
Citation: Abdullin, K.A.; Gabdullin,

M.T.; Kalkozova, Z.K.; Nurbolat, S.T.;

Mirzaeian, M. Symmetrical

Composite Supercapacitor Based on

Activated Carbon and Cobalt

Nanoparticles with High Cyclic

Stability and Current Load. Energies

2023, 16, 4287. https://doi.org/

10.3390/en16114287

Academic Editor: Huang Zhang

Received: 19 April 2023

Revised: 14 May 2023

Accepted: 22 May 2023

Published: 24 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Symmetrical Composite Supercapacitor Based on Activated
Carbon and Cobalt Nanoparticles with High Cyclic Stability
and Current Load
Khabibulla A. Abdullin 1,2,* , Maratbek T. Gabdullin 3, Zhanar K. Kalkozova 1,2, Shyryn T. Nurbolat 1,2

and Mojtaba Mirzaeian 4,*

1 National Nanotechnology Laboratory of Open Type (NNLOT), Al-Farabi Kazakh National University,
Al-Farabi Avenue 71, Almaty 050040, Kazakhstan; zh.kalkozova@mail.ru (Z.K.K.);
shyryn0709@gmail.com (S.T.N.)

2 Institute of Applied Science & Information Technology, Shashkin Str. 40-48, Almaty 050040, Kazakhstan
3 Kazakh-British Technical University, Almaty 050000, Kazakhstan; gabdullin@physics.kz
4 School of Computing, Engineering and Physical Sciences, University of the West of Scotland,

Paisley PA1 2BE, UK
* Correspondence: kh.abdullin@physics.kz (K.A.A.); mojtaba.mirzaeian@uws.ac.uk (M.M.)

Abstract: Supercapacitors play an important role in a future clean-energy landscape to meet the
challenges of existing energy-storage/delivery systems. They suffer from low energy density and
are mainly used for the storage/delivery of electrical energy in high power demands. However,
improvement of their energy density is vital to develop energy storage systems that can respond to
the energy demands of emerging technologies requiring a wider energy/power spectrum. In this
article, a symmetrical capacitor is developed from a composite consisting of synthesized activated
carbon and cobalt oxide to improve the energy storage performance of the supercapacitor. Uniform
distribution and immobilization of cobalt nanoparticles within the composite is achieved by em-
bedding cobalt acetate into the initial resorcinol formaldehyde polymeric aerogels, followed by the
pyrolysis of the gel in Ar atmosphere and activation of the carbon in CO2 atmosphere at 800 ◦C. The
activated carbon/cobalt composite is used as the electroactive material in electrode formulation. The
electrochemical characteristics of the synthesized electrode materials demonstrates an optimized
specific capacitance of 235 F g−1 at a sweep rate of 10 mV s−1 in a three-electrode system. The
symmetrical capacitor has a capacitance of 66 F g−1 at 1 A g−1, a very high rate of performance in
10,000 cycle tests, and a rate capability of 24% at 30 A g−1. The capacitor shows a power density of
up to 15 Wh kg−1. The presence of cobalt spices makes it possible to optimize the capacitance of
a symmetrical capacitor, while the capacitance of a symmetrical activated carbon capacitor cannot
be optimized.

Keywords: symmetrical supercapacitor; cobalt oxide nanoparticles; activated carbon; electrode material

1. Introduction

Continuous growth of the contribution of renewable energy to our increasing energy
demands, to address the economic and environmental issues related to the use of fossil fuels
(i.e., requiring increasing amounts of energy for their extraction and utilization [1], and also
their significant role in the upsurge of atmospheric carbon emissions and consequent global
warming [2,3]), combined with the around-the-clock emerging of modern technologies
and their wide variations of energy and power requirements, compel the development of
versatile energy-storage and power supply systems that can offer a wide range of energy
and power densities, dealing with the associated issues of poor power quality and the
intrinsic intermittency of renewable resources. Since energy storage is the key to opening
the door to renewable energy, and where no single device can respond to a wide spectrum
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of electrical energy storage and delivery time scale, a variety of technologies are needed to
be developed and deployed to deal with high-power delivery in short discharge periods
and longer time storage/delivery in the times of no energy generation, safeguarding a
large-scale supply of energy with wide ranges of power densities and energy densities
securely and continuously commensurate with different applications.

