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Abstract

Structural, morphological and electrochemical properties of the electrode material for supercapacitors which
consists of a porous matrix with embedded mixed cobalt-nickel oxide nanoparticles were investigated. The syn-
thesis of the nanostructured composite was carried out by thermal decomposition of mixed nickel and cobalt
azides on the surface of multi-wall carbon nanotubes. X-ray diffraction analysis and small-angle scattering were
used to determine the composition and to estimate the dispersion characteristics of the obtained oxide nanopar-
ticles. Investigation of the electrochemical properties of synthesized electrode materials by means of cyclic
voltammetry showed that the growth of their electrical capacity is proportional to an increase in the content of
nickel cobaltate NiCo,O, in the composite, while the dependence for cobalt oxide Co,0, is more complicated.
Electrode materials based on nanostructured carbon — nickel cobaltate composite C/NiCo,0, provide a significant

increase in electrical capacity, compared to the capacity of the original carbon matrix.
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INTRODUCTION

Supercapacitors (ionistors) are promising de-
vices accumulating electric energy [1]. The ability
of supercapacitors to accumulate energy is to a
substantial extent determined by the properties
of electrode materials used in these devices, so at
present, we witness intense development of
methods to obtain such materials combining high
electric capacity with the ability to be recharged
many times without deterioration of the characteris-
tics, ecological safety and cheapness of production.
One of the most popular schemes is based on the use
of nanostructured composite materials composed of a

porous electroconductive matrix and nanometer-
sized particles of the oxides of metals with variable
valence [2].

During recent years, it is increasingly fre-
quently proposed to use the phases of a compli-
cated composition containing mixed or doped ox-
ides as the oxide material [3]. These phases pos-
sess advantages in the accumulation of electric
charge, increased electrical conduction, etc. How-
ever, the fabrication of nanostructured electrode
materials with complicated composition is a rath-
er labour-intensive problem.

In the present work, we consider the possibil-
ity to obtain an electrode material with compli-
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cated composition using a rather simple proce-
dure of thermal decomposition of inorganic azides.
As a rule, in the exothermal reaction of azide de-
composition, nanosized metal particles are formed
along with molecular nitrogen [4]. In the oxida-
tive atmosphere (in the presence of oxygen) and
at increased temperature, metal nanoparticles
would be most likely transformed into the oxides
of the corresponding metals. If cocrystallized
azides of different metals are used as initial ma-
terial, then the particles of corresponding mixed
oxides may be formed as a result of thermal de-
composition and oxidation. However, the question
concerning the actual composition of the products
of these transformations in complicated mixtures
still remains open.

The goal of the present work was to study the
regularities of the formation of electrode compos-
ite material formed during the thermal decompo-
sition of the mixed cobalt—nickel azide inserted
into the porous carbon matrix. The molar ratio of
cobalt and nickel azides was 2 : 1, which could
hypothetically provide the formation of nickel co-
baltate (NiCo,O,) as the oxide phase, and this
compound possesses a number of advantages for
use in the electrode material [5, 6]. For compari-
son, we studied the regularities of the formation
of composite based on cobalt (I, III) oxide ob-
tained as a result of thermal decomposition of co-
balt azide, and multilayer carbon nanotubes
(MCNT) - Co,0,/MCNT.

EXPERIMENTAL

Reagents and materials

The matrix for obtaining nanocomposite was
carbon material of MCNT type submitted by the
Institute of Coal Chemistry and Chemical Materi-
als Science of the FRC CCC SB RAS. The material
was composed of multiwall nanotubes with total
specific surface 250 m?/g, outer diameter of the
tubes 10—20 nm and inner diameter 6—10 nm.

The solutions of reagents were prepared using
CoCl, - 6H,0, NiCl,-6H,0 and NaN, of ch. d. a.
(analytically pure) reagent grade. To obtain co-
balt-nickel azide providing the total cobalt and
nickel content in the composite 1, 5, 10 and
20 mass %, we used the mixtures of two volumes
of CoCl, (0.1 M) solution and one volume of NiCl,
(0.1 M) solution in the necessary amounts.

To obtain the composite material, the weight-
ed portions of the MCNT matrix (m = 200 mg)

were ground in an agate mortar and transferred
into a weighing bottle. The carbon matrix was
impregnated in the weighing bottle for 1 h in a
mixture of the solutions of CoCl, and NiCl,. After
impregnation, the solution of NaN, was added
into the bottle to obtain cobalt — nickel azide ac-
cording to the exchange reaction

NiCo,Cl, + 6NaN, — NiCo,(N,), + 6NaCl (1)

The resulting mixture was dried in the air for
24 h, then it was transferred onto a paper filter
on Buchner funnel conjugated with Bunsen flask
and washed with distilled water from sodium chlo-
ride. After washing, the composite was dried on the
funnel at T = 25 °C. Thermal decomposition of the
composite material C/NiCo,(N,), was carried out in
the Tulyachka-2 drying box in two stages: 1) 60 min
at 120 °C (heating rate ~2 °C/min); 2) 240 min at 270
°C in the air (heating rate ~1 °C/min).

