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Abstract

Nanostructured composites MnIOy/multilayered carbon nanotubes (MCNT) with a mass ratio of Mn/MCNT
2:98;5:95; 10 : 90 were prepared by the reduction of KMnO4 aqueous solution on the surface of a carbon ma-
terial (matrix) at a temperature of 25, 60 and 80 °C. Non-ozonized MCNT-1 and ozonized MCNT-2 were used as
the carbon matrix. Nanocomposites were studied by means of X-ray phase analysis, small-angle scattering of
X-ray radiation, and a complex of electrochemical methods. The influence of the conditions for producing nano-
composites (temperature, ultrasonic radiation) and the filler content on their electrical capacity characteristics
was considered. It was determined that the optimal Mn/MCNT ratio was 5 : 95; with an increase in the content
of manganese oxides (Mn/MCNT up to 10 : 90) and potential scanning rate higher than 40 mV/s, the electric
capacitance of some samples was lower than that of the initial carbon nanotubes. For samples containing non-
ozonized nanotubes, the highest capacitance was observed for materials obtained at 80 °C; for ozonized samples,
the optimum synthesis temperature was 60 °C. For optimized composition and conditions for the preparation of
samples, the specific electric capacitance in asymmetric cells exceeds the specific electric capacitance of the elec-
trodes based on the initial matrices by a factor of 1.5—2.9. Using the methods of galvanostatic charge-discharge
and impedancemetry, it was established that electrochemical cells with nanocomposite electrodes have a higher
capacitance and low internal resistance. It was discovered that sonication of the reaction medium during the
preparation of nanocomposites leads to deterioration in the electrical capacity characteristics and to a noticeable
increase in the internal resistance of the cells, especially the active component of the impedance.

Keywords: nanocomposites, manganese oxides, multilayered carbon nanotubes, electrode materials, supercapaci-
tors

INTRODUCTION [1]. Supercapacitors are of the keenest interest
due to the high specific capacity, power, high rate

Electrochemical systems of energy accumula-  of charging-discharging processes, long operation
tion, including batteries, supercapacitors (SC) and  Jjfe, durability and reliability, they are promising
fuel elements for which the efficiency of energy  for use in portable consumer electronics, computer
accumulation, storage and transmission is deter-  gystems, backing memory units, in hybrid electric
mined by the processes at the electrode/electro-  yehicles and other electric vehicles, for the recu-

lyte interface, occupy dominating positions among  peration of braking energy, as uninterruptible
various systems of electric energy accumulation  power supplies, ete. [1-3].
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By present, many electrode materials for SC
determining the efficiency of these devices have
been developed: carbon materials, the compounds
of transition metals, conducting polymers [3—5].
The most extensively used material for SC is ac-
tivated coal possessing rather high specific sur-
face area (Ssp). However, the specific charge ac-
cumulated at the C/electrolyte interface is limit-
ed because not all pores are available for
electrolyte ions, so effective surface is always lower
than Ssp, which causes a decrease in specific capac-
ity and accumulated energy [4, 5]. As a rule, oxide
materials possessing high theoretical pseudo-capac-
ity values have low electrical conduction, not very
high specific surface, the transport of electrolyte
ions proceeds only to the external surface of oxides,
so their electrochemical activity is substantially
lower than the theoretical value [5].

An advanced approach to an increase in en-
ergy density in SC is in the hybridization of elec-
trode materials, that is, the development of com-
posite electrodes [6—10]. The deposition of oxide
or hydroxide materials with high pseudo-capaci-
ty on the surface of C matrix with the formation
of them in the form of isle-like films of nanome-
ter size and nanometer thickness decorating the
surface without blocking the pores, that is, with
an increase in the specific surface of the active
phase of filler in comparison with .S_ in the case
of homogenous crystallization should enhance
their electrochemical activity both because of an
increase in S_ and in connection with the dimen-
sional dependence of the oxidation-reduction po-
tential [11, 12]. Moreover, in hybrid materials
composed of a carbon matrix and oxides (hydrox-
ides) of transition metals, the conditions may be
created for an increase in capacity and energy
density of SC based on these composites, as a
consequence of a synergetic combination of the
capacity of the double electric layer formed on
the regions of C matrix surface not covered by
nanofilms and a substantial contribution from
pseudo-capacity of the oxide nanophases of tran-
sition metals, which is due to Faraday oxidation-
reduction processes within the potential window
under study.