In the case of energy storage/delivery in longer time, the lithium-ion battery stands
out as a leading technology dominating the markets of portable electronic applications.
However, despite its high energy density, good columbic efficiency, minimal self-discharge,
and well-developed technology [4], there are still growing concerns about its cost and
safety, particularly for large-scale applications in electric vehicles and large-scale energy
storage devices. As a result, the development of low-cost and safe batteries with high
energy density and power capability providing a long-term energy storage/delivery ser-
vice is crucial and at the top of the current research agenda of battery scientists to fulfill
our future energy demands for a wide variety of applications [5–7]. The development
of rechargeable aqueous batteries as low-cost energy storage devices has attracted con-
siderable research work in recent years [8–10]. Wen et al. have recently developed an
aqueous ammonium-ion battery using a monoclinic WO3 nanosphere anode and a γ-MnO2
cathode with outstanding electrochemical performance. The battery has shown an energy
density of 64.9 Wh kg−1 and a capacity retention of 95.4% after 5000 cycles at the current
density of 3.0 A g−1 [11]. By using a V2O3-carbonized dictyophora composite cathode as
the electroactive material in an aqueous zinc-ion battery, Zhou et al. have also achieved an
excellent capacity of 289 mAh g−1 with 89% capacity retention after 1000 cycles at a current
density of 50 mA g−1 and an outstanding capacity of 170 mAh g−1 at a current density of
1 A g−1 [12]. These show the potential of rechargeable aqueous batteries with the advan-
tages of simple manufacturing process, outstanding safety, environmental friendliness, and
high ionic conductivity.

In the case of energy storage/delivery in short times, supercapacitors are devices with
the capability of absorbing and delivering large amounts of energy over short timescales,
offering enormous power density when compared to other energy storage technologies.
As an integral part of energy storage and delivery systems, they play a crucial role in
meeting the challenges of contemporary energy storage and power delivery systems in a
future clean-energy landscape. Their excellent power delivery characteristics make them
an ever-more important class of energy storage technologies with the capability of storing
enough energy for a range of industrial applications when requiring a sudden surge of
energy for a short period of time, such as automotive acceleration and braking in electric
vehicles [13–15], pulsed power applications in telecommunications and microgrids [16–18],
portable products and uninterruptible power supplies [19], solar arrays [20], and wind
turbines [21]. They are utilized in hybrid energy storage systems complementing other
high energy density devices such as batteries by providing periods of pulsed power that
otherwise would be challenging to achieve when needed through pushing the device
to the edge of its instability [22]. Despite their superb rate capability and high power
performance, there are still several shortcomings associated with their applications that
include the requirements of high energy density and extended energy delivery times.

Supercapacitors store energy in the form of an electric charge in three main fashions of
(i) an electric double-layer capacitor (EDLC) in which the electronic charges accumulate
on the surface of the electrodes at the electrode and electrolyte interface by non-Faradaic
interactions (electrostatically). This is achieved through the transfer and formation of a
double layer of associated ions at the interface within the electrolyte responsible for a
large amount of charge that the supercapacitor can store [23]. Therefore, a higher specific
surface area of the electrode results in a greater specific capacitance and, accordingly, a
greater energy density according to E = 1

