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ABSTRACT: A facile electrospinning method with subsequent heat treatments
is employed to prepare carbon nanofibers (CNFs) containing uniformly
dispersed Co3O4 nanoparticles as electrodes for supercapacitors. The Co3O4/
CNF electrodes with ∼68 wt % active particles deliver a remarkable capacitance
of 586 F g−1 at a current density of 1 A g−1. When the current density is
increased to 50 A g−1, ∼66% of the original capacitance is retained. The
electrodes also present excellent cyclic stability of 74% capacity retention after
2000 cycles at 2 A g−1. These superior electrochemical properties are attributed
to the uniform dispersion of active particles in the CNF matrix, which functions
as a conductive support. The onionlike graphitic layers formed around the
Co3O4 nanoparticles not only improve the electrical conductivity of the
electrode but also prevent the separation of the nanoparticles from the carbon
matrix.
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1. INTRODUCTION

Electrochemical supercapacitors possess power densities much
higher than Li rechargeable batteries and energy densities
higher than conventional capacitors, and thus can bridge the
gap between the two. The energy storage mechanisms in
electrochemical capacitors are usually Faradaic and non-
Faradaic in nature. The Faradaic capacitance or pseudocapa-
citance arises from the reversible redox reactions, intercalation,
or electrosorption occurring within the electroactive materi-
als.1−4 These supercapacitors usually consist of metal oxides
and metal hydroxides such as RuO2,

5 MnO2,
6 NiO,7 MoOx,

8,9

Co(OH)2,
10,11 Ni(OH)2,

12 and Ni−Al double hydroxides13 or
conducting polymers such as polyaniline,14 polypyrrole,15 and
polythiophene.16,17 In contrast, the non-Faradaic capacitance
arises from charge separation in a Helmholtz double layer at the
conductive electrode/electrolyte interface. The electric double-
layer capacitors (EDLCs) are mainly based on carbon materials
or derivatives, such as carbon nanotubes, graphene, and
activated carbon, with large surface areas.1,18−21 With the
same surface area of the electrode, the Faradaic pseudocapa-
citors have higher energy densities, while the EDLCs have
higher power densities.1,2

The development of promising electrode materials is
essential to optimizing the overall electrochemical performance
of supercapacitors. Among different pseudocapacitive materials,
RuO2 has been extensively studied because of its simple and
scalable synthesis, a wide potential window, reversible redox
reactions, high theoretical specific capacitances, and high
electrical conductivities. However, the toxicity and high cost

limit its large scale use in supercapacitors.22−24 Therefore,
significant efforts have been directed toward finding alternative
materials that are cost-effective and possess excellent perform-
ance. Cobalt spinel oxide, Co3O4, is found to exhibit attractive
pseudocapacitive behavior due to its high theoretical specific
capacitance up to 3560 F g−1, excellent capacity retention, and
high redox reactivity, so as to replace the state-of-the-art
RuO2.

25,26 However, Co3O4, similar to other transition metal
oxides, suffers from a poor electrical conductivity and limited
electrochemical stability during cycles. To overcome the
aforementioned deficiencies, the nanostructured Co3O4 par-
ticles are assembled together with a carbon matrix to form
composites in various forms. Coupling the unique advantages
of these nanoscale dissimilar capacitive materials is a promising
approach to control, develop, and optimize the structures and
properties of electrode materials with enhanced performance of
supercapacitors.27 Different hybrid electrodes have thus far
been made from Co3O4 and different carbon materials, such as
Co3O4/graphene

28,29 and Co3O4/carbon nanotube (CNT),30

with improved electrical conductivities of the electrodes and
large surface contact between the active material and electrolyte
for efficient chemical reactions.
However, designing a facile one-step method to produce

Co3O4/carbon electrodes with excellent cyclic and rate
performances has not been realized. Apart from graphene and
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CNTs, electrospun carbon nanofibers (CNFs) have been
widely applied as electrodes for other types of energy storage
devices owing to many advantages, including their facile and
environmentally benign process and high conductivities as well
as functioning as stress buffer to accommodate the volumetric
strains of active particles.31−33 Another advantage of using
CNFs as the substrate for active materials is that the electric
double-layer capacitance and pseudocapacitance function
simultaneously, depending on the nature of the electrode
material.34,35 Herein, we present a facile synthesis of CNFs
containing Co3O4 nanoparticles with surrounding graphitic
layers for applications in high-performance supercapacitors.