The assumed scheme of the decomposition of

mixed cobalt — nickel azide is:
NiCo,(N,); = Ni + 2Co + 9N, (2)
and it is very probable that one may expect the
formation of the metal phase in the form of an
alloy of cobalt and nickel.

The resulting fine metal particles were oxi-
dized at increased temperature and in the oxy-
gen-containing atmosphere to form nickel cobal-
tate:

Ni + 2Co + 20, — NiCo,0, 3)

The data on the composition of the synthe-
sized samples and their designations are present-
ed in Table 1. The figures in sample designations
point to the total mass content of metals intro-
duced into the carbon material. For example, for
the NiCo,0,/MCNT-1 sample, the mass content
of nickel and cobalt is 1 %.

TABLE 1

Designations of samples and calculated composition of the
composite material

Calculated mass fraction of metals
in the composite, mass %

NiCo,0,/MCNT-1 1
NiCo,0,/MCNT-5 5
NiCo,0,/MCNT-10 10
NiCo,0,/MCNT-20 20

Sample designation

Co,0,/MCNT-1 1
Co,0,/MCNT-5 5
Co,0,/MCNT-10 10

Co,0,/MCNT-20 20
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Physicochemical methods

Electron microscopic studies were carried out
with a JEOL JEM 2100 transmission electron mi-
croscope (Japan).

Diffraction and X-ray fluorescence (XP) spec-
tra were recorded with a Difrey 401 X-ray dif-
fractometer (Russia) in monochromatic FeK ra-
diation (A = 1.9373 A) with the embedded energy-
dispersive detector Amptek (USA).

The measurements of the intensity of small-
angle scattering (SAS) were carried out with the
help of a KRM-1 diffractometer (Russia) in the
transmission mode in the characteristic radiation
of iron by means of counting the pulses in points
within the range 0.002—0.35 A™!. These SAS spec-
tra were used to calculate the size distribution of
nonuniformities (particles) [7].

Electrochemical measurements were carried
out with a Parstat 4000 potentiostat/galvanostat
(Princeton Applied Research, USA) in a two-elec-
trode cell with electrodes made of stainless steel
and a Nafion separator. A 6 M KOH solution was
used as the electrolyte.

To study the properties of the composites, an

asymmetric design of the cell was chosen. A hybrid
electrode material based on nanocomposites con-
taining nickel cobaltate was used as the working
electrode, while the initial MCNT matrix was used
as the counter-electrode. The capacity of the cell
was determined from the area limited by the curves
recorded with cyclic voltammetry (CVA):
Couy = 4/UM 4)
Here C_ is the capacity of the cell, F/g; q is the
charge accumulated by the cell, C; U is the poten-
tial difference, V; m is electrode mass, g.

Capacities of electrodes were determined us-
ing equation
C.,=C..C/(C,~C) (5)

Here C_ is the capacity of the electrode cell; C |
is the capacity of the working electrode; C is the
capacity of counter-electrode.

RESULTS AND DISCUSSION

The electron microphotographs of initial car-
bon material MCNT are shown in Fig. 1. The dif-
ference in the inner structure of carbon fibres is
evident (see Fig. 1, b). The walls of carbon tubes
are formed by 10—15 atomic carbon layers. The
nanotubes are characterized by rather broad size
distribution, both in diameter and in length.

It was demonstrated at the qualitative level
by means of X-ray fluorescence analysis that the
amount of cobalt and nickel in the composite in-
creases with an increase in the preassigned metal
content in the sequence from NiCo,0,/MCNT-1
to NiCo,0,/MCNT-20. The intensity of the cobalt
signal in the XRF spectrum in all cases is about
two times as high as the intensity of the nickel
signal. The quantitative determination of nickel
and cobalt content in the case of their joint pres-
ence is hindered for this method by the overlap
of the characteristic lines of metals and iron ra-
diation of the tube (FeKB is overlapping with
CoK , while CoKﬁ is overlapping with NiK ) in
the XRF spectrum.

