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Appropriate amount of polyaniline coated Co3O4 nanofibers and their 
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A B S T R A C T   

Co3O4/PANI composites with different proportion were synthesized by in-situ polymerization method. The 
morphology of the composites showed that cobalt oxide fibers were wrapped up in polyaniline (PANI). The 
electrochemical tests showed that Co3O4/PANI (1:5) had the highest specific capacitance of 1124 F g� 1 among 
the all samples. Its capacitance retention was up to 82.19% after 2000 charge-discharge cycles at 5 A g� 1. 
Especially, after 5000 cycles, the capacitance retention was 73.97%, showing excellent cycling stability. It was 
found that the combination of PANI and cobalt oxide fiber in proper proportion was beneficial to the conduc-
tivity and ion diffusivity of the system, and was also beneficial to improve the redox efficiency of cobalt oxide. 
This is synergistic effect, which can bring good electrochemical performance to the system.   

1. Introduction 

Supercapacitor is an attractive energy storage device [1], which has 
many advantages in its power density, charge-discharge rate and 
cyclical stability etc. The electrode material of supercapacitor has an 
important influence on its performance. At present, a variety of mate-
rials were explored for electrode, including conductive polymers [2,3], 
metal oxides [4,5], carbon materials [6–8] and metal sulfide [9,10]. 

Co3O4 is a fascinating electrode material for lithium batteries, in 
addition, it is also used in gas sensors, catalysts and capacitors etc. [11, 
12] It has been found that Co3O4 had a theoretical capacitance up to 
3560 F g� 1 [13]. But nanostructured Co3O4 such as nanorods and 
nanowires [14,15] only showed a lower capacitance because of its poor 
conductivity and ion mobility. At present, it is a popular idea that cobalt 
oxide-based composite material can promote the performance of the 
electrodes through the possible synergy between different components 
of the composites [16–18]. PANI, as a conductive organic material, if 
combined with cobalt oxide, may be helpful to improve the conductivity 
of the system and then improve the capacitance performance [19]. It has 
been reported that Mn2O3/PANI composite showed the specific capac-
itance of 719 F g� 1 [20] and PANI/NiO nanocomposite also reached the 
specific capacitance of 514 F g� 1 [21]. These improvements should be 
related to the synergistic effect [22]. 

In this paper, a new cobalt oxide/PANI composite is designed. 
Firstly, cobalt oxide nanofibers are prepared by electrospinning. And 

then they are placed in HCl solution and aniline monomer is also added 
into the solution. After that, the composites of polyaniline coated cobalt 
oxide fibers can be obtained through in situ polymerization method. The 
samples with different molar ratio of cobalt oxide to PANI are prepared 
by controlling the number of aniline monomers. The electrochemical 
test shows that Co3O4/PANI (1:5) delivers a high specific capacitance 
and excellent cycle life. The synergistic effect may make an important 
contribution to the good performance. 

2. Experiment 

2.1. Preparation of Co3O4/PANI 

For preparation of Co3O4 nanofibers, 0.8 g Co(NO3)2⋅6H2O and 2.0 g 
polyvinylpyrrolidone (PVP) are dissolved in 10 ml N–N dime-
thylformamide (DMF) and 5 ml C2H5OH. A homogeneous spun precur-
sor is obtained after 12 h stirring. The electrospinning is carried out 
under the syringe propulsive pump speed of 0.5 mL h� 1 and the voltage 
between the needle and the collection with 15 kV. The obtained prod-
ucts are non-woven fabric, which is heated to 480 �C for 3 h to obtain 
Co3O4 nanofibers at last. 

For preparation of the composites, 12 mg Co3O4 fibers are added into 
5 ml 0.5 mol L� 1 HCl solution, and then dispersed evenly by ultrasound. 
After that, aniline monomers are added with the molar ratio of 1:3, 1:5, 
1:8, 1:10, respectively. And an appropriate amount of ammonium 
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persulfate (APS, the molar ratio of Aniline monomer to APS is 1:1) is 
added into the above solution. Co3O4/PANI composites can be synthe-
sized by in-situ polymerization with stirring in ice bath for 1 h. 