2. EXPERIMENTAL SECTION
2.1. Materials and Synthesis of Co3O4/carbon nanofiber.

Polyacrilonitrile (PAN, average Mw = 150 000 supplied by Aldrich)
was used as the precursor, and N,N-dimethylformamide (DMF) was
used as the solvent to prepare the carbon nanofiber (CNF) matrix
solution. Cobalt(II) acetate tetrahydrate (CoAc, supplied by UNI-
CHEM) was used as the source of Co.36 In a typical process, 0.6 g of
PAN and 0.45 g of CoAc were dissolved in 10 mL of DMF at 80 °C
for 5 h under magnetic stirring. The mixture was transferred to a
plastic capillary and electrospun on a spinning machine (KATO Tech.
Co.) at 16 kV. The collector-to-needle distance was maintained at 15
cm to collect a light-pink film on an aluminum foil wrapped around a
drum collector rotating at a speed of 0.6 m min−1. The film was
stabilized at 250 °C for 90 min in air and carbonized at 650 °C for 1 h
in a nitrogen atmosphere of a tube furnace. The carbonized films were
post-heat treated at 300 °C for 15 min in air to precipitate Co3O4
nanoparticles. In an effort to identify an optimized composition,
different amounts of CoAc were added into the fixed amount of
polymer precursor, namely, 0.15, 0.3, and 0.45 g, for 0.6 g of polymer.
On the basis of the mass ratio of CoAc to PAN, the final products were
labeled as Co3O4/CNF (0.25), Co3O4/CNF (0.5), and Co3O4/CNF
(0.75). Higher amounts of CoAs resulted in difficulties in electro-
spinning and brittle CNF films after post-heat treatment; thus, no
further attempts were made to increase the CoAc content. For
comparison, neat CNFs were also prepared using the same procedure
without adding CoAc. Figure 1 schematically shows the microstructure
of the prepared composite CNFs.
2.2. Structural Characterization. The microstructures and

morphologies of the materials were studied on a scanning electron
microscope (SEM, JEOL 6300) and a field emission transmission
electron microscope (FETEM, JEOL 2010F). The crystal structure
was evaluated on a powder X-ray diffraction (XRD) system (PW1830,
Philips) with Cu Kα radiation. The X-ray photoelectron spectroscopy

(XPS, Surface analysis PHI5600, Physical Electronics) was employed
to evaluate the surface chemistry of the materials, using a
monochromatic Al Kα X-ray at 14 kV. Thermogravimetric analysis
(TGA) was conducted (TGA/DTA 92 Setaram II testing system) in
air over a temperature range of 50−800 °C at a heating rate of 10 °C
min−1. Nitrogen absorption/desorption isotherms were obtained on a
Micromeritics ASAP 2020 analyzer at 77 K and the corresponding
surface areas were determined using the Brunauer−Emmett−Teller
(BET) method. The sheet resistance of Co3O4/CNF films with
different Co3O4 contents was measured based on the four-point probe
method (Scientific Equipment & Services) using the films on a glass
slide.

2.3. Electrochemical Measurements. All electrochemical
measurements were performed in a beaker-type three-electrode system
in 6 M KOH aqueous electrolyte at room temperature. A platinum
plate and a saturated Ag/AgCl electrode were used as the counter
electrode and reference electrode, respectively. The working electrode
was prepared by mixing Co3O4/CNFs with conductive carbon black
(super P) and polyvinylidene fluoride (PVDF) as the binder dissolved
in N-methyl-2-pyrrolidone (NMP) in the weight ratio of 70:10:20.
Then, the resulting mixture was coated onto the Ni foam substrate of
10 mm × 10 mm square, which was used as the current collector. The
foam was dried at 80 °C for 12 h in air to evaporate the solvent. The
prepared electrodes were tested using a cyclic voltammetry (CV)
method and galvanostatic charge/discharge chronopotentiometry
(CP) on an electrochemical workstation (CHI 660C). These
measurements were made at a potential window of −0.05−0.45 V at
different scanning rates from 10 to 100 mV s−1 and current densities
from 1 to 50 A g−1. The specific capacitance (Cs) was calculated using
the galvanostatic charge/discharge data according to eq 1:

=
Δ

C
It

m Vs (1)

where I is the applied current, m is the mass of the active material, ΔV
is the potential range, and t is the time for discharge.

