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Abstract

For the first time, nanocomposites based on non-ozonized and ozonized multi-walled carbon nanotubes (MWCNT) 
were obtained, with the outer and channel surfaces covered with nanosized crystallites of PtFe and PtCo bimetal-
lic systems. The character of electrode Red-Ox processes taking place in a potential window from –1 to +1 V was 
established; electrochemical (energy storage) properties of nanocomposites in asymmetric two-electrode model 
cells of supercapacitors was studied. It was established that with an increase in the content of bimetallic phase 
up to 5 mass % in the composites, the electrode capacitance increases by a factor of 1.3–1.5 in comparison with 
initial nanotubes, which is explained by the formation of a pseudo-capacitive component due to the high-rate 
electrode Red-Ox processes involving intermetallic PtM.
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IntroductIon

One of the key problems in making competitive 
supercapacitors, with their short-term charging-
discharging cycles and the possibility to generate 
high electric power as advantages over other 
electroaccumulating devices, is in the development 
of new electrode materials. Among the major 
directions of these developments, it is necessary to 
distinguish the formation of nanostructured 
composites (NSC) composed of carbon matrix 
containing the compounds of transition metals as 
fillers, undergoing Red-Ox transitions (desirably 
multiple) within the given potential window. Multi-
walled carbon nanotubes (MWCNT) are usually 
used as the carbon matrix, and the metal-containing 
components of NSC are usually nano-sized oxides 

and hydroxides; the results of their investigation 
were published, for example, in [1–12]. 

Works dealing with the synthesis, investigation 
of the properties of carbon matrices filled with 
metals and the outlooks for their use as electrode 
materials of supercapacitors (SC) are almost 
absent because the advantages of SC are lost due 
to the low rates of the corresponding electrode 
Red-Ox reactions (the pseudo-capacitive 
component of total electric capacitance is formed 
and correspondingly discharged to the external 
circuit with a low rate). 

Red-Ox processes providing pseudo-
capacitance and participated by intermetallides 
appear to be more interesting and at the same 
time less studied. The most promising systems in 
this aspect include bimetals PtM (M = Fe, Co), 
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with their phase diagrams each containing 
three intermetallides with different component 
ratios, which implies the difference in Red-Ox 
potentials of their transformations in the po-
tential window of ±1 V: MPt

3
 (face-centred cu-

bic (fcc) structure; space group Pm3m (221); 
structural prototype CuAu

3
), MPt (tetragonal 

lattice, space group P4/mmm; structural pro-
totype CuAu) and M

3
Pt (fcc structure, space 

group Pm3m; structural prototype Cu
3
Au). 

The goal of the work was to study the forma-
tion of NSC PtM/MWCNT (М = Fe, Co), to inves-
tigate their morphology and electrochemical 
(electrocapacitance) properties, and to provide 
experimental confirmation of Red-Ox reactions 
proceeding with the participation of intermetal-
lides.

ExpErImEntal

MWCNT synthesized at the Boreskov Institute 
of Catalysis, SB RAS (Novosibirsk) through py-
rolysis of gas mixture (propane-butane) in the 
presence of nanoparticles of iron-containing cata-
lysts were used as carbon matrices [13, 14]. The 
multiwall carbon nanotubes were treated prelim-
inarily with a mixture of acids (HCl, HNO

3
) to 

remove admixtures of catalysts. The major char-
acteristics of MWCNT were established as a re-
sult of studies [4]: specific surface, 170 m2/g; out-
er diameter of tubes, 17–22 nm; diameter of 
channels in tubes, 2–5 nm; wall thickness, 
6–12 nm; MWCNT walls were formed from 4–12 
graphene layers distinguished by means of a 
transmission electron microscope. To functional-
ize the surface, MWCNT were treated with ozone 
using an OGVK-02K ozonator (CC MELP, Rus-
sia). Ozonides (the intermediate products of ozone 
interaction with MWCNT) were destroyed by 
keeping the ozone-treated MWCNT at a temper-
ature of 105 °C for 1 h. 