Mixed MnrOy oxides are of great interest [9, 12—
16] as a pseudo-capacity electrode material for SC.
For instance, the occurrence of several oxidation
levels for manganese (from 0 to +7) provides broad-
ening of the range of potential change within which
various electrochemical reactions are possible. The
capacity of manganese oxides is due mainly to
pseudo-capacity, which is connected with the re-

versible oxidation-reduction transitions with pro-
ton and/or cation exchange with the electrolyte,
as well as with the transitions between Mn(III)/
Mn (II), Mn(IV)/Mn(III) and Mn(VI)/Mn(IV) with-
in the corresponding potential window.

The goal of the present work was to develop
the methods to obtain nanostructured composites
(NC) based on multilayer carbon nanotubes
(MCNT) with the surface decorated with the na-
nocrystals of manganese oxide, and to study their
shape, size and capacity characteristics for the
optimization of preparation conditions, composi-
tion of the hybrid electrodes of SC and an in-
crease in their electrocapacity characteristics.

EXPERIMENTAL

In the present work, we obtained Mn O /
MCNT NC based on multilayer carbon nanotubes
filled with nanometer-sized crystallites of manga-
nese oxide with the Mn/MCNT mass ratio equal
to 2 :98,5 :95, 10 : 90. Non-ozonized (MCNT-1)
and ozonized (MCNT-2) samples of carbon nano-
tubes were used as the matrix.

Multilayer carbon nanotubes were synthesized
by means of pyrolysis of the propane-butane
mixture in the presence of catalysts [17]. To re-
move catalyst admixture, MCNT-1 was treated
with a mixture of acids (HCl, HNO,). The specific
surface area of MCNT was 250 m?/g, the outer
diameter of the tubes was 10—20 nm, and the in-
ner diameter was 3—10 nm. To functionalize the
surface, carbon nanotubes were treated with
ozone. The conditions of MCNT-1 ozonation were
described in [11].

Nanocomposites were obtained by the reduc-
tion of the solutions of precursor, KMnO,, by ac-
tive electron-donor centres on the surface of the
carbon matrix without introducing additional re-
ducing agents. The synthesis was carried out at a
temperature of 25, 60 and 80 °C. In some experi-
ments, NC were obtained under the action of ul-
trasound (US) in an ST-406 ultrasonic bath (pow-
er: 50 W, frequency: 28 kHz).

The procedure of obtaining nanocomposite
electrode materials MnXOy/MCNT

Nanocomposite electrode materials NC1 and
NC2 based on carbon matrices MCNT-1 and
MCNT-2, respectively, with the required mass
ratio of components, were obtained as follows: a
necessary amount of a 0.01 M KMnO, solution
was poured into a flask 25 mL in volume, then a
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weighted portion of carbon nanotubes was added
to obtain composites with the required compo-
nents ratio. The samples NC1-5:95-25 °C and
NC2-5:95-25 °C were obtained at the mass ratio
of Mn/MCNT equal to 5 : 95, at a temperature of
25 °C for 48 h. The samples NC1-5:95-US and
NC2-5:95-US were prepared with the action of
US during reduction, at the temperature of 34—
35 °C in the reaction medium; reaction time was
120 min. The use of US allowed us to enhance the
rate of potassium permanganate reduction by
carbon nanotubes by a factor of 24. The samples
NC2-2:98-60°C; NC1-5:95-60°C; NC2-5:95-60°C;
NC2-10:90-60°C were obtained at a temperature
of 60 °C for 60 min. The samples NC2-2:98-80°C;
NC1-5:95-80°C; NC2-5:95-80°C; NC2-10:90-80°C
were obtained at a temperature of 80 °C for
30 min. The time of reaction completion was de-
termined from solution decolouration. Then the
samples were washed with distilled water, sepa-
rated by filtering and kept for 2 h at a tempera-
ture of 105—110 °C to the constant mass.

