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Abstract
A flexible film electrode of  NiCo2O4 grown on Co/C hybrid nanofibers (NCCNF) was synthesized through electrospin-
ning combining with carbonization and hydrothermal reaction. X-ray diffraction, Raman spectroscopy, scanning electron 
microscopy and  N2 adsorption/desorption measurement were employed to characterize the composition, microstructure 
and morphology. The as-prepared flexible NCCNF film was used as a binder-free working electrode in three-electrode 
system and its electrochemical performance was evaluated by cyclic voltammetry, galvanostatic charge and discharge test 
and electrochemical impedance spectroscopy. The resulting flexible film shows excellent electrochemical performance with 
a high specific capacitance of up to 1710 F g−1 at 5 mV s−1, making it a potentially practical electrode material for flexible 
supercapacitors.

1 Introduction

With the development of the world economy and tech-
nology, the demand for effective energy-storage devices 
grows accordingly. Due to their high power density, ultra-
fast charge–discharge time, long cycling life and excellent 
reversibility, supercapacitors have drawn a lot of attention 
[1–4]. Compared with conventional rigid products, flexible 
and wearable electronics can significantly enhance consum-
ers’ daily use and maximize their compatibility with cor-
responding electronics [5, 6], thus flexible energy-storage 
devices have became a hot spot in both industry and aca-
demia [7, 8].

For flexible energy-storage devices, the key is appropriate 
flexible electrodes, about which many researches have been 
made over recent years [9–12]. Carbon nanotubes (CNTs)/
graphene-based film electrodes are one of the predominant 
types of flexible electrodes, resulting from the high electro-
activity, excellent electrical conductivity and super flexibil-
ity of CNTs and graphene [13–17]. Xiong et al. [13] reported 
a mechanically tough porous reduced graphene oxide film 
electrode prepared through a two-step process including 

blade-casting thin graphene oxide hydrogel films and reduc-
ing graphene oxide with hydriodic acid/acetic acid. Wu et al. 
[14] demonstrated a self-standing and flexible CNTs-based 
film electrodes fabricated via a simple vacuum-filtration pro-
cedure to one by one stack δ-MnO2@CNTs composite layer 
and pure CNTs layer. Substrate-supported film electrodes 
are another main type of flexible electrodes, fabricated by 
growing active materials on inactive flexible substrates such 
as organic polymeric film [18], metal foil [19], and carbon 
fiber cloth [20, 21]. A highly flexible electrode, which is 
based on an electrodeposited-MnO2/polypyrrole composite 
on a carbon cloth substrate, was reported [22] to possess a 
high specific capacitance of 325 F g−1 at a current density of 
0.2 A g−1, and an excellent rate capability with a capacitance 
retention of 70% at a high current density of 5.0 A g−1. In 
addition, there are a few other researches [23–25] reported, 
for example, about conductive-polymer-based flexible 
hydrogel electrodes [26]. Wang et al. [27] exhibited a con-
ducting polyaniline (PANI)-based flexible hydrogel elec-
trode, which was synthesized by in situ embedding PANI 
within a chemically cross-linked PVA–H2SO4 hydrogel film 
with excellent elasticity, high mechanical strength, and ionic 
conductivity.

In the past decade, lots of researches have bee made on 
electrospun carbon or metal/carbon nanofiber film electrode 
materials [28–30]. However, only a few reports are presented 
on their flexible film electrodes [31–33]. Liu et al. [33] 
developed a highly flexible porous carbon nanofiber film, 
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which was fabricated by etching Co nanoparticles within 
electrospun Co/C hybrid nanofiber film without mechani-
cal flexibility. In this work, we successfully synthesized a 
highly flexible Co/C hybrid nanofiber (CCNF) film through 
electrospinning followed by calcination, and furthermore, to 
achieve higher capacitance, a simple hydrothermal process 
was employed to further obtain flexible CCNF@NiCo2O4 
(NCCNF) film. In our system, the existing Co plays a posi-
tive role in efficiently improving the mechanical flexibil-
ity and electrical conductivity of carbon matrix as well 
as providing some pseudocapacitive contributions. As we 
expected, the resulting flexible film exhibited excellent elec-
trochemical performance with a specific capacitance of up to 
1710 F g−1 at 5 mV s−1, which is much higher than the previ-
ously reported value, and an about 70% remain of the initial 
capacitance after 1000 cycles at 1 A g−1.

