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Co
3
O
4
nanoparticles were fabricated by a novel, facile, and environment-friendly carbon-assisted method using degreasing cotton.

Structural and morphological characterizations were performed using X-ray diffraction (XRD), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM). The component of the sample obtained at different temperatures was
measured by Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS). Nitrogen adsorption
and desorption isotherms were utilized to reveal the specific surface areas. The formation mechanism of Co

3
O
4
nanoparticles

was also proposed, demonstrating that the additive degreasing cotton played an indispensable role in the process of synthesizing
the sample. The resultant Co

3
O
4
sample calcined at 600∘C exhibited superior electrochemical performance with better specific

capacitance and long-term cycling life, due to its high specific surface areas and pores structures. Additionally, it has been proved
that this facile synthetic strategy can be extended to produce other metal oxide materials (e.g., Fe

3
O
4
). As a consequence, the

carbon-assisted method using degreasing cotton accompanied a promising prospect for practical application.

1. Introduction

In recent years, supercapacitors have been intensively
explored owing to their large energy density, fast recharge
capability, and long-term cycling life. Hence, they are widely
used in many areas, such as backup power source, hybrid
electric vehicle, and digital communication devices [1–3]. As
the core component of supercapacitors, electrode materials
including carbon materials [4, 5], transition metal oxides
[6, 7], and conducting polymers [8, 9] have a crucial effect on
the performance of supercapacitors.The carbonmaterials are
relatively low-cost and stable, but they exhibit poor specific
capacitance, limiting their wide application. Similarly, the
short cycle life of conducting polymers hinders their practical
application. RuO

2
possess a higher specific capacitance than

conventional materials. Nevertheless, the high cost of Ru
restricts its commercial application. Therefore, it is essential

to find other newmaterials with better performance and low-
cost.

Co
3
O
4
has gained recognition as one of the most ideal

electrode material for supercapacitors due to its extremely
high theoretical specific capacitance of 3,560 F/g. In addition,
it is known to all that the crystallinity, morphology, specific
surface area, chemical compositions, and structural stability
of nanomaterials all have dramatic effects on the performance
of the supercapacitors [10–12]. In this regard, much effort
has been devoted to synthesizing Co

3
O
4
with well-controlled

dimensionality, sizes, and crystal structure. Ma et al. reported
a carbon-assisted carbothermal method to synthesis the
single-crystalline Co

3
O
4
octahedral cages with tunable sur-

face aperture. The prepared Co
3
O
4
exhibits a high specific

surface area and superior electrochemical performance due
to its unique architecture [13]. Du et al. used the carbon
spheres obtained through hydrothermal carbonization as
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the sacrificial template and successfully synthesized Co
3
O
4

hollow spheres by a one-pot calcinations method [14]. Addi-
tionally, it was proved that the carbon spheres soft-template
and the NH

3
released from hexamethylenetetramine played

key roles in the formation of these novel structures. Liu et al.
fabricated Co

3
O
4

nanowire@MnO
2

ultrathin nanosheet
core/shell arrays through a general 3D interfacial carbon-
assisted hydrothermal method. And the array synthesized
shows a high capacitance with good cycle performance and
remarkable rate capability [15]. Zhang et al. described the
synthesis of high purity octahedral Co

3
O
4
with the help of

carbon materials using one step microwave reaction [16]. On
the basis of the above reports, the carbon-assisted route was
deemed to one of the most practical techniques to fabricate
well-controlled Co

3
O
4
with high purity and outstanding

properties on account of its simple synthetic process and
affordable carbon materials. In particular, the carbon can
provide a weak reduction environment, which was beneficial
to promote nuclei oriented growth in the solid state reaction
[17–22]. The downside of the method mentioned in these
reports was, of course, that the carbon materials had to be
synthesized through a series of routes before the preparation
of Co

3
O
4
. What was worse, the byproducts (e.g., NH

3
)

produced may be unfriendly to the environment.
Herein, we report on the preparation of Co

3
O
4
nanopar-

ticles through a novel, facile, and environment-friendly
carbon-assisted method using degreasing cotton. To the best
of our knowledge, this is the first time that the degreasing
cotton was used as the carbon material to prepare Co

3
O
4
.

In our work, the Co
3
O
4
nanospheres were successfully

synthesized and the formation mechanism of Co
3
O
4
was

proposed. Their electrochemical capacitance behavior with
high capacitance and durable cycle life in 6M KOH solution
was also discussed. Encouragingly, superparamagnetic Fe

3
O
4

was also successfully fabricated via the same method as
reported in our previous paper [23].