2 CV2, where E is the energy density, C is the
specific capacitance, and V is the operating voltage. Hence, the development of porous
nanoelectrode materials is one of the effective strategies for enhancing the energy density
of EDL supercapacitors.
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Due to the ease of production and control of their porous structure allowing high
porosity, huge specific surface area, controllable pore-size distribution facilitating the
electrolyte access to the internal pores, combined with their high electric conductivity,
tunable wettability, chemical inertness, and cost-effectiveness, polymer-based carbons [24]
and activated carbons [25–27] have been considered and used as the most apposite electrode
materials for capacitive energy storage in supercapacitors for a long period of time. Because
of non-Faradaic charge-storage processes, which store charges through static electricity
only, the structural changes of the electroactive material during the charge/discharge
process of EDL supercapacitors are insignificant. This results in very high-energy-storage
efficiencies of above 95% with excellent cyclic stability of several hundreds of thousands
of times without considerable loss of the energy storage capacity of EDLCs and improves
their power performance through rapid energy uptake and delivery, providing them with
energy storage solutions with exceptional rate capability, high power performance, and the
greatest lifetime when fast power delivery is required [22,28,29]. However, because of the
mechanism of electrostatic surface charging, EDLCs still experience low energy densities,
which greatly restrict their applications to meet the higher requirements for large-scale
implementations of future systems needing high power density with increased ability to
store energy so that it could be used for a longer term. (ii) Pseudocapacitors (PC), in which
energy in the form of electric charges is stored within the electroactive materials utilized in
their electrode formulation undergoing fast and reversible Faradaic reduction–oxidation
reactions on the surface or in a shallow depth within the near-surface layer of the electrode
materials (according to their various potentials called pseudo-capacitive behavior). In PCs,
electric charges transfer from the surface of the electrode to the electrolyte ions and from the
electrolyte ions to the electrode surface reversibly with limited diffusion of ions where ion
diffusion length is significantly shortened when compared to battery storage in which bulk
solid-state ion diffusion occurs [30,31]. These result in a passage for Faradaic current on the
double layer, contributing to the increase in energy density at the expense of poor cyclability
and lower power density compared to EDLCs [32]. Electroactive materials such as metal
oxides or conductive polymers are prevailing electrode materials used in PCs because
of their pseudo-capacitive behavior [29,33]. Conducting polymers such as polyaniline,
polypyrrole, polythiophene, and their derivatives have been used as electrode materials
with pseudo-capacitive properties in PCs and have shown high gravimetric and volumetric
pseudo-capacitance; however, their initial performance wanes as a result of their limited
stability during cycling [29,34–36]. A wide range of transition metal oxides exhibiting
various oxidation degrees including RuO2 [37], Fe3O4 [38], MnO2 [39], MoO2 [40], NiO [41],
V2O5 [42], and Co3O4 [43] have also shown promising pseudo-capacitive charge storage
results in the past couple of years, yet a poor cyclability associated with their structural
disintegration because their swelling and shrinking during cycling has hindered their full
utilization for practical application of PCs. (iii) Hybrid capacitors, in which both Faradaic
and non-Faradaic charge storage mechanisms are combined in order to address the energy
storage limitations of EDLCs and the cyclic stability and power-handling limitations of
PCs, promoting specific capacitance in a single device. Depending on the combination of a
Faraday electrode acting as the energy source with a non-Faraday capacitor-type electrode
acting as the power source, three types of hybrid supercapacitors including asymmetric
supercapacitor, battery-type supercapacitor, and composite hybrid supercapacitor emerge.
In asymmetric and battery-type supercapacitors, the charge storage mechanisms of the two
electrodes are different, and each of the former mechanisms of Faradaic and non-Faradic
behaviors occurring independently on positive and negative electrodes (depending on
the type of the device) are combined in a single device, providing high energy density
and power density for the device at the same time. This is through the benefiting from
the advantages of the two different electrode materials operating at different potential
windows in the device, while a composite hybrid supercapacitor is a symmetric capacitor in
which both electrodes are the same, using a composite material consisting of carbonaceous
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material incorporated with pseudocapacitive materials such as transition metal oxides as
the electroactive material.

Due to the formation of effectual active sites, a larger electrode/electrolyte interfacial
area, and quicker transfer of active species, which speeds up the electrochemical reaction,
the metal embedding in carbon has been used for a long time to achieve highly efficient
electrocatalysts [44–47]. For this purpose, embedding transition metal oxides in carbon
to prepare composites made of metal oxide nanoparticles and carbonaceous materials
has been highlighted as a promising and cost-effective method for the preparation of
electroactive composite materials to improve their electrical conductivity, specific surface
area, electro-active sites, and chemical stability and to limit the aggregation of metal ox-
ide nanoparticles [33,48,49]. The porous carbon in the metal oxide composite not only
contributes to EDLC charge storage but also, in comparison to bulk metal oxide, acts as
a support for the metal oxide nanoparticles contributing to a higher surface-specific area,
good electric conductivity, and good wettability of the active materials by the electrolyte. It
also facilitates a better transfer of ions in the electrolyte and a better use of the active pseudo-
capacitive materials at high-rate charging–discharging, where the satisfactory electro-active
sites ensure high pseudo-capacitive performances and cyclic stability [33,50–53].

Due to its distinctive nanostructure, huge internal surface area, good mechanical
strength, and flexibility, nanocellulose has also been utilized as the base material for the
fabrication of electrodes for hybrid supercapacitors [54]. Although it is not electrically
conductive, its pretreatment to convert into carbon materials or its incorporation with
other conductive components such as conducive polymers, nanocarbons, and metal oxides
have resulted in the development of nanocellulose-based conductive hybrids as favorable
environmentally friendly electrode materials for supercapacitor applications [55].

Enormous research work and review papers have been published on the development
of electrode materials, their storage mechanisms, the fabrication of electrodes, and also the
proper design of devices for EDLCs [56–62], PCs [63–77], and hybrid capacitors [78–86].