Methods of investigation

Nanostructured composites were studied us-
ing various physicochemical methods. Phase com-
positions were studied by means of X-ray phase
analysis (XPA) with a Difrey 401 X-ray diffrac-
tometer (Russia) using an iron anode as the source
of X-ray radiation with the wavelength of char-
acteristic radiation A(FeK ) = 1.937 A. The func-
tions of the size distribution of nonuniformities
(mass) in initial C matrices and in carbon matrix
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composites were calculated from the spectra of
small-angle scattering (SAS) recorded with a
KRM-1 instrument (Russia).

Electrocapacity characteristics (specific capac-
ity, internal resistance, etc.) of NC obtained in the
work were determined in asymmetric cells of SC
using a complex of electrochemical analysis meth-
ods: cyclic voltammetry (CVA), chronopotentiom-
etry, impedancemetry with a Parstat 4000 poten-
tiostat-galvanostat (USA).

RESULTS AND DISCUSSION

X-ray phase analysis

The diffraction patterns of MCNT and Mn
O /MCNT nanocomposites with the mass ratio
Mn/MCNT equal to 5 : 95 are shown in Fig. 1.

One can see that the diffraction patterns for
NC samples and MCNT differ from each other
substantially. For NC, broad reflections appear in
the region of 44—53° over 20; a reflection at =60°
over 20, which is most pronounced for the sam-
ples obtained under the action of US and at 60
°C; a clear reflection at 63° over 20 is detected for
all NC. The intensity of the major reflection from
the matrix at 53—57° over 20 decreases substan-
tially. A broad reflection of the matrix at 65—70°
over 20 for all composites has relatively higher
intensity, and peaks due to manganese oxides ap-
pear on it. A similar situation is observed also for
the matrix reflection in the region of 75—85° over
20. For the NC1-5:95-25°C composite, reflections
at 41.9, 46.2 and 78.4° over 20 are also pronounced.
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Fig. 1. Diffraction patterns of samples: a — non-ozonized MCNT-1 (1) and composites (2 = NC1-5:95-25°C; 3 — NC1-
5:95-US; 4 — NC1-5:95-60°C; 5 — NC1-5:95-80°C); b — ozonized MCNT-2 (1) and composites (2 — NC2-5:95-25°C;

3 = NC2-5:95-US; 4 — NC2-5:95-60°C; 5 — NC2-5:95-80°C)
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According to the X-ray diffraction databases,
the 20 region under consideration should contain
the reflections from the basic crystallographic
configurations characteristic of manganese ox-
ides: MnO of orthorhombic and cubic systems;
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Mn,O, with orthorhombic, hexagonal and cubic
lattices; MnO, (hexagonal, cubic, orthorhombic,
tetragonal lattices) and Mn,O, (cubic, orthorhom-
bic and tetragonal lattices). So, many reflections
expected for manganese oxides, especially for
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Fig. 2. Experimental SAS spectra (a, b), the functions of the size distribution of nonuniformities (c, d) and differential
functions (e, f): a, ¢, e — non-ozonized MCNT-1 (1) and composites (2 — NC1-5:95-25°C; 3 — NC1-5:95-US; 4 — NC1-
5:95-60°C; 5 — NC1-5:95-80°C); b, d, f — ozonized MCNT-2 (1) and composites (2 — NC2-5:95-25°C; 3 — NC2-5:95-US;

4 — NC2-5:95-60°C; 5 — NC2-5:95-80°C).
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mixed oxide Mn,O ,, appear within the angle
range under investigation.

According to the data reported in [6], the re-
duction of Mn-containing compounds by the car-
bon matrix leads mainly to the formation of the
oxides of tri- and/or tetravalent manganese
Mn,O, and MnO,. Manganese is able to form ox-
ides in which it exhibits different oxidation de-
grees with different types of lattices, so the iden-
tification of its oxide phases, especially those in
the nanometer-sized state, on the basis of X-ray
diffraction data is difficult. One may state only
the multiphase nature of the products and the
fact that ozone treatment of MCNT matrices does
not have substantial effect on their phase compo-
sition. Further on, it is planned to study the ob-
tained NC by means of X-ray electron spectros-
copy, which will allow us to evaluate the valence
state of manganese in oxides.