2. Materials and Methods

2.1. Synthesis. All chemicals were of analytical grade and
used as received without further purification. In a typical
experimental process, 17.46 g Co(NO

3
)
2
⋅6H
2
O was dissolved

in a 20mL deionized water under agitated stirring for 10min
to get a pink solution.Then, 1.5 g degreasing cottonwhichwas
cut into pieces was immersed into the pink solution and kept
in an ultrasonic bath for 10min. Subsequently, the degreasing
cotton was collected and transferred into a quartz petri dish.
The whole reaction system was performed at 200, 400, and
600∘C, respectively, for 2 h in air in the tube furnace (OTF-
1200X-III, Hefei, China) with a heating rate of 10∘Cmin−1.
Accordingly, the obtained samples with degreasing cotton
were denoted as Co-200, Co-400, and Co-600, respectively.

2.2. Characterization. The crystal structure of the sample
was studied by X-ray diffraction (XRD, a Bruker D8, 𝜆 =
1.5406 Å) in the 2𝜃 of 10–80∘ with scan rate of 10∘/min
and CuK𝛼 radiation, 40KV. Scanning electron microscopy
(SEM) images were performed on a HitachiS-4800 scanning

electron microscope. The particle shapes and sizes were
characterized by TEM measurements (JEOL JEM-1200EX)
with an accelerating voltage of 120KV. Specific surface areas
and pore size distributions were computed from the results
of N
2
physisorption at 77K (Micromeritics ASAP 2020) by

using the BET (Brunauer-Emmett-Teller) and BJH (Barrett-
Joyner-Halenda). Fourier transform infrared (FT-IR) spectra
of samples were recorded from KBr pellets in the range of
500–4000 cm−1 on an Avatar 360 spectrometer.

2.3. Electrochemical Performance Measurements. All electro-
chemical measurements were performed by an electrochem-
ical workstation (CHI660E, Shanghai, China) in a three-
electrode cell system with Pt foil as the counter electrode and
a standard calomel electrode (SCE) as the reference electrode
at room temperature. The working electrode was prepared
by mixing of the prepared Co

3
O
4
, acetylene black as the

conducting agent, and polyvinylidene fluoride (PVDF)with a
ratio of 8 : 1.5 : 0.5 in a few drops of N-Methyl-2-pyrrolidone.
Subsequently, the mixture was pressed onto a treated nickel
foam (10mm × 5mm × 1mm, 110PPI, 300 g ± 20/m2, Taiyuan
Yingze Lzy Battery Sales Department, China) which served
as a current collector under a pressure of 10MPa and dried
at 80∘C for 12 h. The 0.5 cm2 electrode contains 11mg pure
Co
3
O
4
nanoparticles and the thickness of the electrode is

estimated 0.237mm by the Digital Indicators (Guilin Guan-
glu Measuring Instrument Co., Ltd., China). The electrolyte
used was 6M KOH solution. Cyclic voltammograms (CV)
were conductedwithin the potential range from−0.1 to 0.50V
at various scan rates. The constant current charge-discharge
measurement was carried out at a current density of 3 Ag−1
within a potential window from 0 to 0.50V. The impedance
spectra were estimated by applying an AC voltage of 5mV
amplitude in the frequency range from 0.01Hz to 100 kHz.