Research that could potentially offer additional cost and performance benefits for
supercapacitor development is highly relevant. Symmetrical capacitor designs, where
both electrodes are made of the same material and have the same mass and area, have a
simplified manufacturing process and require simpler manufacturing processes compared
to asymmetric systems. Therefore, symmetrical capacitor designs are attractive in terms
of efficiency in mass production. However, the capacitance of symmetrical capacitors
made from activated carbon (AC), which is the most common supercapacitor material,
cannot be optimized. This is because the potentials of the anode and cathode electrodes
of an AC capacitor are not symmetrical with respect to the potential of a fully discharged
capacitor. The operating range of the potentials is much narrower at positive potentials
than at negative ones [87]. It is also characteristic for activated carbon electrodes that their
specific capacitance at positive and negative potentials differs significantly. This is due to
the difference in the mechanisms of interaction of positive and negative electrolyte ions
with the electrode material, the presence of electrically charged radicals on the surface of
the electrodes, and in the near-surface region capable of redox reactions. Accordingly, to
optimize the operating modes, it is necessary to satisfy a certain ratio between the values
of the operating voltages and capacitances of the positive and negative electrodes of the
capacitor [88]:

Q = CPUP = CNUN or UN = UP
CP

CN
(1)

where UP, CP and UN, CN represent the operating potential window and capacitance of
the positive and negative electrodes, respectively. Since for a symmetric activated carbon
capacitor in an alkaline electrolyte, the value of UP is less than UN, as well as CP being
less than CN, condition (1) cannot be fulfilled. To achieve the optimization condition, it is
necessary to increase the mass of the active material of the positive electrode in comparison
with the mass of the negative electrode [87,88].



Energies 2023, 16, 4287 5 of 19

In this work, resorcinol formaldehyde-based activated carbon/cobalt oxide composites
with different cobalt loadings were synthesized by polycondensation reaction between
resorcinol (R) and formaldehyde (F) in the presence of cobalt acetate to prepare RF/cobalt
acetate polymeric gels followed by the carbonization of the polymeric gels at 800 ◦C in
Ar atmosphere and activation of the cobalt-loaded carbons in CO2 atmosphere at 800 ◦C.
The activated carbon (AC) composites were used as electroactive material in the electrode
formulation. A symmetrical capacitor was fabricated with high cyclic stability and current
load, where both electrodes of the capacitor were made of an AC composite with embedded
cobalt nanoparticles using a 3.5 M KOH solution as the electrolyte. The presence of these
nanoparticles has little effect on the capacitance of the negative electrode; at the same time,
the capacitance of the positive electrode can vary in a controlled manner to achieve optimal
conditions for creating a symmetrical capacitor.

2. Materials and Methods
2.1. Materials

Resorcinol (C6H4 (OH)2, 98%), formaldehyde ((HCHO), 37% solution), sodium carbon-
ate anhydrous (Na2CO3, ≥99.5%), reagent-grade cobalt (II) acetate tetrahydrate
(C4H6CoO4·4H2O), carbamide, and N-methyl-2-pyrrolidone (NMP) were purchased from
Sigma Aldrich ( Gillingham, Dorset, UK). The reagent acetone was purchased from VWR In-
ternational Ltd. (Lutterworth, Leicestershire, UK). The PVDF powder Kynar was purchased
from PolyK (State College, PA, USA). The used deionized water (18.2 Mohm × cm) was
produced by the AQUAMAX-Ultra 370 Series water purification system (YL Instrument
Co., Anyang, Republic of Korea).

2.2. Preparation of the Activated Carbon–Cobalt Composite (Co@AC)

Resorcinol/formaldehyde aerogel and cobalt-loaded resorcinol (R) formaldehyde
(F) aerogels were prepared by mixing the predetermined amount of resorcinol, sodium
carbonate as catalyst (C), and cobalt acetate as the cobalt source in deionized water (W). The
mixture was mixed vigorously for 45 min at room temperature. Formaldehyde was added
with continuous stirring for another 45 min. The molar ratios of resorcinol to formaldehyde
(R/F) and resorcinol to catalyst (R/C) and the ratio of resorcinol to water (R/W) in g mL−1

were kept constant at 0.1, 200, and 0.5, respectively. The molar ratio of cobalt acetate to
resorcinol varied between 0 and 1. The obtained solutions were placed in sealed Duran
bottles to avoid water evaporation during the gelation process, and the sealed bottles were
placed in the oven and kept at 25 ◦C for 24 h to initiate the gelation process, followed
by keeping them at 60 ◦C for 48 h and at 80 ◦C for another 72 h to ensure the formation
of a well-developed three-dimensional gel structure after the completion of the gelation
process. The synthesized light-brown aqua gels were cut into small pieces and submerged
in acetone for 4 days for solvent exchange to completely remove water from the hydrogels’
porous structure prior to their drying. The final aerogels then were obtained by drying in a
vacuum oven at 5 mbar and 40 ◦C for 4 days for the complete removal of acetone from the
internal pores of the solvent-exchanged gels without any shrinkage.