To have a better evaluation of the electrochemical performance, the
two-electrode configuration cell was also assembled using the
optimized materials. Two pieces of identical electrodes were separated
by a filter paper as the separator, which was soaked in KOH 6 M for 12
h before the assembly of the symmetric cell. The measurements were
performed at a potential window from 0 to 1 V, and the specific
capacitance Cs was calculated using the following equation:

=
Δ

C
It

m V
4

s (2)

Figure 1. Schematic illustration, SEM and TEM images of Co3O4/CNF nanocomposite.
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3. RESULTS AND DISCUSSION

3.1. Material Characteristics of Co3O4/CNF Compo-
sites. The SEM image of the electrospun Co3O4/CNFs with a
CoAc to PAN ratio of 0.75 is shown in Figure 1, while the SEM
images and the diameter distribution charts of the other

composites are presented in Supporting Information, Figure S1.
All materials with different CoAc contents showed similar,
uniform bead-free nanofibers with diameters mostly in the
range of 150−300 nm. The fiber diameters tended to become
marginally smaller when the ratio of CoAc increased in the

Figure 2. TEM images and particle size distributions of Co3O4/CNFs prepared using different CoAc contents: (a, b, c) 0.25, (d, e, f) 0.5, and (g, h,
i) 0.75.

Figure 3. (a) XRD and (b) SAED patterns of Co3O4/CNF (0.75).
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solution as a result of the lower carbon content in the
composite. It is worth noting that after postannealing in air the
nanofibers maintained their fibrous structure, partly confirming
proper heat treatment conditions used in this study. The TEM
images of the CNFs are presented in Figure 2. The number of
nanoparticles embedded in the CNFs increased with the
increasing ratio of CoAc/PAN from 0.25 to 0.75. Further, the
particle size distribution charts (Figure 2c,f,i) confirm that the
diameters of the nanoparticles varied very similarly to the CoAc
content. These observations signify that with increasing the
mass ratio of CoAc/PAN, the nanoparticles tended to aggregate
and form larger particles, while their numbers also increased.
Figure 3 shows the XRD pattern as well as the SAED pattern

for Co3O4/CNF (0.75), both confirming that the spherical
nanoparticles were Co3O4 crystals. The major peaks (Figure
3a) were located at 31.2, 36.8, 44.8, 59.3, and 65.2°
corresponding to the (220), (311), (400), (511), and (440)
reflections of Co3O4 (JCPDS No. 078−1970). The ring
patterns (Figure 3b) indicate the lattice d-spacings of 2.85,
2.43, 2.02, 1.55, and 1.42 Å related to the (220), (311), (400),
(511), and (440) planes of cubic Co3O4 and are in agreement
with the results of XRD. To quantify the compositions of the
three composites, TGA was performed in air, and the curves are
shown in Figure 4a. All samples presented essentially similar
weight change behaviors: an initial weight loss started to occur
below 220 °C, followed by a sharp weight loss at ∼310−370 °C
due to burning of carbon. The abrupt weight loss at this
temperature range varied inversely to the CoAc precursor
content. Starting from ∼400 and to 800 °C, all samples
exhibited a steady-state constant value with the remaining
Co3O4 weight ∼8, 46, and 68 wt % in Co3O4/CNF (0.25),
Co3O4/CNF (0.5), and Co3O4/CNF (0.75), respectively. The
nitrogen absorption/desorption isotherms are shown in Figure
4b, and the BET specific surface areas of the composites are
summarized in Table 1, showing the increase in surface area by

increasing the cobalt precursor, consistent with the TEM
images of the nanofibers in Figure 2. Also note that the surface
of the CNFs became rougher with a higher CoAc content as a
result of CoAc decomposition during the heat treatments, while
the gaseous products emerged from the fibers, creating pores
and a rough surface.37

To investigate the bonding state and chemical elements, the
XPS analysis was performed for the Co3O4/CNF (0.75)
composite, and the results are shown in Figure 5. The other
Co3O4/CNF composites prepared from different Co precursor
contents presented essentially similar XPS spectra with different
elemental compositions, as shown in Table 1. The
deconvoluted C 1s spectrum (Figure 5b) showed four binding

Figure 4. (a) TGA curves and (b) nitrogen absorption/desorption isotherms for Co3O4/CNF composites prepared using different CoAc contents.