3. Results and Discussion

3.1. The Structures and Morphologies of Samples. The phase
identity of the samples calcined at different temperatures
(200∼600∘C) was determined by X-ray diffraction. As shown
in Figure 1, all the calcined products were in good agreement
with the standard spinel cubic Co

3
O
4
spectrum [PDF No.

42-1467]. Sample Co-200 should be a mixture of CoCO
3

and Co
3
O
4
, reflected by characteristic peaks of CoCO

3

[PDF No. 78-209] at 24.5, 42.4, and 54.0∘, respectively.
Besides, sample Co-600 showed strong and sharp shapes of
peaks, and no impurity peaks were observed, manifesting
the successful preparation of Co

3
O
4
. Furthermore, the peak

intensity increased and peak width decreased with increasing
calcination temperature, suggesting that higher temperature
had a good favor to the crystallization of Co

3
O
4
. According

to Scherrer’s formula,𝐷 = 0.89𝜆/(𝐵cos𝜃) (𝐷, average dimen-
sion of crystallites; 𝜆, the X-ray wavelength; 𝜃, the Bragg
Angle; 𝐵, the pure diffraction broadening of a peak at half-
height) the crystalline size of Co-200, Co-400, and Co-600,
calculated from the strongest peak located at (311) plan were
estimated to be 24.22, 29.77, and 51.64 nm, respectively. The
increase of crystal size can be explained by the ripening
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Figure 1: XRD patterns of different samples obtained at 200∼600∘C.

and agglomeration of the small crystallite during calcination
procedure at high temperature [24]. In conclusion, the results
implied that the calcination temperature had a significant
effect on the Co

3
O
4
.

To better understand the possible phase evolution, the
FT-IR spectrum is depicted to reveal the composition of
the product calcined at different temperatures. In Figure 2,
the strong peaks at 3425 and 1642 cm−1 are attributed to
the molecular water and hydrogen-bond O–H groups [25].
The bands around 836 and 1317 cm−1 are associated with
the characteristic peaks of CO

3

2− anions and the stretching
vibrations of band in C–O, respectively. The first band at
570 cm−1 is associatedwith theOB3 (where B represents Co3+
in an octahedral hole) vibration in the spinel lattice, while the
second band at 658 cm−1 is attributed to the ABO3 vibration
(where A denotes the Co2+ in a tetrahedral hole), confirming
the existence of Co

3
O
4
[26, 27].The band at 1385 cm−1 which

becomes weak with the increasing temperature suggests that
NO
3

− anions exist as free anions with high 𝐷3ℎ symmetry,
and thus few of the NO

3

− anions are coordinated to Co2+ in
the solid phase [28, 29]. This may be the reason why there
is no spectrum detection of Co(NO

3
)
2
in XRD spectrum,

in Figure 1. The FTIR spectrum provides further evidence of
the phase structure changes, which correspond with the XRD
results.

Figure 3 shows the XPS measurement of sample Co-600,
which is carried out for further investigation of the chemical
composition. Figure 3(a) shows the regional Co 2p spectra of
Co-600. Two strong peaks of Co 2p

3/2
and Co 2p

1/2
center at

780.4 and 795.6 eV, respectively.The positions of the peaks are
similar to the results reported elsewhere [30, 31]. The energy
difference between the peak of Co 2p

3/2
-Co 2p

1/2
splitting is

about 15 eV, suggesting the presence of Co2+ and Co3+ species
in the sample. O 1s peak at 531 eV is found in Figure 3(b),
which should be attributed to the lattice oxygen of Co

3
O
4
.

The major peak of C 1s is observed in Figure 3(c), which can
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Figure 2: IR spectra of different samples obtained at 200∼600∘C.

be assigned to the product calcined of degreasing cotton.The
full survey scan spectrum is provided in Figure 3(d). All the
above characteristics suggest that the sample Co-600 is pure
Co
3
O
4
.