2  Materials and methods

2.1  Synthesis of CCNF film

In a typical process, 2.8 g of polyacrylonitrile (PAN) was 
dissolved in 20 ml of dimethyl formamide with vigorous 
stirring at 60 °C for 12 h. Then, 1.867 g of cobalt acetate tet-
rahydrate (Co(Ac)2 ⋅ 4H2O) was added to the above solution 
and vigorously stirred to finally form a homogeneous solu-
tion for electrospinning. The electrospinning process was 
performed with a spinning rate of 0.5 ml h−1 in a DC electric 
field of 1.33 kV m−1, which was generated by applying a 
positive 20 kV voltage to a 15-cm gap between the needle 
and copper-net collector. Subsequently, after being dried at 
60 °C for 2 h under vacuum to remove the residual solvent, 
the as-prepared electrospun film was first pre-oxidation in 
air at 260 °C for 1.5 h, and then carbonized under the atmos-
phere of nitrogen at 600 °C for 2 h with a heating rate of 
1 °C min−1 to obtain CCNF film.

2.2  Synthesis of NCCNF film

A hydrothermal treatment was employed to load  NiCo2O4 
on the as-obtained CCNF film for preparing NCCNF film. 
0.498 g of Co(Ac)2 ⋅ 4H2O and 0.248 g of Ni(Ac)2 ⋅ 4H2O 
were dissolved in 60 ml of deionized water. Then, a piece 
of 1 cm × 3 cm CCNF film was placed into the solution 
of Co(Ac)2 and Ni(Ac)2, and they were transferred into a 
100 ml Teflon-lined stainless-steel autoclave and maintained 
at 90 °C for 5 h. After the autoclave being cooled down to 
room temperature, the resulting film was washed with deion-
ized water and absolute alcohol several times, and then dried 
overnight at room temperature. Finally, the product was cal-
cined in air at 250 °C for 3 h to get NCCNF film.

2.3  Characterization and electrochemical 
measurements

The crystal structure was characterized by a D8 Advance 
X-ray diffractometer (CuKα, 40 kV, 40 mA, λ = 1.5406 Å). 
The surface morphology and element composition were 
examined by a field scanning electron microscope (Model 
S-4800II) and a transmission electron microscopy (Model 
Tecnai G2 F30 S-Twin) coupled with an energy dispersive 
X-ray spectroscopy (EDS). All electrochemical measure-
ments were carried out in a three-electrode system with a 
6-M KOH aqueous solution as the electrolyte. The as-pre-
pared composite was sandwiched between two pieces of 
nickel foam to work as the working electrode, a platinum 
foil (1 cm × 1 cm) was served as the counter electrode, 
and a Hg/HgO electrode was used as the reference elec-
trode. The cyclic voltammetry (CV), galvanostatic charge 
and discharge test (GCD), and electrochemical impedance 
spectroscopy (EIS) measurements were performed by 
using a GHI660C electrochemical workstation (Shanghai 
Chenhua Instrument Company, China). A LAND battery 
program-control test system was employed to evaluate the 
cycling life of the working electrode.

3  Results and discussion

The morphology and microstructure of CCNF and NCCNF 
were investigated by SEM. From Fig. 1a, b, we can obvi-
ously find that CCNF was in uniform fiber structure, and 
the diameter of the fibers was about 300 nm. The surface 
of CCNF was not smooth, on which many nanoparticles 
were uniformly distributed formed from the decomposition 
of Co(Ac)2 in the heat-treatment process. Figure 1c is the 
EDS of CCNF, which shows the existence of the Co and O 
elements, but the atomic ratio of O to Co is much smaller 
than 1:1, implying that the Co substance mostly exists in ele-
mental Co metal and partly in CoO. In the inset of Fig. 1b, 
CCNF film is seen to be foldable, demonstrating an excellent 
mechanical flexibility. Figure 1d shows  NiCo2O4 was grown 
on the surface of CCNF, and that the diameter of NCCNF 
was about 800 nm. Further, From Fig. 1e,  NiCo2O4 was 
clearly seen to be in net-like structure. As shown in Fig. 1f, 
the EDS analysis reveals the presence of the C, O, Ni and Co 
elements in NCCNF, and that the atomic ratio of Ni to Co 
is estimated to be about 1.0:1.18, which shows the exist of 
Co and  NiCo2O4. Due to the rigidity of the loaded  NiCo2O4, 
NCCNF film is poorer in flexible performance than CCNF 
film. But the inset picture in Fig. 1e shows that NCCNF film 
can be bended to almost 180° in a bending radius of about 
0.25 cm, meaning high mechanical flexibility.
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The XRD and Raman methods were employed to study 
the crystal structure and composition of CCNF and NCCNF, 
and the spectra are shown in Fig. 2. In Fig. 2a, the XRD 

pattern of CCNF shows one obvious peak at 44.2° assigned 
to the (111) planes of Co (JCPDF No. 15-0806), indicat-
ing that the existence of Co metal within CCNF. This 