Nanocomposites PtM/MWCNT (M = Fe, Co) 
were obtained through joint reduction of precur-
sor solutions (hydrogen hexachloroplatinate(IV) 
and cobalt or iron chlorides, respectively) on 
MWCNT surface by sodium borohydride at room 
temperature. Metal phase content in the compos-
ites was 2.5 and 5 mass %, with the molar ratio 
Pt/M = 1 : 1. 

The phase composition of NSC was studied by 
means of X-ray phase analysis (XPA) using X-
ray diffractometer Difrey-401 (Russia, mono-
chromatic FeKα radiation, λ = 1.937 Å). The size 

distribution of nonuniformities was evaluated ac-
cording to [15] relying on the data of small-angle 
X-ray scattering (SAXS) with the help of KRM-1 
diffractometer (Russia). The electrical capaci-
tance of nanocomposite electrodes was deter-
mined using a Parstat 4000А potentiostat (Prince-
ton Applied Research, USA) within a potential 
window from –1 to +1 V, with potential scanning 
rates 10, 20, 40 and 80 mV/s. Measurements were 
carried out in two-electrode cells: a symmetrical 
one (for matrices) and asymmetrical (for compos-
ites, structures); the data processing procedure 
was described in [16, 17]. The nature of Red-Ox 
processes in NSC was studied by means of vol-
tammetry using a Parstat 4000А potentiostat 
within the potential window from –1 to +1 V at 
the rate of potential scanning 10 mV/s. 

rEsults and dIscussIon

X-ray phase analysis 

Figure 1 shows the diffraction patterns of 
MWCNT (non-ozonized (MWCNT-1) and ozonized 
(MWCNT-2) samples) and nanocomposites formed 
on the basis of these samples: PtCo/MWCNT-1, 
PtCo/MWCNT-2, PtFe/MWCNT-1, PtFe/MWC-
NT-2, containing the metal phase at a level of 2.5 
and 5 mass %.

It is rather difficult to determine the phase 
composition and the size of crystallites of inter-
metallide nanoparticles from XPA data. In the 
diffraction patterns of PtCo/MWCNT NSC, over 
the background of the left shoulder of the reflec-
tion from the carbon matrix (2θ = 51–55°), a 
broad peak is observed at 45–52° with a notable 
maximum at 50.4° (over 2θ). At the right shoul-
der, maxima at 57° and 60° over 2θ may be dis-
tinguished. A qualitatively similar pattern of the 
structure of the major reflection of the matrix 
with the peaks detected at 50.4–50.5°, 56.9° and 
60° over 2θ was also revealed in the diffraction 
patterns of PtFe/MWCNT. 

According to the PDF database, reflections at 
50° over 2θ are characteristic of platinum or its 
platinum-rich solid solutions with iron, cobalt with 
fcc structure; the group of reflections at larger 
angles (51–64° over 2θ) is characteristic of iron or 
intermetallides PtFe

3
, PtFe, Pt

3
Fe, PtCo

3
, PtCo and 

Pt
3
Co. It is difficult to make more distinct conclu-

sions due to superpositions of reflections, low con-
tent and highly dispersed state of the metal- 
containing phase within the composite. 
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X-ray fluorescence analysis

One can see in X-ray fluorescence spectra 
(Fig. 2) that initial carbon nanotubes MWCNT-1 
and MWCNT-2, as well as NSC formed on their 
basis, contain insignificant amounts (0.1–0.2  
mass %) of chlorine, calcium and chromium ad-
mixtures. This is the evidence of sufficiently high 
efficiency of sample purification at the stage of 
washing. 

The intensities of X-ray fluorescence peaks re-
lated to platinum (9.4 keV) and cobalt (7.6 keV) 
change in proportion to the content of metal phas-
es in NSC. Determination of iron content is hin-
dered because the characteristic radiation of the 
iron anode of the X-ray tube is used for excitation. 

Analysis of the size distribution of nonuniformities 
in the composites by means of SAXS

The experimental SAXS spectra of MWCNT 
samples of two kinds (MWCNT-1 and MWCNT-2) 
and NSC formed on their basis, as well as the func-
tions of the size distribution of nonuniformities 

(D
m
(d)) calculated from scattering curves and the 

difference functions (∆D
m
(d)) are shown in Fig. 3.