To observe the morphology and microstructure of the
product calcined at different temperatures (200∼600∘C),
SEM and TEM are employed in Figure 4. Figures 4(a) and
4(b) clearly imply that the sample calcined at 200∘C is a mix-
ture of sphere-like products in large size and nanoparticles
with irregular shape. From Figure 4(c), it was apparent that
the nanoparticles are in the period of nucleation, and the
particles are seriously aggregated. Meanwhile, in Figure 4(d),
the particles are sphere-like structures with an average size
of 30 nm, which is very close to the particle size calculated
by the Scherrer’s formula according to the XRD pattern
(Figure 1). In addition, disordered hole-like arrangement
of pores is clearly seen from Figure 4(d), suggesting the
formation of porous structure, which may be formed due to
the agglomerated nanoparticles [14]. Surprisingly, it can be
clearly seen from the panoramic view (Figures 4(e) and 4(f))
that the sample contains uniform and weak agglomerated
Co
3
O
4
nanospheres with 50 nm in diameter after calcinations

at 600∘C. The reason will be discussed below. Moreover,
disordered hole-like arrangement of pores also can be seen
in Figure 4(e).

Brunauer-Emmett-Teller (BET) surface areas and Bar-
rett-Joyner-Halenda (BJH) pore size distributions of the
as prepared Co-600 are shown in Figure 5. The isotherms
exhibit the typical type of IV, according to the IUPAC classifi-
cation.There is a sharp increase in the uptake of N

2
at higher

relative pressure (𝑝/𝑝
0
> 0.9), suggesting the existence of

macropores resulted from the interparticle space in the
samples [32], which facilitates the electrolyte/ion accessibility
to nanoparticles. Additionally, an obvious macropore region
is observedwhich is due to the higher fraction ofmacropores.
According to the corresponding BJH pore size distribution
curve, the pore size distribution has a relatively intense
peak of 10 nm and a wide distribution centered at 60 nm
(>50 nm), showing a bimodal nature and hierarchical poros-
ity composed ofmesopores andmacropores.TheBET surface
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Figure 3: XPS spectra of the Co-600:(a) Co 2p spectra of Co-600, (b) O 1s spectra of Co-600, (c) C 1s spectra of Co-600, and (d) full survey
scan spectrum of Co-600.

areas were calculated to be 17.64m2/g and the average pore
size is 23.67 nm. Supposing that the Co

3
O
4
nanoparticles

are almost spherical (as confirmed by SEM and TEM), the
surface area can be calculated as the equation 𝐷BET =
6000/(𝜌 ∗ SBET) [26], where 𝐷BET represents the diameter
of a spherical particle (nm) and 𝜌 and SBET represent the
theoretical density of Co

3
O
4
(6.05 g/cm3) and the specific

surface area of Co
3
O
4
(m2/g), respectively. The results show

that the particle size is 56.22 nm, which is very close to the
XRD andTEMvalues. Generally, the carbon-assistedmethod
using degreasing cotton provides a facile and environmental
route for the preparation of the sample with both high BET
surface area and high crystallization.

3.2. Formation Mechanism. Based on the analysis above, the
formation and changing procedure of Co

3
O
4
nanoparticles

can be described as shown in Figure 6. It is revealed that the
synthetic process includes two steps, the precursors gradually
transform from Co(NO

3
)
2
to CoCO

3
and finally to pure

Co
3
O
4
, as the calcination temperature increased. Meanwhile,

the CoCO
3
underwent both the phase and shape changed

during calcinations. The morphology of sample changed
from irregular shape to sphere-like to sphere and the similar
results is observed in Wang et al.’s work [13]. Particularly
noteworthy is that the degreasing cotton is indispensable in
the successful formation of Co

3
O
4
. On the one hand, the

carbon resulted from the thermal treatment of degreasing
cotton plays an important role in the synthesis of Co

3
O
4

nanospheres, because Wang et al. [13] and Wang [33] had
proved that the recrystallization took place between Co

3
O
4

and carbon during carbothermal reaction, this also may be
the reason of the phenomenon observed in Figure 4. On the
other hand, CO

2
has a crucial effect on the nucleation of

CoCO
3
. Furthermore, additive degreasing cotton is decom-

posed completely and released, leading to the formation of
porous structure of Co

3
O
4
[34]. Corresponding reactions are

shown as follows:

(C
6
H
10
O
5
)

𝑛
+ 6𝑛O

2
→ 6𝑛CO

2
+ 5𝑛H

2
O (1)
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Figure 4: SEM and TEM images of samples obtained at different temperatures. (a) and (b) 200∘C, (c) and (d) 400∘C, and (e) and (f) 600∘C.
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CO
2
+H
2
O → CO

3

2−
+ 2H+ (2)

Co2+ + CO
3

2−
→ CoCO

3
(3)

3CoCO
3
+

1

2

O
2
→ Co

3
O
4
+ 3CO

2
(4)

However, considering the limitations in length, the more
detailed information on the formation mechanism of Co

3
O
4

will be discussed in our next stage of researches.