Small-angle scattering of X-ray radiation (SAS)

The experimental SAS spectra for initial
MCNT-1, ozone-treated MCNT-2 and composites
based on them with the Mn/MCNT mass ratio
equal to 5 : 95 are presented in Fig. 2, a, b. One can
see that the scattering profiles for NC repeat the
profiles of the matrices, especially for ozonized
samples. For non-ozonized samples — for NC1 ob-
tained under the action of US radiation — a maxi-
mum is observed in the region of nonuniformities
of relatively large size. This maximum is not ob-
served for other NC and the initial MCNT-1 ma-
trix. On the basis of the recorded SAS spectra, the
functions of the size distribution of nonuniformi-
ties (see Fig. 2, c, d) and differential functions (see
Fig. 2, e, f) were calculated.

One can see that the profiles of the size distri-
bution of nonuniformities in NC and the initial
matrices differ only slightly, and at the same
time the intensities of SAS spectra are higher for
NC. This is the evidence in favour of the fact that
the inner surface of carbon nanotube channels
and their outer surface are decorated with the
layer of the filler nanoparticles. The first maxi-
mum of the functions of the size distribution of
nonuniformities appears at ~4.0 nm, which cor-
responds to the average values of the inner diam-
eter of multilayer nanotubes. Partial filling of the
channels of C tubes with the nanoparticles of
manganese oxides leads to an increase in the in-
tensity of SAS spectra in the angle range corre-
sponding to this size range because of the higher
electron density in MnxOy than in carbon.

Electrochemcial investigation of nanocomposite
materials in a SC cell

Electrochemical studies were carried out by
means of CVA, galvanostatic charging-discharg-
ing and impedancemetry. Investigation of initial
MCNT as electrode materials was carried out in
the cells of symmetrical design in which the
working electrode and counter-electrode are
identical. Nanocomposite electrode materials were
analyzed using a cell with asymmetric structure,
in which the working electrode is made on the
basis of NC, while counter-electrode is the initial
matrix. Potential scanning was carried out within
the range — 1 to + 1 V at different potential scan-
ning rates within the range 10-160 mV/s. A 6 M
KOH solution was used as the electrolyte. It was
prepared directly before assembling the cell. So-
lution titre was determined with respect to the
0.1 M HCI solution. Nafion was used as a separa-
tor. The experimental procedure and the cell
structure were described in [8, 13].

Cyclic voltammetry (CVA)

Non-ozonized samples. The CVA curves of ini-
tial non-ozonized MCNT-1 and NC1 based on the
former with the mass ratio of Mn/MCNT equal to
5 : 95, with scanning rates 10, 20, 40 and 80 mV /s,
are shown in Fig. 3.

One can see that several pseudo-capacity peaks
are observed in the mentioned potential window
for the asymmetric cells with NC electrodes. The
positions of these peaks depend on the conditions
of NC preparation and the rate of potential scan-
ning. It should be stressed that with an increase in
scanning rate to 160 mV/s the peaks are still ob-
served but their intensity decreases. Therefore,
electrochemical transformations of manganese
compounds occur partially, the access of electro-
lyte ions to manganese oxides is provided, and the
fine state of manganese oxides does not lead to a
complete kinetic inhibition of electrochemical re-
actions.

Specific capacities of electrodes calculated from the
areas of CVA curves are presented in Fig. 3, f. One can
see that the capacities of NC electrodes are substan-
tially higher than the capacities of electrodes based on
initial MCNT-1, especially at low scanning rates. The
highest capacity is that of the composite electrode ma-
terial obtained through the reduction of KMnO, by the
MCNT-1 matrix at 80 °C. Composite electrodes ob-
tained at 60 °C and under the action of US exhibit
slightly lower capacity.
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Fig. 3. CVA curves: a — symmetrical SC cell with electrodes based on MCNT-1; b—e — asymmetric cell with nanocomposite
working electrodes prepared at a temperature of 25 (b), 35, US (c), 60 (d), 80 °C (e); f — dependences of electrode
capacity on the potential scanning rate (I — MCNT-1; 2 — NCI1-5:95-25°C; 3 —NC1-5:95-US; 4 — NC1-5:95-60°C;

5 — NC1-5:95-80°C).

In the case of non-ozonized matrix, the least
efficient method turned out to be NC preparation
at room temperature, however, even under non-
optimized conditions the capacity of the compos-
ite electrode is nearly two times as high as the
capacity of initial non-ozonized tubes. At the
scanning rate of 10 mV/s, the capacities of com-
posite electrodes are 1.8—2.9 times higher than
the capacity of initial non-ozonized MCNT-1.