For all the considered mode systems, maxima 
within the regions of 2–7 and 12–25 nm are 
clearly detected in the D

m
(d) plots. The corre-

spondence of nonuniformity sizes (d) to the sizes 
of channels and outer diameters of MWCNT 
surely allows relating the observed nonuniformi-
ties exactly to them. This had to be expected 
from the theory of SAXS at the boundaries be-
tween media (phases) with different electron 
densities. 

An increase in scattering intensity, observed 
on the ∆D

m
(d) curves, is due to the deposition of 

bimetal nanoparticles both in channels and at the 
outer surface of MWCNT. This effect is due to 
the higher contrast of electron density at vacu-
um/bimetal and bimetal/carbon interfaces in 
NSC in comparison with the vacuum/carbon in-
terface in MWCNT. A noticeable structure on 
∆D

m
(d) curves may be due to a more complicated 

profile of interphase boundaries in NSC (vacu-
um/bimetal/carbon/bimetal/vacuum). 

Fig. 1. Diffraction patterns of non-ozonized (MWCNT-1) (a, c) and ozonized (MWCNT-2) (b, d) samples of nanotubes  
and nanocomposites based on them (PtFe/MWCNT and PtCo/MWCNT) with different metal phase content.
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In general, the data obtained by means of 
SAXS provide evidence of the formation of NSC 
as a result of the deposition of bimetal 
nanoparticles both in channels and on the outer 
surface of MWCNT. 

Cyclic voltammetry of samples

The anode branches of cyclic voltammetric (CVA) 
curves for the PtFe bimetal films obtained by elec-
trodeposition of precursor solutions are presented in 
Fig. 4 (а) in comparison with the nanopowders de-
posited on the electrode: PtFe (b) and PtCo (c). The 
conditions of the synthesis of bimetals by the reduc-
tion of precursors and their composition (Pt/М ra-
tios) are similar to those used for the formation of 
bimetal fillers in NSC.

During the anode oxidation of electrodeposited 
bimetal films in the acid medium, three peaks are 
clearly detected on the CVA curves in the regions of 
about –0.4 V, –0.2 … +0.3 V and near +0.6 V (see 

Fig. 4, a). Comparing these results with those ob-
tained with nanopowders (see Fig. 4, b, c), one may 
conclude that the first peak, which is related to the 
iron-rich Pt–Fe solid solution on the basis of its posi-
tion and the shift of the maximum with the changes 
in Pt/Fe ratio in the electrolyte, is characteristic only 
of electrodeposited systems. The nature of the sec-
ond peak is known; it is connected with the electro-
catalytic reduction of hydrogen in acid media on na-
nosized Pt-containing particles. Naturally, it does not 
appear in the alkaline medium used by us in the 
experiments on charge accumulation in model SC. 
The broad peaks detected in the region of  
+0.3 …+0.8 V, judging from their position, relate to 
Red-Ox transformations participated by intermetal-
lides Pt

3
Fe (Pt

3
Co) and maybe PtFe (PtCo). 

Cyclic voltammetry with model supercapacitor cells 

One can see in the massif of typical CVA 
curves shown in Fig. 5 that for non-ozonized 

Fig. 2. X-ray fluorescence spectra of MWCNT and nanocomposites on their basis with different metal phase content:  
а – MWCNT-1 and PtFe/MWCNT-1; b – MWCNT-2 and PtFe/MWCNT-2; c – 5 % PtCo/MWCNT-1; d – 5 % PtCo/MWCNT-2. 



 MORPHOLOGY AND ELECTRICAL CAPACITANCE PROPERTIES OF NANOSTRUCTURED COMPOSITES 447

Fig. 3. Experimental SAXS curves of MWCNT-1 (non-ozonized) and MWCNT-2 (ozonized) samples and nanocomposites 
based on them (a, b), as well as calculated functions of nonuniformity size distribution (c, e – simple, d, f – difference 
functions).
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nanotubes (MWCNT-1) their shape is close to 
rectangular, therefore, charge accumulation oc-
curs mainly at the boundary of the double elec-
tric layer (DEL) electrode/electrolyte. 

For ozonized nanotubes (MWCNT-2), pseudo-
capacitance peaks are observed on the discharge 
curve in the region of –0.8 V and on the charge 
curve (at +0.8 V), which are due to electrochemi-
cal Red-Ox reactions participated by oxygenated 
surface groups formed during functionalization 
(carboxyl, carbonyl, hydroxyl, etc.). 