Table 1. Atomic Concentrations of the Elements, Electrical Conductivities, Surface Areas, sp2/sp3 Intensity Ratios, and ID/IG
Ratios of Co3O4/CNF Nanocomposites Containing Different Amounts of CoAc Precursor

compositions [atom %]

samples C N O Co conductivity [S cm−1] surface area [m2 g−1] sp2/sp3 intensity ratio ID/IG ratio

Co3O4/CNF (0.25) 80.5 11.1 6.2 2.2 1.4 × 10−4 113.8 1.21 1.36
Co3O4/CNF (0.5) 79.0 11.2 7.3 2.6 3.8 × 10−5 143.2 1.39 1.27
Co3O4/CNF (0.75) 75.9 2.4 13.3 8.4 4.0 × 10−3 230.6 3.05 0.97

Figure 5. (a) General XPS spectrum and deconvoluted XPS spectra of
(b) C 1s, (c) Co 2p, and (d) O 1s for Co3O4/CNF (0.75).
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energies at 284.5, 285.4, 288.1, and 290.7 eV, corresponding to
sp2 and sp3 hybridized carbon, C−O and OC−O functional
groups, respectively.38 Figure 5c exhibited two main peaks at
779.8 and 781.4 eV corresponding to Co 2p3/2 and a satellite at
786.2 eV, in agreement with the previous reports for
Co3O4.

39,40 The O 1s spectrum (Figure 5d) showed four
peaks at 529.8, 531.3, 533.2, and 536.2 eV attributed,
respectively, to the oxygen species in cobalt spinel oxide,
oxygen bonds in CO, C−O, and adsorbed surface
water.40−42 The elemental compositions shown in Table 1
confirm the TGA results (Figure 4a) where the large difference
between the carbon and Co3O4 contents obtained from these
two analytical methods can be attributed to the very low
penetration depth of X-ray photoelectrons.
The electrical conductivities of the composites are shown in

Table 1. It is of interest to note that the Co3O4/CNF (0.75)
composite containing the largest amount of Co3O4 had the

highest electrical conductivity, which is 1 to 2 orders of
magnitude higher than those with lower contents of Co3O4 or
neat CNFs (4 × 10−5 S cm−1). The as-prepared CNF networks
largely remained in the form of porous fiber web on the sub-
micrometer scale even after preparing the electrode by mixing
with carbon black and PVDF additives. Thus, it can be said that
the electrical conductivities of the neat materials represent
those of the slurry-coated. To have a better understanding,
more high-resolution (HR) TEM images were taken from all
samples, as shown in Figure 6. Clearly, there was a network of
graphitic layers created in Co3O4/CNF (0.75) (Figure 6c),
which may be responsible for the largely enhanced electrical
conductivity, whereas the graphitic layers were hardly formed in
both Co3O4/CNF (0.25) and Co3O4/CNF (0.50) (Figure
6a,b). The HRTEM images of the neat CNFs presented in
Supporting Information, Figure S2 indicate an almost
completely amorphous structure of CNFs. During the carbon-

Figure 6. HRTEM image of (a) Co3O4/CNF (0.25), (b) Co3O4/CNF (0.5), and (c) Co3O4/CNF (0.75).

Figure 7. XPS deconvoluted C 1s spectra and Raman spectra of (a, d) Co3O4/CNF (0.25), (b, e) Co3O4/CNF (0.5), and (c, f) Co3O4/CNF (0.75).
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ization process, the cobalt precursor was reduce to metallic
cobalt, which acted as a catalyst to crystallize the surrounded
amorphous carbon to form graphitic layers.43,44 The graphitiza-
tion around the metal nanoparticles taking place during the
heat treatment involved the dissolution of amorphous carbon
into catalyst particles, followed by the precipitation of graphitic
carbon.44−47 The graphitic layers have other advantages, such as
complete encapsulation of nanoparticles within the CNFs
(Figures 1 and 6), thus preventing them from separation from
the CNF substrate.44,47 The large particle size may have also
played a positive role in the graphitization process by
stimulating the dissolution and precipitation of carbon around
the Co3O4 particles. It is unclear, however, as to why the
electrical conductivities of the composites did not vary exactly
with the Co precursor content. It could be attributed to the
balance between the ratio of conductive carbon substrate to low
conductivity Co3O4 phase and the degree of graphitization.
Also note that the continuous graphene networks could also
function as protective shell to prevent the separation of
nanoparticles from the CNFs during the charge/discharge
processes.36,48