The dried RF and cobalt-loaded RF aerogels were carbonized at 800 ◦C in a tubular
furnace according to the following method: in each carbonization experiment, 3 g of aerogel
was placed in a ceramic boat and purged for 30 min with Ar at 200 mL min−1 at room
temperature before commencing the heating program. The temperature of the furnace was
increased to 150 ◦C at 5 ◦C min−1 and maintained for 30 min. It was then increased to
450 ◦C at 5 ◦C min−1 and held for another 30 min before heating the sample to the final
carbonization temperature of 800 ◦C at 10 ◦C min−1. The sample was then kept at the
carbonization temperature for 3 h. After the completion of carbonization, the furnace was
cooled to room temperature in flowing Ar.

The activated carbon aerogel and activated cobalt-loaded carbon aerogels were pre-
pared by their mild oxidation in CO2 atmosphere at 800 ◦C. A sample of carbon/cobalt-
loaded carbon was placed in a ceramic boat and located at the center of the furnace. The
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sample was first purged with Ar flowing at 200 mL min−1 for 30 min prior to heating and,
then, heated to the activation temperature of 800 ◦C at 10 ◦C min−1. At this stage, gas was
changed to CO2, and the sample was kept at at 800 ◦C in CO2 atmosphere for 3 h. After the
completion of activation, the gas was switched to Ar, and the sample was cooled down to
room temperature under Ar flowing at 200 mL min−1.

2.3. Preparation of the Co@AC Electrode

To prepare the electrode, the synthesized Co@AC composite was mixed with PVDF
powder in a weight ratio of 9:1. Since the particles of the Co@AC composite were very small,
no carbon black was used. A certain amount of NMP was added to the Co@AC + PVDF
mixture and mixed in an agate mortar. The solution was uniformly applied to the nickel
foam (NF), and the electrodes were dried first in the air and then in a vacuum oven at 70 ◦C
for 3 h. The mass of the active substance of the Co@AC/NF electrode was determined
by weighing and ranged from 4 to 10 mg cm2. To create a symmetrical supercapacitor,
two identical electrodes were cut from an electrode with a larger area. After pressing, the
electrodes were ready for measurements.

2.4. Characterization

The phase structure of the samples was studied using a MiniFlex X-ray diffractometer
(Rigaku, Tokyo, Japan) operating with CuKα radiation at a wavelength of 1.5418 Å at
an accelerating voltage of 40 kV and a current of 15–40 mA. Sample morphology was
evaluated by a scanning electron microscope (SEM) Quanta 200i 3D (FEI, Hillsboro, OR,
USA) and transmission electron microscopy (TEM) JEM-2100 (JEOL, Tokyo, Japan). The
chemical composition of materials was studied using a NEXSA X-ray photoelectron spec-
trometer (Thermo Scientific, Waltham, MA, USA). Raman spectra were investigated using
an NTEGRA Spectra spectrometer (NT-MDT) with a solid-state laser exciting at 473 nm.

2.5. Electrochemical Measurements

The electrochemical properties of the prepared electrodes were studied by the standard
three-electrode system using a P-40X-FRA-24M potentiostat (Elins, Chernogolovka, Russia).
The three-electrode system consists of a working electrode, a reference electrode (Ag/AgCl),
and a platinum counter electrode. The electrochemical characteristics of the supercapacitor
electrodes were studied in 3.5 M KOH electrolyte by cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS) measurements
in the frequency range of (0.1 Hz–500 kHz) at a sinusoidal potential amplitude of 20 mV.

The electrochemical characteristics of the capacitor were studied using a two-electrode
Swagelok-type electrochemical cell with a 3.5 M KOH electrolyte. Both anode and cathode
are made up of Co@AC, and a filter paper was used as the separator. The capacitance
of the capacitor was measured in a two-electrode circuit by the CV and GCD methods
in the voltage range of 0 V up to 1.7 V. The specific capacitance was calculated from the
measurement results of CV according to Equation (2):

Cs =
1

2mν(Vmax − Vmin)

∮
I(V)dV, (2)

where Cs is the specific capacitance (F g−1), m is the mass of the electroactive material of
the electrode (g), ν is the scan rate (V s−1), Vmax − Vmin is the potential window (V), I is
the current (A), and integration is performed over one CV cycle. The results of the GCD
measurements were also used to calculate the specific capacitance Cs (F g−1), according to
Equation (3):

Cs =
Idt

m∆U
, (3)

where m is the mass of the electroactive material of the electrode (g), I the discharge current
(A), dt the discharge time (s), and ∆U the voltage drop (V).
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Figure 1 shows a flowchart of the sequence of steps including the preparation of elec-
troactive materials, fabrication and characterization of the electrodes, and electrochemical
measurements of the as prepared electrodes and the measurement of their electrochemical
performance in a symmetric supercapacitor device.