Pseudo-capacitive peaks that are observed on 
CVA curves in the case of electrodes made of 
NSC are likely to be connected with Red-Ox 
transformations of intermetallides. They are more 
clearly pronounced when the content of the bi-
metal filler is 5 mass %.

Cell capacities for different rates of potential 
scanning were determined from the area limited by 
CVA curves (Fig. 6). One can see that the capaci-
tance of NSC electrodes is noticeably higher than 
the capacitance of MWCNT. The effect is more 
clearly pronounced for NSC based on ozonized na-
notubes (MWCNT-2) containing 5 mass % PtCo.

In the region of relatively high potential scan-
ning rates, the capacitance of MWCNT is only 
weakly dependent on the rate, but this depend-
ence becomes more clearly expressed at lower 
rates (lower than 20–40 mV/s), and this effect is 

more notable for functionalized MWCNT-2. It fol-
lows from this observation that in the cases under 
consideration the accumulation of electric charge 
at high rates is connected mainly with the forma-
tion of the DEL; at low rates, the contribution of 
pseudo-capacitance becomes increasingly notable 
as a consequence of the involvement of Red-Ox 
electrochemical processes (for example, for  
MWCNT – with the participation of the surface 
groups, both the present ones and those formed 
during ozone treatment).

The studies showed [18–21] that intermetal-
lides formed in nanosized PtFe and PtCo materi-
als synthesized in the absence of MWCNT matrix 
are electrochemically active within the potential 
window from – 1 to +1 V. Red-Ox processes with 
their participation are likely to promote an in-
crease in total electric capacitance. The presence 
of the effect in the region of high potential scan-
ning rates provides evidence that the rates of 
these processes are substantial. An increase in the 
effect within the region of low scanning rates 
shows that several kinds of reactions proceeding 
with different rates are implemented. 

Chronopotentiometric measurements

We carried out 100 cycles of cell charging-
discharging, with each half-cycle lasting for 10 s, 

Fig. 4. Data of cyclic voltammetry: a – anode branches of CVA curves for electrolytic films PtFe, с(PtCl
6
2–) = 6•10–6 mol/L, 

c(Fe2+), 10–5 mol/L: 1 – 4; 2 – 8; 3 – 16; 4 – 30; b – CVA curves for PtFe nanopowder; c – for PtСо nanopowder before 
(5, 7) and after (6, 8) cathode reduction. Conditions: a, b – electrolyte 0.1 M KCl + HCl (рН 1.65), c – ammonium buffer 
electrolyte (рН 9.8). 
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Fig. 5. CVA curves for symmetrical cells with electrodes based on non-ozonized MWCNT-1 (а) and ozonized MWCNT-2 (b) 
samples and asymmetrical supercapacitor cells with working electrodes based on nanocomposites: c – 2.5 % PtCo/MW-
CNT-1; d – 2.5 % PtCo/MWCNT-2; e – 5 % PtCo/MWCNT-1; f – 5 % PtCo/MWCNT-2; g – 5 % PtFe/MWCNT-1;  
h – 5 % PtFe/MWCNT-2. Conditions: counter-electrodes – MWCNT-1 or MWCNT-2; potential scanning rates, mV/s:  
10 (1), 20 (2), 40 (3), 80 (4). 

Fig. 6. Dependence of capacitance on potential scanning rate for cells with working electrodes based on MWCNT-1, 
MWCNT-2 and nanocomposites PtCo/MWCNT (а) and PtFe/MWCNT (b). 



450 YU. A. ZAKHAROV et al.

with the current equal to 10 mA. An example of the 
fragment of the cycle series is presented in Fig. 7. 

The values of the calculated specific capaci-
tance of electrodes and equivalent serial (internal) 
resistance of SC are presented in Table 1. One can 
see that the capacitance of composite electrodes is 
in all cases higher than that of the electrodes based 
on MWCNT. With an increase in the content of the 
metal phase in the composite, specific electric ca-
pacitance increases and the internal resistance of 
the cells decreases. At the qualitative level, the 
results correspond to the CVA data. The largest 
increase in capacitance is observed when the 5 % 
PtCo/MWCNT-2 nanocomposite is used as the 
working electrode of SC.