2.2. Structure and morphology characterization 

The samples are characterized by XRD (D8 Advance), IR (Nicolet 
iS5), SEM (SU8220), TEM (Tecnai G2 F20), XPS (ESCALAB 250Xi), 
granularity testing (NanoBrook Omni Zeta Potential Analytical In-
struments), BET (MicroActive for ASAP 2460 2.02). 

2.3. Electrochemical characterization 

The electrochemical tests are performed on CHI660e electrochemical 
work station. And the prepared samples, platinum foil and Hg/HgO are 
used as working electrode, counter electrode, and reference electrode, 
respectively. Cyclic voltammogram (CV) tests are carried out in the 
voltage range of 0–0.6 V with a scan rate of 10–200 mV s� 1. The po-
tential window for galvanostatic charge–discharge (GCD) test is selected 
with 0–0.5 V, while the current density is selected in the range of 1–20 A 
g� 1. The frequency range of electrochemical impedance spectroscopy 
(EIS) is 0.01 Hz–100 kHz. The initial potential is open circuit voltage. 
The charge-discharge cycles are tested by LANHE at 5 A g� 1, and the 

potential window is 0–0.5 V. Tafel polarization is executed on three- 
electrode system by electrochemical work station (RST5060F). 

The specific capacitance can be calculated by the following formula: 

C¼
IΔt

mΔV
(1) 

In which, I, Δt; m and ΔV are current density, discharge time, the 
mass of active substance and potential window, respectively. 

3. Results and discussions 

3.1. X-ray diffraction (XRD) 

The XRD results are shown in Fig. 1. The diffraction peaks of all 
samples at the diffraction angles of 19�, 31.3�, 36.8�, 38.5�, 44.8�, 55.6�, 
59.3� and 65.2� are relative to (111), (220), (311), (222), (400), (422), 
(511), (440) of Co3O4 crystal (PDF#43–1003), respectively. It is obvious 
that the half bandwidth widens with the increase of the amount of PANI 
in samples, which means more added PANI can lead to the poor crys-
tallinity of Co3O4. On the other hand, there are some weak peaks near 
25� in the XRD pattern of the composites, which belong to PANI 
macromolecular chain. 

3.2. Infra-red spectrum (IR) 

The Infra-red spectra of the composites are shown in Fig. 2. Obvi-
ously, the peaks between 2920 and 2800 cm� 1 belong to the C–H 
stretching vibration peaks of benzene rings [23]. The peaks around 1640 
and 1383 cm� 1 are stretching vibration peaks of C––C in the quinonoid 
rings and benzenoid rings. The two peaks at 1298 and 1112 cm� 1 are the 
characteristic peaks related to N atom in PANI. They are assigned to C–N 
and –NHþ ¼ [24]. The peaks at 650 and 563 cm� 1 are characteristic 
peaks related to Co3O4 fibers. They are originating from the stretching 
vibrations of the metal-oxygen bonds [25]. The peak at 563 cm� 1 is 
attributed to Co3þ in octahedral gap in spinel lattice, and the peak at 
650 cm� 1 originates from Co2þ vbration in tetrahedral void. The higher 
the content of PANI in the sample, the weaker corresponding peaks of 
563 and 650 cm� 1. Here, the infrared spectra show rich information 
about the existence of PANI and cobalt oxide. 