Ozone treated samples. For asymmetric cells
with nanocomposite electrodes based on ozonized
MCNT-2, with manganese content in composites
Mn/MCNT-2 = 5 : 95, the lowest capacity was
also observed when manganese oxides were de-
posited on carbon surface at 25—35 °C, under the
action of US and without it. The highest capacity
was that observed for the electrode material ob-
tained at 60 °C. Thus, at the scanning rate of 10
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mV /s, the capacities of composite electrodes are
1.9-2.6 times higher than the capacity of initial
ozonized MCNT-2. It should be stressed that the
capacity of non-ozonized samples NC1 is higher
than that for ozonized NC2, while the capacity of
initial MCNT-1 is only slightly lower than the ca-
pacity of MCNT-2; the reason is that ozonation
causes an increase in the amount of oxygen-con-
taining groups able to participate in Faraday pro-
cesses.

The effect of manganese concentration in NC2
composites and preparation temperature (60 and
80 °C) on their capacity characteristics was stud-
ied. The CVA curves of asymmetric cells are pre-

639

sented in Fig. 4. The capacities of electrode mate-
rials at different potential scanning rates were
calculated from these curves (Fig. 5.)

One can see that the optimal components ratio
in NC MnxOy/ MCNT-2 corresponds to Mn/
MCNT-2 = 5 : 95. The composites with the com-
ponents ratio Mn/MCNT-2 equal to 2 : 98 ex-
hibit slightly lower capacity (1.2—1.4 times lower).
In this situation, CVA curves clearly exhibit
pseudo-capacity peaks, which are due to the oxi-
dation-reduction interconversions of the oxide —
hydroxide phases of manganese within the given
potential window from —1 to +1 V. With an in-
crease in manganese content in the composites
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Fig. 4. CVA curves of asymmetric cells with working electrodes based on NC: a — NC2-2:98-60°C; b — NC2-2:98-
80°C; ¢ — NC2-5:95-60°C; d — NC-5:95-80°C; e — NC2-10:90-60°C; f — NC2-10:90-80°C.
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(Mn/MCNT-2 = 10 : 90), capacity characteristics
worsen, pseudo-capacity peaks are almost non-
pronounced, and total specific capacity decreases.
This is especially evident for the sample obtained
at a temperature of 60 °C: at the potential scan-
ning rate of 40 mV/s, its capacity is comparable
with the capacity of the initial matrix, while at
the potential scanning rate of 80 mV/s it is even
lower by a factor of 1.1 in comparison with the
initial MCNT-2 matrix. The charge in the cathode
region decreases substantially (see Fig. 5, a).

Investigation of charging-discharging
at the constant current

Chronopotentiometric studies were carried out
for all symmetrical cells with electrodes based on
MCNT-1 and MCNT-2 and for asymmetric cells
with working electrodes based on NC MnxOy/
MCNT-1 and MnxOy/ MCNT-2, with current
strength (=10 mA) and discharging/charging
time 10 s. The internal resistance and capacity of
electrodes were calculated on the basis of charg-
ing-discharging curves. The results are presented
in Table 1.

One can see that the capacity of asymmetric
cells with composite electrodes is higher than the
capacity of symmetrical cells with initial MCNT-1
and MCNT-2. It was also discovered that the in-
ternal resistance of the cells decreases by a factor
of 1.5—2 when NC materials are used as the work-
ing electrodes. Exceptions are NC1-US and NC2-
US obtained with the action of ultrasound; quite
contrary, the internal resistance of the cell with
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these samples increases. This may be due to an
increase in defect content in MCNT structure
during ozonation, subsequent destruction under
the action of US. Results agree with the CVA
data: the highest capacity is exhibited by the
composites obtained at a temperature of 60 and
80 °C.

Electrochemical impedance spectroscopy

The data obtained in the studies of SC cells by
means of impedancemetry (in the potentiostatic
mode) within frequency range 107% to 10* Hz are
presented in Fig. 6.