Electrochemical impedance spectroscopy 

The data on the investigation of SC cells by 
means of impedance measurement are shown in 
Fig. 8. Measurements were carried out within a 
frequency range from 2.5•10–2 to 104 Hz. One can 
see in Nyquist diagrams (see Fig. 8, a, b) that the 
introduction of the metal phase promotes a de-
crease in the active and reactive components of 
impedance. The active component exhibits a more 
substantial decrease (by a factor of 1.7–2), in par-
ticular, the resistance at the interface decreases 
in the same manner. This is due to the decoration 
of the surface of carbon nanotubes by nanosized 
quasi-films and nanocrystallites of bimetals hav-
ing low specific resistance in comparison with 
MWCNT. At the same time, for cells with NSC 
electrodes, especially PtFe, an increase in the 
charge transfer resistance from 0.3–0.4 to 0.8–1.6 
Ohm is observed (within the high-frequency 
range), which is inversely proportional to the rate 
of charge carrier transfer and is connected with 
kinetically hindered Red-Ox processes participat-
ed by intermetallides within the given potential 
window. 

The dependences of the phase angle on fre-
quency are shown in Fig. 8, c–f. One can see that 
the phase angle at low frequencies for the cells 
with MWCNT- and NSC-electrodes is 82–85°, 
which points to a substantial contribution of the 
DEL into charge accumulation. For an ideal SC, 
the angle is equal to 90°; for real cells with the 
electrodes accumulating energy mainly due to 
the DEL the angle is equal to 70–80°. In the re-
gion of high frequencies, corresponding to the re-
gion of charge transfer in Nyquist diagrams, 
maxima are observed for the cells with working 
electrodes based on NSC. Their intensity increas-
es with an increase in the concentration of inter-
metallides, which points to the contribution from 
pseudo-capacitance. The most intense maxima 
were determined for PtFe systems. 

ConClusion

Nanostructures composite materials PtМ/
MWCNT (М = Fe, Co) containing nanoparticles of 
PtM filler both in channels and on the outer sur-
face of carbon matrix (MWCNT) were obtained 
for the first time. It was established that the de-
veloped composition and the structure of nano-
composite in combination with preliminary func-
tionalization of MWCNT by means of treatment 

Fig. 7. Galvanostatic charging-discharging curves of superca-
pacitor cells with working electrode based on 5 % PtCo/
MWCNT-2 nanocomposite.

TABLE 1

Specific electric capacitance of electrodes and internal  
resistance of SC cells 

Sample Specific electric 
capacitance, 
F/g

Internal resistance, 
Ohm

MWCNT-1 40.0 13.0

MWCNT-2 44.0 14.0

2.5 % PtCo/MWCNT-1 48.3 6.3

5 % PtCo/MWCNT-1 53.2 5.1

2.5 % PtCo/MWCNT-2 51.4 5.6

5 % PtCo/MWCNT-2 54.5 5.0

2.5 % PtFe/MWCNT-1 49.6 6.9

5 % PtFe/MWCNT-1 52.1 6.2

2.5 % PtFe/MWCNT-2 50.4 6.4

5 % PtFe/MWCNT-2 54.2 5.0

tInker
Sticky Note
Marked set by tInker
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with ozone allow an increase in the electric ca-
pacitance of SC cells. This effect increases with 
an increase in the content of the bimetal filler. 
The largest effect (an increase in capacitance by 

a factor of 1.5) was achieved when the nanocom-
posite based on ozonized MWCNT containing  
5 mass % PtCo was used as the material of the 
working electrode in the SC. The most probable 

Fig. 8. Nyquist diagrams (а, b) and dependencies of phase angle on frequency (c–f) for supercapacitor cells with working 
electrodes: MWCNT-1 (a, c, e), MWCNT-2 (b, d, f) and nanocomposites based on them.
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reason for the formation of an additional pseudo-
capacitive component in the composite may be 
fast electrode Re-Ox processes participated by 
PtM intermetallides. 
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V.45.3.2) and RFBR (project No. 20-43-420017/20), 
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