Energies 2023, 16, x FOR PEER REVIEW 7 of 19 
 

 

(A), and integration is performed over one CV cycle. The results of the GCD measurements 
were also used to calculate the specific capacitance Cs (F g−1), according to Equation (3): Cୱ = ୍ୢ୲୫୼୙, (3) 

where m is the mass of the electroactive material of the electrode (g), I the discharge cur-
rent (A), dt the discharge time (s), and ΔU the voltage drop (V). 

Figure 1 shows a flowchart of the sequence of steps including the preparation of 
electroactive materials, fabrication and characterization of the electrodes, and electro-
chemical measurements of the as prepared electrodes and the measurement of their elec-
trochemical performance in a symmetric supercapacitor device. 

 
Figure 1. The flowchart of the sequence of steps of the electroactive materials preparation, charac-
terization, and electrochemical measurements. 

3. Results 
3.1. XRD Analysis of the Co@AC Composite 

Co@AC samples containing 1, 5, 9, 23, 33, and 50 mole percent of cobalt acetate in the 
initial charge were synthesized and designated as #Co1, #Co5, #Co9, #Co23, #Co33, and 
#Co50, respectively. The X-ray diffraction (XRD) patterns of the #Co1 ÷ #Co50 composites 
are shown in Figure 2. The main XRD peaks (Figure 2a) correspond to metallic cobalt 
(JCPDS card no. 00-015-0806). There are also low-intensity reflections that can be at-
tributed to the cobalt oxide phases CoO (JCPDS card no. 01-075-0393) and Co3O4 (JCPDS 
card no. 00-043-1003). The peak marked with an asterisk (*) can be attributed to graphi-

Figure 1. The flowchart of the sequence of steps of the electroactive materials preparation, characteri-
zation, and electrochemical measurements.

3. Results
3.1. XRD Analysis of the Co@AC Composite

Co@AC samples containing 1, 5, 9, 23, 33, and 50 mole percent of cobalt acetate in the
initial charge were synthesized and designated as #Co1, #Co5, #Co9, #Co23, #Co33, and
#Co50, respectively. The X-ray diffraction (XRD) patterns of the #Co1 ÷ #Co50 composites
are shown in Figure 2. The main XRD peaks (Figure 2a) correspond to metallic cobalt
(JCPDS card no. 00-015-0806). There are also low-intensity reflections that can be attributed
to the cobalt oxide phases CoO (JCPDS card no. 01-075-0393) and Co3O4 (JCPDS card no.
00-043-1003). The peak marked with an asterisk (*) can be attributed to graphitized carbon.
The intensity of the cobalt reflections increases with an increase in the content of the cobalt
acetate precursor in the initial charge. The average cobalt particle size estimated by the
Williamson–Hall method was ~40 nm.
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Figure 2b shows the XRD patterns of the #Co50 electrodes on nickel foam, both before
(1) and after (2) CV measurements. Reflections of cobalt nanoparticles (cubic phase) were
masked by intense nickel reflections. Cobalt reflections of the hexagonal epsilon phase
were not detected. It can be seen that the CoO and Co3O4 phases are present in the samples,
and the relative content of the Co3O4 phase increases after in situ oxidation.

3.2. Surface Morphology Study

The morphology and microstructure of the Co@AC composite were characterized by
SEM and TEM. SEM images (Figure 3a) show that the structure of the composite consists of
porous activated carbon particles interspersed with cobalt particles (light spots in Figure 3a).
TEM images (Figure 3b) show that the AC particles (semitransparent particles in Figure 3b)
are loosely bound to each other and have a size of about 20–40 nm. Cobalt particles (dark
particles in Figure 3b) are about the same size, and they are evenly distributed in the
carbon matrix.
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The energy-dispersive X-ray (EDX) microanalysis method was used to determine the
elemental composition of the composites. In addition to the main elements, carbon and
cobalt, the samples contained small amounts of sulfur and oxygen. The EDX spectrum
of sample #Co33 is shown in Figure 4; this sample was found to contain 95.2% carbon
and 4.8% cobalt. The inset of Figure 4 shows the dependence of the cobalt content on
the amount of cobalt acetate in the charge. It can be seen that the dependence is linear;
therefore, the desired concentration of cobalt in the Co@AC composite can be set during
the synthesis of the composite.
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3.3. Raman Spectra

The Raman spectra of Co@AC (Figure 5), measured at a low excitation power of
0.035–0.122 mW, demonstrate a Raman spectrum characteristic of activated carbon and a
weak spectrum corresponding to the Co3O4 spinel [89,90].
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Note that the Raman spectrum of Co3O4 was not observed in most of the samples.
Figure 5 shows the Raman spectrum for a #Co50 sample with the highest cobalt concentration.

