior
indicates that pores over time be modified and resistance to entry and exit of cations in is equal in the
pores.

3.4. Galvanostatic charge/discharge

The galvanostaticharge/discharge analysis can be consider as a dependable technique, for
evaluation the supercapacitive performance of the electrodes under controlled conditions. We used ¢
threeelectrode system and applied a potential window of 0.0 to 1.0 V (vs. Ag/AgQiyovide
complementary measurements.

Fig. 7a shows the charge/discharge curves oMin®.,/MWCNT electrodes at different current
densities, ranging from 2 to 24 A’y As can be seen, the curves
symmetric and very sharfphe equal durations of charging and discharging for each electrode imply a
reversible behavior, a high columbic efficiency, and an ideal capacitor performance. Also, in the case
of 65% MnQ/MWCNT electrode, there is a lesser of a decrement in the valB€ afith increasing
current density compare with the measured SO@tloerelectrodes. Fig. 7b shows the charge/discharge
curves ofMnO,/MWCNT electrodes with different ratios at a current density of 2.0 #g0.5 M
NaSO,. Equilateral triangle shapes rfiMnO.//MWCNT electrodes suggest an ideal capacitive
behavior and a good reversibility during the charge/discharge processes. This could be attributed to the
capacitive behavior via the following features: 1) the valuable electrical conductivMAWGENT
caused a reduction in the internal resistanceMofO, nan@articles, 2) fast redox reactions due to
facilitated charge transport froMnO; as a function of uniform distribution of Mn@anoparticles on
the MWCNT. The SCs values were calculated from chargefdirge cycles using the following
equation:

lop
v (4)

WhereSCis the specific capacitance based on the mass of the electroactive matetjabfi/g
is the potential window of discharge (V), aqgalis the discharge time (s)he 65% MnQ/MWCNT
electrode shows the largest value of SC, 294 \kgen the current density is 2 AgThese results are
indication of existing of a higher accessible actikessin the65% MnQ/MWCNT electrode compare

SC



Int. J. Electrochem. SciMol. 11, 2016 427

with the other electrodes with different ratios. Also, the value of SC data obtained from
charge/discharge for the electrodes are in good agreement with the obtained SC from CV
measurements.

Figure 7. Chargédischarge curves of the 65% Ms®@WCNT electrode at different current densities
(a), Charge/discharge curves of 65% MIMDNCNT electrode with different ratios at a current
density of 2.0 A g (b) and the Ragone plots obtained for MADNVCNT electrodes vih
different ratios (c).