3.3. Electrochemical Performances. Figure 7(a) illustrates the
potential versus time for theCo

3
O
4
obtained by the annealing

temperature of 200, 400, and 600∘C at the scan rate of
10mV/s. All curves exhibit apparent pseudocapacitance fea-
tures with similar line-type, demonstrating the capacitance
that mainly derives from the rapid reversible redox of active
materials (Co

3
O
4
) within the potential range from −0.1 V

to 0.5 V [35]. Additionally, compared with Co-200 and Co-
400, Co-600 has the largest areas and the highest polarization
voltage, suggesting that the Co-600 has the best specific
capacitance (𝐶) and the fastest diffusion of electrolytic ions
for the electrochemical oxidation. Such behavior is probably
due to the high crystallinity of Co-600 and interconnected
macropores in Co-600 mentioned above. The two redox
couples 𝑃

1
/𝑃

4
and 𝑃

2
/𝑃

3
stand for the following reactions

[36]:

Co
3
O
4
+OH− +H

2
O←→ 3CoOOH + e− (5)

CoOOH +OH− ←→ CoO
2
+H
2
O + e− (6)
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Figure 7: (a) Cyclic voltammograms (CV) behavior of samples obtained at different temperatures and (b) cyclic voltammograms (CV)
behavior of Co-600 in 6M KOH electrolyte at various scan rates.

The specific capacitance (𝐶) of the Co-600 can be calcu-
lated according to the following equation:

𝐶 =

1

𝑚V (𝑉
𝑎
− 𝑉

𝑐
)

∫

𝑉
𝑐

𝑉
𝑎

𝐼 (𝑉) 𝑑𝑉, (7)

where 𝐶 is the specific capacitance (F/g), 𝑚 is the mass
of Co

3
O
4
(g), V represents the scan rate (V/s), and 𝐼(𝑉) is

a current response in accordance with the sweep voltage.
𝑉

𝑎
denotes the potential (V) when the electrode starts

to discharge, and 𝑉
𝑐
denotes the potential (V) when the

electrode ends up discharging. (𝑉
𝑎
−𝑉

𝑐
) denotes the potential

range of CV (V).
In Figure 7(b), based on (7), the specific capacitance

of Co-600 is evaluated as 468.18, 326.51, 264.58, 220.26,
198.86, and 171.13 F/g at scan rates of 10, 20, 40, 60, 80,
and 100mV/s, respectively. Such behavior is primarily due
to the diffusion of OH− which becomes slower with the
increase of scan rate, and the ions cannot reach the inter
surface of Co

3
O
4
[37, 38].The capacitance of the synthesized

Co
3
O
4
is relatively high compared with the results reported

of different morphologies of Co
3
O
4
[10, 12, 27]. Moreover,

with an increase in scan rate, the cathodic and anodic peaks

shift to lower and higher potentials, respectively, and the
CV curve characteristic shape has not changed significantly,
demonstrating that the Co

3
O
4
has an outstanding capability

and the electrolyte ions have a fast diffusion [39]. We also
calculate the electrochemical utilization from 𝑧 = 𝐶 × Δ𝑉 ×
𝑀/𝐹 [27], where 𝐶 is the test specific capacitance (F/g), Δ𝑉
is the potential range (0.6V in this study),𝑀 is themolecular
weight of Co

3
O
4
(240.8 g/mol), and 𝐹 is the Faradic constant

(96,486C/mol). The value of 𝑧 is 1 if all of the electroactive
sites are involved in the Faradic reactions.The 𝑧 value is 0.701
at a scan rate of 10mV/s, confirming that the sample prepared
shows a high ratio contribution of the electroactive sites.