The diffraction patterns of the composite sam-
ples are shown in Fig. 2. They confirm the forma-
tion of the spinel phase, namely nickel cobaltate,
in the thermal decomposition of nickel and cobalt
azides. The observed diffraction maxima (reflec-
tions) 39.5, 46.6, 57.0, 76.6 and 85.0° over 20 cor-
respond to the spinel phase NiCo,O, with lattice
parameter 8.116(3) A (according to the database
ICDD 8.114 A). The presence of reflection 220
near 40°, which is characteristic of spinels, and

Fig. 1. Electron microphotographs of initial carbon material MCNT at different magnifications.
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Fig. 2. Diffraction patterns of the composite materials NiCo,O,/MCNT-z (a) and Co,0,/MCNT-x (b). x is metal content

in the samples, mass %: 0 (1), 1 (2), 5 (3), 10 (4), 20 (5).

the absence of one of the strong reflections of
NiO 82.0° (220 the structural type of NaCl) pro-
vide evidence that metals are localized mainly in
the spinel phase. With an increase in metal con-
tent in the composites, the diffraction spectrum
of the matrix weakens, while a weaker shoulder
of the strongest complex maximum (x55°) from
the side of larger angles is increasingly stronger
overlapped with one of the lines of spinel. The
size of the crystallites of the oxide phase esti-
mated from reflection broadening (Scherrer
method) is 5—10 nm.

In the case of the composite obtained through
thermal decomposition of pure cobalt azide, re-
sults of X-ray phase analysis show that the final
product of decomposition is cobalt (II, IIT) oxide.
The diffraction patterns of the samples (see Fig.
2, b) are represented by the broad lines of the
fine spinel phase C03O4: 39.6, 46.8, 57.2, 77.0, 85.2°
with lattice parameters 8.092(3) A (according to
database ICDD 8.084 A). The size of crystallites
determined from reflection broadening (Scherer
method) is 4—5 nm. The absence of the lines of
metal cobalt (56.2 and 66.0°) and a strong reflec-
tion 220 CoO (80.0°) points to the phase homoge-
neity of the final product of decomposition. With
an increase in the assigned cobalt content in the
sample, the intensities of the maxima correspond-
ing to the Co,O, phase increases.

The experimental SAS curves for nanocompos-
ite samples with the composition NiCo,O,/MCNT
are presented in Fig. 3, a. All curves corresponding

to nanocomposites (except NiCo,O,/MCNT-1) con-
tain an additional signal which may be due to the
presence of filler in the samples of the phase (dash
line shows the subtrahend MCNT function). The
region of the lengths of scattering vectors where
an additional signal appears (0.06—0.07 A™") is ob-
viously to the right from the basic maximum,
J(s) - s? for the pure matrix (0.01-0.02 A™!). This
means qualitatively that additional scattering is
mainly due to nonuniformities of smaller size.
The mass (volume) size distribution functions
Dm(d) calculated from scattering curves for the
pure MCNT matrix and nanocomposite samples
are presented in Fig. 3, b. The dispersed structure
of the carbon matrix is characterized by clearly
pronounced bimodal distribution (maxima at 5
and 17 nm). It is noteworthy that the distribution
of nonuniformities in the composite is also bimod-
al, with the positions of maxima insignificantly
shifted with respect to the maxima of the initial
carbon matrix. The shift of the position of the
first maximum towards smaller size is clearly
seen even for general functions D, (d) (see Fig. 3,
b). However, the differential signal looks more
complicated (see Fig. 3, c¢). The position of the
main maximum for the differential Dm(d), as ex-
pected, does not coincide with the pure MCNT
matrix and lies in the region of smaller size (4
nm). Its intensity increases regularly with an in-
crease in the percentage of metal content. Oscil-
lations of the right wing of the differential D _(d)
are likely to be nonrandom because they are re-
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Fig. 3. Experimental curves of small-angle scattering for pure MCNT matrix and for nanocomposite samples (a),
and calculated functions of the size distribution for nonuniformities (b — simple functions, ¢ — differential functions)
for MCNT matrix and nanocomposite samples NiCo,O,/MCNT. Metal content in the composite, mass %: 0 (1),

1(2), 5 (3), 10 (4), 20 (5).

peated for samples with 5, 10 and 20 %. For the 1
% sample, the differential function D _(d) is the
least reliable one because of the large error in
intensity comparable (after subtraction) with the
signal itself. Nevertheless, a general similarity
with more concentrated samples is evident.