3.4. Chemical Characterization

To confirm the chemical composition of the nanocomposite, the XPS analysis of the
#Co50/NF composite electrode before and after capacitive measurements was performed.
Figure 6 illustrates the high-resolution XPS spectra and the characteristic peaks of cobalt
Co 2p (Figure 6a) and oxygen O 1s (Figure 6b). Each of the Co 2p3/2 and Co 2p1/2 peaks in
the Co 2p spectrum were deconvoluted into two components corresponding to the Co2+

and Co3+ states. In the initial samples, the Co2+ state predominates, but its contribution is
significantly reduced after capacitive measurements because of in situ oxidation.
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individual components.

The O 1s spectrum (Figure 6b) contains three characteristic bond peaks. The OI line
at 529.5 eV is associated with lattice oxygen or oxygen in the metal oxide. The OII peak at
531.1 eV corresponds to hydroxide and per-hydroxide species, and the OIII peak at ~533 eV
can be associated with structural water. It can be seen that, after CV measurements, there is
an accumulation of hydroxide and per-hydroxide species and structural water.

3.5. CV Measurements

The as-prepared electrodes’ electrochemical performance was investigated using cyclic
voltammetry (CV) measurements. The CV curves of an electrode made from the #Co50
composite are depicted in Figure 7. CV curves were measured in 3.5 M KOH electrolyte at
a sweep rate from 10 to 100 mV s−1 in the potential window of −0.6 to 0.6 V. An electrode
with a loading mass of 8 mg and an area of 1 cm2 showed a capacitance of 1.88 F at a scan
rate of 0.01 V s–1. This corresponds to a specific capacitance of 235 F g–1. A characteristic
feature of CV curves is the fact that in the negative potential region, the CV curves are
similar to those of activated carbon electrodes, while in the positive region, the CV curves
show redox peaks characteristic of electrodes with cobalt oxide [91]. As we can see from
Figure 7, the introduction of cobalt oxide results in a drastic increase in capacitance in the
positive potential range, although the range of the operating potential is not wide.
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Figure 7. CV characteristics of a #Co50 electrode in a three-electrode system at different scan rates.
The inset shows the specific capacitance vs. the scan rate.

Figure 8a–e show the CV curves of five samples with different concentrations of cobalt,
and Figure 8f shows the dependence of the specific capacity vs. the content of cobalt
acetate in the original charge. As seen, the specific capacitance in the negative potential
range of −0.9 V to 0 V remains approximately the same for all samples, regardless of the
cobalt content. In the positive potential range (0–0.5 V), even at a low cobalt concentration,
the specific capacitance is higher than in the negative one. The CV curves show redox
peaks because of the presence of cobalt particles. The capacitance in the positive potential
region grows progressively with an increase in the cobalt content. Therefore, by changing
the cobalt composition of the composite, it is possible to set the value of the specific
capacitance and provide the conditions for optimizing a symmetrical capacitor according
to Equation (1). The composition of the #Co50 composite is close to optimal since the ratio
between the operating ranges of positive (UP = 0.45 V) and negative (UN = 1 V) potentials
is approximately equal to the ratio of capacitances CN = 106.7 F g−1 and CP = 274.0 F g−1.

3.6. Symmetrical Capacitor Characterization

The properties of the obtained composite as a material for the manufacture of a sym-
metrical capacitor were investigated. Two identical electrodes with an area of 1 cm2 were
fabricated. The electrodes were then placed in a two-electrode Swagelok-type electrochemi-
cal cell with a 3.5 M KOH electrolyte and a PTFE separator. The CV characteristics of the
#Co50/NF symmetrical capacitor at different voltage windows are shown in Figure 9a. The
curves show a quasi-rectangular shape without distortion when measuring CV curves in
the range from 0 to 1 V. Higher voltages give rise to quasi-capacitive behavior, which is the
main contributor to the capacitance of the capacitor. Under dynamic conditions, at a scan
rate of 0.1 V/s, no decomposition of the electrolyte is observed up to a voltage of about
1.6 V. As shown in the EIS experiments below, under quasi-static conditions, the operating
potential window decreases to 1.2–1.3 V.