One can see that the values of impedance
components and hence the values of full imped-
ance are lower for asymmetric cells with compos-
ite electrodes than for symmetrical cells with
electrodes based on MCNT-1 and MCNT-2. The
lowest value, first of all for the active component,
was observed for asymmetric cells with compos-
ite electrodes NC1-5:95-25°C and NC2-5:95-25°C.
In the case when NC obtained under the action of
US are used as working electrodes, the active
component of the impedance increases noticeably,
especially in the region of the charge transfer re-
sistance, which is most tangible for ozonized sys-
tems NC2-US. Therefore, the data obtained using
a set of electrochemical methods are in good
agreement with each other. The cells with NC
electrodes have higher capacity than symmetrical
cells based on initial MCNT-1 and MCNT-2.

Thus, we developed procedures to obtain na-
nocomposite electrode materials based on non-
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Fig. 5. Dependences of specific electric capacity of electrodes on the rate of potential scanning. Nanocomposite
electrodes were obtained at a temperature of 60 (a) and 80 °C (b). I — capacity of electrodes based on MCNT-2
in a symmetrical cell; 2—4 — capacities of the working composite electrodes in asymmetric cells with working
electrodes based on NC with the mass ratio of Mn/MCNT-2 equal to 2 : 98 (2), 5 : 95 (3), 10 : 90 (4).
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TABLE 1

Capacity and internal resistance of SC cells with electrodes
based on non-ozonized MCNT-1, ozonized MCNT-2 and
composites based on them

Materials for the working Capacity, Internal
electrode / F/g resistance, Ohm
counter-electrode

MCNT-1/MCNT-1 10 13
MCNT-1/MCNT-1 11 14
NC1-5:95-25°C/MCNT-1 11 6
NC1-US/MCNT-1 12 14
NC1-5:95-60°C/MCNT-1 14 6
HNC1-5:95-80°C/MCNT-11 16 7
NC2-5:95-25°C/MCNT-2 13 7
NC2-US/MCNT-2 12 22
NC2-5:95-60°C/MCNT-2 15 8
NC2-5:95-80°C/MCNT-2 14 10

ozonized MCNT-1 and ozonized MCNT-2 contain-
ing manganese oxides, with clearly pronounced
pseudo-capacity. The optimal conditions for ob-
taining the composites and the components ratios
Mn/MCNT were determined. The obtained com-
posites have high capacity and are of interest for
the development of electrode materials for SC.
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CONCLUSION

Nanocomposites based on non-ozonized
MCNT-1 and ozonized MCNT-2 (matrices) with
the outer and inner surfaces decorated with na-
nometer-thick crystallites of manganese oxides
with different phase and chemical composition
were obtained by the reduction of the aqueous
solutions of KMnO, directly by the carbon ma-
trix, without the introduction of additional re-
ducing substances. The effect of manganese oxide
content and reaction temperature from 25 to 80
°C on the properties of resulting composites was
studied. It was established that the optimal mass
ratio of Mn/MCNT-2 is equal to 5 : 95. The opti-
mal temperature was 60 °C for NC based on
MCNT-2 and 80 °C for NC based on MCNT-1. An
increase in manganese oxide content to the ratio
Mn/MCNT-2 = 10 : 90 in the composites causes a
decrease in capacity, especially at high potential
scanning rates, as a result of blocking the surface
of MCNT-2 by the nanoparticles of manganese
oxides. For the samples optimized with respect to
composition and synthesis conditions, specific
electric capacity in the asymmetrical SC cells ex-
ceeds the specific electric capacity of electrodes
based on initial matrices by a factor of 1.5—2.9.

10 15 20 25
Zre7 Ohm

Fig. 6. Nyquist diagrams for SC cells on the basis of non-ozonized MCNT-1 (a) and ozonized MCNT-2 (b) and
NC on their basis: 1 — symmetrical cells with electrodes based on initial matrices; 2—5 — asymmetric cells with
working electrodes based on NC obtained at a temperature of, °C: 25 (2); US, 35 (3); 60 (4); 80 (5).
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The maximal capacity (131 F/g) was achieved
with the nanocomposite electrode based on
MCNT-1 obtained at 80 °C, with a scanning rate
of 10 mV/s. It was established by means of gal-
vanostatic charging-discharging and imped-
ancemetry that electrochemical cells with nano-
composite working electrodes have higher capac-
ity and low internal resistance, which is in
agreement with the data of CVA.
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