To quantify the degree of graphitization, C 1s XPS spectra of
the three composites were further studied and compared in
Figure 7. The intensity ratio of sp2 to sp3 binding energies of C
1s spectrum is known to be a good measure of the degree of

graphitization.49−53 Here, the sp2 to sp3 ratios for the Co3O4/
CNF (0.25), Co3O4/CNF (0.5), and Co3O4/CNF (0.75)
composites changed from 1.21 to 1.39 and 3.05, respectively.
This implies that the highest degree of graphitization occurred
in the composite with the highest Co3O4 content and the
largest size of Co3O4 nanoparticles in agreement with the
HRTEM observations. Besides, the line shape of the XPS C 1s
spectrum also provides an indication of the degree of
graphitization on a carbon fiber surface where a narrower and
a more asymmetric C ls spectrum corresponds to a more
complete graphite lattice structure.54 The narrowest and least
asymmetric shape of Co3O4/CNF (0.75) among the three
composites further confirmed the above conclusion.
The Raman spectroscopy was also employed to investigate

the degree of graphitization, and the results are shown in Figure
7d−f and Supporting Information, Figure S2c. The ID/IG
intensity ratio is a good measure of the degree of graphitization
since the higher ratio of ID/IG corresponds to a lower degree of
graphitization in carbon materials.55 Here, the ID/IG ratio
(Table 1) changed from 1.41 for the neat CNFs to 1.36, 1.27,
and 0.97 for the Co3O4/CNF (0.25), Co3O4/CNF (0.5), and
Co3O4/CNF (0.75) composites, respectively, which is con-
sistent with the previous results.

3.2. Electrochemical Properties of Co3O4/CNF Com-
posite Electrodes. The Co3O4/CNF composites were used as

Figure 8. Discharge profiles of (a) Co3O4/CNF (0.25), (b) Co3O4/CNF (0.5), and (c) Co3O4/CNF (0.75) electrodes at different current densities.
CV curves of (d) Co3O4/CNF (0.25), (e) Co3O4/CNF (0.5), and (f) Co3O4/CNF (0.75) electrodes at different scan rates.

Figure 9. (a) Specific capacitance vs current density for different electrode materials and (b) cyclic performance of Co3O4/CNF (0.75) at 2 A g−1.
(inset) Charge/discharge profiles for the first 10 cycles.
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the electrodes for supercapacitors, and their electrochemical
performances were evaluated using a three-electrode cell, and
the results are shown in Figure 8. A plateau was observed in the
discharge curves of all electrode materials especially at low
current densities (Figure 8a−c), a typical of pseudocapacitive
characteristics.56 Figure 8d−f presents typical cyclic voltamme-
try (CV) curves of the electrodes at various scan rates between
10 and 100 mV s−1. At a low scan rate of 10 mVs−1, two current
peaks were identified at ∼0.25 and ∼0.3 V during the cathodic
sweep, and the corresponding Faradaic reactions are described
by

+ + ↔ +− −Co O OH H O 3CoOOH e3 4 2 (3)

+ ↔ + +− −CoOOH OH CoO H O e2 2 (4)

When the scan rate was changed from 10 to 100 mV s−1, the
shape of the CV curves remained much the same showing the
excellent electrochemical reversibility of the electrodes. On the
basis of the discharging time obtained from the CP curves in
Figure 8a−c and using eq 1, the specific capacitances were
calculated and are plotted in Figure 9a as a function of current
density. The composite electrode with the highest Co3O4
content, Co3O4/CNF (0.75), delivered a specific capacitance
of 586 F g−1 at 1 A g−1 the highest among the three electrodes.
With increasing current density from 1 to 2, 5, 10, 15, 20, and
50 A g−1 the specific capacitances were gradually reduced to
570, 554, 528, 490, 476, and 389 F g−1, respectively. This
observation is equivalent to excellent capacitance retention of
66% when the current density was increased from 1 to 50 A
g−1. The corresponding specific capacitances were 341 and 310
F g−1 for the Co3O4/CNF (0.5) and Co3O4/CNF (0.25)
electrodes at 1 A g−1 and presented much the similar trends
with 50−60% lower capacitances than those of the Co3O4/
CNF (0.75) electrode, when the current density was increased.
It should be mentioned that because the electrochemical
activity of the neat CNFs was negligible, that is, only 6 F g−1 in
1 A g−1, see Supporting Information, Figure S3, in KOH
electrolyte in the same voltage window,56 the capacitance of the
Co3O4/CNFs nanocomposite electrodes arose mainly from
Co3O4 nanoparticles.
Figure 9b shows the cycling performance of the Co3O4/CNF