To acquire more information concerning the capability,
electrochemical impedance spectroscopy is employed to
show the Nyquist plots for the Co

3
O
4
electrode using a

sinusoidal signal of 5mV over the frequency range of 0.01Hz
to 105Hz. The Nyquist plots are given in Figure 8. As is
known, the internal resistance of Co

3
O
4
electrode in an

open circuit can be judged from the point of intersection
of the high frequency part at the real axis of the plots [40].
The internal resistance is less than 1.3Ω, which includes
the following terms: the ionic resistance of electrolyte, the
intrinsic resistance of the active material, and the contact
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Figure 9: (a) Charge-discharge curves and (b) cycle life and capacity retention of the Co-600 at the current density of 3 A/g in 6M KOH.

resistance at the electrode/current collector interface [41].
Besides, in the up-right corner of Figure 8, a depressed
semicircle can be discovered clearly in the high-to-medium
frequency region, which is related to Faradic reactions and its
diameter represents the interfacial charge transfer resistance
at the electrode/electrolyte interface [42], and the value
of the charge transfer resistance of the electrode is only
∼0.15Ω. Normally, in the low frequency range, the straight
sloping line represents the electrolyte diffusion process and
the diffusion of OH− ion in host materials, and a higher slope
of the impedance represents a lower diffusive resistance in
the electrode by the shortened diffusion path of OH− ion
[43, 44]. The impedance plot observed in Figure 8 shows a
sloppy line of diffusion process in a solid electrode, indicating
an excellent capacitive behavior of Co-600 material. All

these findings mentioned above demonstrate that the Co
3
O
4

prepared have a good frequency response and a fast ionic
motion with low diffusive resistance in solid electrode for
electrochemical capacitor.

Cyclability of the Co
3
O
4
materials as electrodes in

electrolyte is one of the important qualities for practical
applications. As shown in Figure 9, the Co-600 prepared is
charged-discharged at the current density of 3 A/g for 1000
cycles. Figure 9(a) depicts a chronopotentiogram including
the initial 11 cycles of the Co

3
O
4
electrode in 6M KOH

solution at 3 A/g, from which it can be seen that the charge-
discharge process of the electrode is reversible and the charge-
discharge curve is asymmetric.The specific capacitance of the
electrode can be calculated by using 𝐶 = 𝐼𝑡/Δ𝑉𝑚, in which
𝐼 is the discharge current, 𝑡 is the discharge time, Δ𝑉 is the
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potential range during discharge, and𝑚 is the mass of active
material in the electrode. According to the equation above,
the specific capacitance variation of Co

3
O
4
samples and the

capacitance retention are shown in Figure 9(b). During the
first 300 cycles, the specific capacitance increased from 213.33
to 222.93 F/g, which is due to the activation process of the
Co
3
O
4
electroactive material [12]. Thereafter, the specific

capacitance of the Co
3
O
4
declines with the increasing cycle

number. With cycle up to 1000 times, the supercapacitor still
remains 95.2%, suggesting that the Co

3
O
4
prepared has an

excellent stability for practical application.

4. Conclusions

In summary, Co
3
O
4
nanoparticles were successfully prepared

by a novel, facile, and environmental carbon-assistedmethod
using degreasing cotton and were furthermore applied as
electrodes of supercapacitor. It also confirmed that the
additive degreasing cotton played an indispensable role in
synthesizing Co

3
O
4
with high specific areas. Importantly,

the carbon-assisted method using degreasing cotton can be
easily extended to prepare other systems concerning metal
oxide, such as Fe

3
O
4
. Electrochemical results indicated that

the as-prepared Co
3
O
4
can deliver a specific capacitance of

468.18 F/g at a scan rate of 10mV/s, and the charge transfer
resistance of the electrode was only ∼0.15Ω. Particularly,
there was only 4.8% decay of the specific capacitance at a cur-
rent density of 3 A/g upon 1000 cycles. These results showed
that the Co

3
O
4
we prepared had a promising potential for

practical application.
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