3.3. Scanning electron microscope (SEM) and transmission electron 
microscope (TEM) 

The morphologies of Co3O4 and Co3O4/PANI (1:5) are characterized 
by SEM and TEM, respectively. In Fig. 3a, the SEM picture shows the 
morphology of Co3O4 nanofibers with diameter about 200 nm. Fig. 3b 
and c shows the morphology of Co3O4/PANI (1:5), in which Co3O4 fibers 
are coated by nanoPANI and a spiny structure is formed on the surface. 
Granularity testing can give a rough estimate of the size of all samples. 
The results are as shown in Table 1. Obviously, more PANI leads to more 
aggregation, so the effective diameter increases. Fig. 3d is the TEM of 
Co3O4/PANI (1:5), in which the dark portion is Co3O4 fibers and the grey 
portion is the PANI. The TEM further shows the structure of the com-
posite with fibers wrapped by PANI. Elemental mappings show that 
PANI is evenly covered on the surface of Co3O4. 

3.4. X-ray photoelectron spectroscopy (XPS) 

In the XPS of Co3O4/PANI (1:5) as shown in Fig. 4a, there are clearly 
peaks of S 2p, Cl 2p, C 1s, N 1s, O 1s and Co 2p. C and N are the elements 
of PANI backbone. The sharp peaks locate at 399.4, 399.9 and 401.2 eV 
correspond to the characteristic peaks of quinine ring, benzene ring and 
N-atoms of the semiquinone cationic radicals [26], respectively 
(Fig. 4b). Cl and S come from the dopant acid and evocating agent. The 
Co 2p spectrum consists of two peaks at 780.6 eV and 795.8 eV (Fig. 4c). 
We can see that the binding energy difference of the two peaks is 15.2 

Fig. 1. XRD patterns of Co3O4 and Co3O4/PANI (1:3, 1:5, 1:8, 1:10).  

Fig. 2. IR spectra of Co3O4/PANI (1:3, 1:5, 1:8, 1:10).  
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eV, and the intensity ratio of them is about 2:1. They are described as the 
spin-orbit-split doublet (Co 2p3/2 and Co 2p1/2, respectively) of Co3O4 
[27]. These are consistent with the previous characterization. 

3.5. Brunauer–emmett–teller (BET) 

Fig. 5 shows that the isotherm adsorption-desorption curve of 
Co3O4/PANI (1:5) belongs to the type III defined by IUPAC. The 
adsorption average pore diameter (4V/A by BET) is 26.4 nm, corre-
sponding to a specific surface area of 26 m2/g. Especially, the data shows 
the sample having a high mesoporous ratio of 43%, which is beneficial 
to shorten the diffusion path of electrolyte ions and facilitate electron 
exchange, thus enhancing the capacitive performance of the sample 
[28]. 

3.6. Electrochemical tests 

Fig. 6a shows the discharge curves of Co3O4 and Co3O4/PANI (1:3, 
1:5, 1:8, 1:10) samples at 1 A g� 1 in GCD. The specific capacitances of 
Co3O4 and Co3O4/PANI (1:3, 1:5, 1:8, 1:10) have been calculated by 
formula (1), which are 417.8, 824, 1124, 314 and 340 F g� 1, respec-
tively. Obviously, Co3O4/PANI (1:5) has the highest value, and Co3O4/ 
PANI (1:3) ranks the second. The other samples do not perform well 
because they either contain too much PANI, or only cobalt oxide. Fig. 6b 
is the CV curves of all samples. There are two pairs of peaks in the CV 
curve of Co3O4, which show the pseudo-capacitance characteristic 
caused by redox reaction. The peaks are related to the transformation of 
different cobalt valence states. The redox reactions can be described as 
follows [29]: 

Co3O4þOH� þ H2O  ↔ 3CoOOHþ e�

3CoOOHþOH�  ↔ CoO2 þ H2Oþ e�

As shown in Fig. 6c, the specific capacitance of Co3O4/PANI (1:5) is 
further measured at different current density of 1, 2, 5, 10 and 20 A g� 1, 
respectively, and the corresponding value is 1124, 964, 906, 802 and 
688 F g� 1. Fig. 6d is the CV curves of the sample. It can be observed that 
the shift of oxidation peak and reduction peak happens as the increase of 
scanning rate, which should be caused by electrode resistance. In 
Fig. 6d, a pair of oxidation-reduction peaks can be observed clearly, but 
the other two peaks, which correspond to Co3þ↔Co4þ, could only be 

Fig. 3. SEM of Co3O4 (a) and Co3O4/PANI (1:5) (b,c), TEM of Co3O4/PANI (1:5) (d), elemental mapping of Co (e), C (f), N (g),O (h), and EDS spectrum of Co3O4/ 
PANI (1:5) (i). 