(0.75) electrode at a current density of 2 A g−1, and the inset in
Figure 9b presents the corresponding charge/discharge profiles,
confirming the stable electrochemical behavior of the electrode.
The specific capacitance gradually increased from 570 F g−1 and
reached a maximum of 760 F g−1 at ∼450th cycle, more than
133% of the initial capacitance in the first cycle. This interesting
observation is attributed to very slow activation of the Co3O4
nanoparticles during the first 450 cycles. Only a fraction of the
electrode material was active during the initial few hundred
cycles, while the other part was not activated. As the electrolyte
gradually penetrated into the CNFs, more nanoparticles were
activated and contributed to the capacitance of the electrode.57

The peak was followed by a gradual decrease before reaching
424 F g−1 after 2000 cycles. The gradual decay of capacitance is
typical of pseudocapacitive electrodes with such a high loading
of metal oxide.34,58,59 The capacitance showed a stable behavior
in the final 700 cycles with a capacitance retention of ∼74%.
Major reasons behind the excellent specific capacitances and
capacitance retention at high current densities are due to full
encapsulation of the uniformly dispersed Co3O4 nanoparticles
within the CNF matrix, which prevented the particles from
detachment during cycles, and the presence of conducting

networks offered by the carbon matrix with an enhanced
electrical conductivity. The uniformly dispersed nanoparticles
increased the surface area of the active material that was in
contact with the electrolyte and actively participated in redox
reaction. The increase in Co3O4 content from 0.25 to 0.75
meant an enhanced surface roughness and surface area of the
nanofibers, as well as a much higher electrical conductivity
ameliorated by the interconnected graphitic layers along the
fiber, resulting in better cyclic stability and high rate
performance.
The optimized electrode Co3O4/CNF (0.75) was further

tested in a symmetric cell, and the discharge profiles as well as
the CV curves are presented in Supporting Information, Figure
S4. According to the discharge profiles (Figure S4b) and eq 2,
the device delivered specific capacitances of 299.2, 234.4, 172,
and 120.6 F g−1 when the current density was changed from 1
to 2, 5, and 10 A g−1.
The supercapacitive performance of the electrodes developed

in this study was compared to those of similar carbon-based
electrodes containing Co3O4 particles, as shown in Table 2,

where the preparation methods are also included. Clearly,
theCo3O4/CNF (0.75) electrode presented the highest specific
capacitance at a given current density of 2 A g−1 among all
similar electrode materials ever reported in the literature.
Besides, the facile electrospinning method used to in situ
encapsulate fine Co3O4 nanoparticles within the porous CNFs
is considered a great advantage over the other preparation
methods.

4. CONCLUSION
A facile electrospinning method was used to encapsulate cobalt
oxide nanoparticles within continuous carbon nanofibers. The
cobalt precursor to PAN weight ratio was varied to identify an
optimal Co3O4 nanoparticle content in the final electrospun
CNFs. They were used as the working electrodes in three-
electrode supercapacitor cells. The results showed that the
Co3O4/CNF (0.75) electrode containing the highest cobalt
oxide content presented the highest specific capacitances in all
current densities ranging from 1 to 50 A g−1 with excellent rate
performance and cyclic stability. The Co3O4/CNF (0.75)
electrode delivered specific capacitances of 586 and 389 F g−1 at

Table 2. Comparison of Specific Capacitances between the
Current Study and Similar Electrodes Reported in the
Literature

material
preparation
method

specific
capacitance
[F g−1]

current
density
[A g−1] ref

porous
Co3O4
film

electrodeposition 443 2 25

CNF/
Co(OH)2

electrospinning
+treatment

135 2 34

Co3O4/
graphene

hydrothermal 60 2 58

Co3O4/
CNF

electrospinning 524 2 56

Co3O4 film plasma spraying 150 2.75 59
Co3O4/
rGO

hydrothermal 416 2 29

Co3O4/
graphene

hydrothermal 420 2 28

Co3O4/
PCNF

electrospinning 570 2 current
study
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1 and 50 A g−1, respectively, along with 424 F g−1 after 2000
cycles at a moderate current density of 2 A g−1, which is
equivalent to 74% capacitance retention. These superior
properties are attributed to uniform dispersion of fine Co3O4
nanoparticles in the CNF matrix, which acted as conducting
support for the active nanoparticles. Moreover, the onionlike
graphitic layers formed around the Co3O4 nanoparticles
improved the electronic conductivity while preventing the
particles from detachment from the CNF. The comparison with
existing data indicates that the Co3O4/CNF electrode exhibited
the highest capacity among similar Co3O4-based electrode
materials. In view of the low-cost and simple preparation
method, the synthesized material can be a promising electrode
for high-performance supercapacitors.
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