Measurements using the GCD method confirm the capacitive behavior of the Co@AC
composite capacitor. Figure 9b shows that the charge–discharge curves for a capacitor with
a mass load of 6 mg are close to straight lines. Thus, the Faraday redox reactions on the
positive electrode are clearly manifested in the CV curves (Figures 7 and 8) and characterize
the electrode as a battery type; however, a capacitor where the negative electrode is
a capacitive electrode exhibits GCD curves typical of hybrid supercapacitors [21,37,91].
Figure 9c shows that the capacitor can handle very high current loads up to 60 A g−1.
The specific capacitance at 30 A g−1 with respect to the capacitance at 0.3 A g−1 is 24%
(Figure 9c). The Ragone plot corresponding to these GCD data is shown in Figure 9d.
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Cyclic stability is a very important aspect of supercapacitor applications. Cyclic
stability was investigated by measuring the GCD of the Co@AC composite capacitor in a
voltage window of 0 to 1.5 V. As shown in Figure 10, both the discharge time and the charge
time increase slightly; that is, the capacity increases slightly after 20k cycles. The inset
shows the GCD curves for the 100th and 20,000th cycles; the GCD curves were recorded at
a current of 50 mA for a capacitor with a mass load of 8 mg. This indicates the excellent
cycle stability of the symmetrical Co@AC composite supercapacitor.

The Nyquist plots for a Co@AC symmetrical composite capacitor in the frequency
range 0.1–5 × 104 Hz are depicted in Figure 11. As seen, the Nyquist plots include a
high-frequency semicircle, which corresponds to the charge-transfer resistance or internal
resistance [92]. The cutoff of the Re Z axis at high frequencies is 0.19 Ω and corresponds to
the electrolyte and contact series resistances. The straight line of the Nyquist plot at low
frequencies at a voltage of 1.2 V, which corresponds to the equilibrium differential capaci-
tance, is replaced by a large semicircle with the increasing voltage across the capacitor, this
indicates the presence of a water-splitting reaction [93] already at 1.4 V, which progresses
with increasing voltage.
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4. Discussion

The used synthesis method ensures the formation of a composite consisting of ac-
tivated carbon and Co/cobalt oxide nanoparticles. This composite has advantageous
properties for creating a supercapacitor electrode. The applied synthesis method provides
a linear dependence of the capacitance on the cobalt content in the initial charge, which
makes it possible to obtain the required specific capacitance and create a material suitable
for the manufacture of a symmetrical capacitor. After the fabrication of the composite, in
the as-synthesized samples, cobalt is mainly in the form of metal particles, as evidenced by
the XRD results and the weak intensity of the Raman spectrum of cobalt oxide.

Cobalt metal nanoparticles are formed because the high-temperature treatment of
cobalt acetate is carried out in an inert atmosphere and the carbon environment promotes
reduction. The XRD results show that the Co@AC composite contains cobalt, mainly in
the metallic form. Oxides CoO and Co3O4 have a low concentration and are located on the
surface of the nanoparticles. At negative potentials, the capacity is determined by activated
carbon. However, at positive potentials, a quasi-capacitive behavior of the electrodes is
observed due to the native Co-oxide layer, as well as the layer that is obtained by in situ
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oxidation of cobalt nanoparticles. This provides a remarkable increase in the capacitance of
the Co@AC electrode.

In situ oxidation of cobalt particles is demonstrated by XRD results for Co@AC elec-
trodes showing growth in the Co3O4 phase relative to the CoO phase after CV measure-
ments. The XPS spectra also show that the Co2+ states in freshly synthesized samples
dominate over Co3+ (Figure 6), i.e., the CoO phase is dominant on the surface of as-
prepared samples. After a CV measurement, the XPS spectra differ from the XPS spectra
of pure cobalt and oxide CoO and are consistent with the spectra of Co3O4 because of in
situ oxidation.

The high current load of the composite is provided by the small size of activated
carbon nanoparticles (40–50 nm), which create a highly conductive matrix with low series
resistance. The strong mechanical bonding of the cobalt particles embedded in the matrix
is the reason for the outstanding cyclic stability of the Co@AC capacitor.

5. Conclusions

In summary, we have demonstrated the possibility of creating a highly efficient sym-
metrical supercapacitor based on the Co@AC composite. The capacitive properties of this
Co@AC composite at negative voltages are determined by the capacitance properties of the
carbon matrix composed of AC nanoparticles. At positive voltages, the capacitive proper-
ties of the Co@AC composite depend on the concentration of cobalt spices in the carbon
matrix. The capacity of the Co@AC composite at positive voltages can be monotonously
controlled over a wide range by choosing the composition of the composite, which is
determined by the composition of the precursors; therefore, optimization of a symmet-
rical capacitor is possible. A symmetrical capacitor made from the synthesized Co@AC
composite showed a capacitance of 66 F g−1 and high-rate capability and exhibited high
capacitance retention after 10,000-cycle testing, which indicates the strong binding of cobalt
species into a carbon matrix.
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