Table 1 
Granularity testing results of Co3O4/PANI (1:3, 1:5, 1:8, 1:10).  

Name Effective diameter(nm) 

Co3O4/PANI(1:3) 984.05 
Co3O4/PANI(1:5) 1096.79 
Co3O4/PANI(1:8) 3070.93 
Co3O4/PANI(1:10) 4935.00  

J. Lei et al.                                                                                                                                                                                                                                       



Physica E: Low-dimensional Systems and Nanostructures 117 (2020) 113836

4

seen at the high scan rate. The result indicates that the addition of PANI 
further stimulates the redox reaction of Co2þ↔Co3þ, which causes 
another pair of weak peaks from Co3þ↔Co4þ to be hidden. 

The EIS spectra of all samples are shown in Fig. 6e. The intersection 
between the curve and the X axis is the solution resistance (Rs) at the 
interface between the electrolyte and the electrode. The incomplete 
semicircle in the high frequency region represents the electron transfer 
resistance of the induced charge. The slope of the line in the low 

frequency region shows the diffusivity of the material. The Rs of all 
composite samples are all about 0.5 Ω, while that of Co3O4 is 0.72 Ω. It 
shows that the addition of PANI can improve the conductivity of the 
composites. As far the diffusion resistance, Co3O4/PANI (1:5) has the 
largest slope, meaning its good diffusion performance. 

The retention rate of Co3O4/PANI (1:5) is measured. Under the 
current density of 5 A⋅g� 1, there is 82.19% of the specific capacitance 
left after 2000 charge-discharge cycles. Extending the cycle times to 
5000 cycles, the retention rate becomes 73.97%. The decrease may be 
ascribed to the cubical dilatation of macromolecular chains of PANI due 
to the insertion-release of ions in the charge-discharge cycles. It is should 
be pointed that pure PANI as electrode only remains 73.9% after 2000 
cycles. 

Fig. 6g shows the Tafel curves of Co3O4 and Co3O4/PANI (1:5) in 6 
mol L� 1 KOH. Their self-corrosion potential and corrosion current are 
shown in Table 2. The higher the self-corrosion potential, the smaller the 
corrosion current, the better the corrosion resistance of the material. 
This shows that the coating of PANI can improve the corrosion resistance 
of the composites. 

4. Conclusions 

Co3O4 nanofibers are firstly prepared by electrospinning, and then 
Co3O4/PANI composites are synthesized by the in-situ polymerization 
method. Electrochemical tests show that the performance of Co3O4/ 
PANI (1:5) is significantly better than that of other samples, including 
pure nano-Co3O4, Co3O4/PANI (1:3), (1:8) and (1:10) samples etc. Its 
specific capacitance is 1124 F g� 1 at the current density of 1 A g� 1. Its 
capacitance retention is 82.19% after 2000 charge-discharge cycles at 5 
A g� 1, which still retains more than 70% after 5000 cycles. It can be 
deduced that only when cobalt oxide nanofibers are coated with proper 
amount of PANI, can the beneficial synergistic effect be realized well 
between the two components in the composites. The synergy here is 
reflected in good conductivity, ion diffusivity and high redox efficiency. 

Fig. 4. XPS spectra of Co3O4/PANI (1:5): Full spectrum (a), high resolution scan of N 1s (b) and Co 2p (c).  

Fig. 5. Nitrogen adsorption–desorption isotherms of Co3O4/PANI (1:5).  
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