The maximum on the size distribution of non-
uniformities in the region of smaller size (4 nm)
most probably corresponds to the residual size of
cavities inside nanotubes in the sites where they
contain the filler from inside. The second maxi-
mum (13 nm) is likely due to the arrangement of
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Fig. 4. CVA curves of the asymmetric supercapacitor cell. Working electrode: Co,0,/MCNT-10 nanocomposite (a) and
NiCo,0,/MCNT-10 nanocomposite (b) with counter-electrode made of initial MCNT matrix. Potential scanning rate,

mV/s: 10 (1), 20 (2), 40 (3), 80 (4).

the filler on the outer surface — in the space be-
tween the nanotubes. The large values of D, (d)
function for the first maximum may be due not
only to the larger amount of these nonuniformi-
ties but also to the higher contrast of the electron
density between the empty space and metal-con-
taining filler in comparison with the contrast be-
tween this filler and the surrounding carbon ma-
terial in the second case.

Characteristic features of the correlation func-
tions calculated from the differential SAS signal
[7] point to the fact that in the majority of cases
the scattering nonuniformities are characterized
by two-dimensional morphology. It may be as-
sumed that the particles of the metal-containing
phase are formed on the surface of the MCNT
matrix in the form of island-like formations 12 to
30 nm thick (for different samples) and not less
than 200 nm long.

The appearance of the obtained curves of cyclic
voltammetry (CVA) (Fig. 4) points to the presence
of a pronounced effect of pseudo-capacity for na-
nocomposite electrode materials containing Ni-
Co,0, and Co,0,. For these two types of compos-
ites, a similarity of voltammetric curves and the
dependences of electrode capacity on the scanning
rate is observed (Fig. 5). At the same time, the
potentials at which the most intense Faraday pro-
cesses take place turn out to be different.

The CVA curves of the cells with electrodes
made of NiCo,0,/MCNT-10 nanocomposite (see Fig.

4, b) clearly show that within the potential range
+(0.6—0.9) V electrochemical Red-Ox processes par-
ticipated by the spinel phase of the filler take place
in the cathode and anode half-cycles. Due to this
component, the capacity of nanocomposite elec-
trodes increases substantially, especially in the case
of small potential scanning rates (see Fig. 5, b).

A stronger pronounced increase in the capac-
ity of composite electrodes in comparison with
MCNT electrodes with a decrease in the scanning
rate is connected with a relatively low rate of
Red-Ox processes (in comparison with the rate of
formation of the double electric layer, DEL, on
MCNT electrodes) of the processes participated
by the oxide phase, in view of relatively slow dif-
fusion of ions from the electrolyte solution to the
electrode surface and in the opposite direction.
This agrees with the data of X-ray diffraction
patterns on the formation of spinel particles, first,
as rather coarse aggregates composed of na-
nocrystallites, second, not only on the outer sur-
face of MCNT but partially in the channels of
nanotubes. In both cases, the access of the elec-
trolyte to the crystallites and in general to the
particles of the filler is hindered.

In the case of the electrode material based on
Co,0,/MCNT-10 composite, the electrode oxida-
tion-reduction processes take place in a narrower
potential window and are characterized by lower
intensity (see Fig. 4, a). This may be due either to
the individual features of the electrochemical be-
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Fig. 5. Dependences of capacity on potential scanning rate for asymmetric cells with working electrodes
made of Co,O0,/MCNT (a) and NiCo,0,/MCNT (b) nanocomposites with MCNT matrix as a counter-
electrode. Metal content in the composite, mass %: 0 (1), 1 (2), 5 (3), 10 (4), 20 (5).

haviour of Co,O, or to the difference in the dis-
persity of products formed in the thermal decom-
position of pure cobalt azide and co-precipitated
cobalt and nickel azides. This aspect requires fur-
ther investigation. We also discovered anomalous-
ly low capacity (at high scanning rates) of the
Co,0,/MCNT-10 composite with cobalt content
10 mass %, in comparison with the composites
containing 1 and 5 mass %. As the advantages of
the electrodes with lower cobalt oxide content
manifest themselves only at high scanning rates,
it may be assumed that for these composites the
carbon surface possessing capacity due to the
presence of the double electric layer is blocked by
the filler to a lower extent, that is, for materials
with the composition Co,O,/MCNT the contribu-
tion from Faraday processes and from the pro-
cesses participated by the DEL into total capacity
is approximately the same.

CONCLUSION

The possibility to obtain nanocomposite elec-
trode material based on carbon fibres containing
mixed oxides of the metals with variable valence
through thermal decomposition of the mixtures
of metal azides is demonstrated.

The advantages of the mixed cobalt — nickel
oxide as the component of the electrode material
in comparison with cobalt oxide are demonstrat-
ed, from the viewpoint of a total increase in the

specific capacity and an increase in the specific
capacity at low scanning rates (~10 mV/s).
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