Fig. 1  a, b SEM images and c EDS spectrum of CCNF, d, e SEM images and f EDS spectrum of NCCNF. The insets in b, e are SEM images of 
CCNF and NCCNF films bended to almost 180°, respectively
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demonstrates that the Co(Ac)2 substance within the elec-
trospun PAN-based nanofiber precursor was decomposed 
and most reduced to elemental Co metal. However, there is 
no diffraction peak from CoO, which means that the existed 
CoO is in amorphous state or implanted inside Co crystal 
texture in impurities. And the XRD pattern of NCCNF 
shows four obvious diffraction peaks at 36.7°, 44.4°, 59.1°, 
and 64.9°, which can be indexed to (311), (400), (511) and 
(440) planes of  NiCo2O4 (JCPDF No. 73-1702), respec-
tively, demonstrating that  NiCo2O4 was successfully grown 
on the surface of CCNF through our hydrothermal tech-
nique. Raman spectroscopy is a powerful tool to character-
ize carbon-based materials. In Fig. 2b, we can see that the 
D bands were at 1332 or 1341 cm−1, G bands were at 1553 
or 1577 cm−1. In general, D band is assigned to the struc-
tural defects and disorders of graphitic domains, whereas G 
band is attributed to the  E2g mode of sp2 carbon domains 

explaining the degree of graphitization [34]. The relative 
intensity of the G and D band (IG/ID) is used to evaluate the 
degree of graphitization, and a high intensity ratio means 
high degree of graphitization [35]. The values of IG/ID for 
CCNF and NCCNF are 0.77 and 0.82, respectively, indicat-
ing the destruction of partial sp3 defects and the rebuilt of 
sp2 carbon during hydrothermal treatment.

To characterize the specific surface area and pore-size 
distribution of the samples,  N2 adsorption/desorption meas-
urement was performed. Utilizing Brunauer–Emmett–Teller 
(BET) equation and Barrett–Joyner–Halenda (BJH) 
method, we can get that the BET surface area are 5.94 and 
12.7 m2 g−1 before and after the hydrothermal process, sug-
gesting low pore degrees. The enlarged surface area from 
the hydrothermal process is a consequence of the net-like 
 NiCo2O4 formed (seen in Fig. 1b, e). Figure 3b shows the 
pore-size distributions by BJH for CCNF and NCCNF. 

Fig. 2  a XRD pattern and b Raman spectroscopy of CCNF and NCCNF

Fig. 3  a  N2 adsorption/desorption isotherms of CCNF and NCCNF, b pore-size distribution of CCNF and NCCNF
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The pore size of CCNF and NCCNF are about 4 nm. The 
pores of CCNF are attributed to the decomposition of 
Co(Ac)2 ⋅ 4H2O, whereas those of NCCNF are mostly owed 
to the net-like  NiCo2O4.

The as-obtained products were directly employed as 
binder-free electrodes and their electrochemical properties 
were investigated in detail. Figure 4a, b show the CV curves 

of CCNF and NCCNF at different scan rates (5, 10, 15, 20, 
and 25 mV s−1). We can clearly see a pair of well-defined 
redox peaks within − 0.15–0.35 V in every CV curve. This 
indicates that the capacitances of these two electrodes are 
distinct from electric double-layer capacitance characterized 
by nearly rectangular CV curves. A redox pair assigned to 
the quasi-reversible redox process of  Co2+ to  Co3+ appears 

Fig. 4  a CV curves of CCNF, b CV curves of NCCNF, c GCD curves of CCNF and NCCNF at a current density of 1 A g−1, d GCD curves of 
NCCNF at different current densities, e Nyquist plot of CCNF and NCCNF, f Cycling profiles of NCCNF at a current density of 1 A g−1
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in the region of 0.1–0.4 V for CCNF [36]. Compared to the 
CV curves of CCNF, those of NCCNF display double oxida-
tion peaks, implying the appearance of the oxidation reac-
tion from  Ni2+ to  Ni3+ [37, 38]. The specific capacitances 
of CCNF are 764, 565, 514, 478 and 450 F g−1, while those 
of NCCNF are 1710, 1534, 1391, 1321, and 1267 F g−1 at 
scan rates of 5, 10, 15, 20 and 25 mV s−1, respectively. The 
larger capacitance for NCCNF arises from the pseudoca-
pacitive contribution of  NiCo2O4 and the enlarged surface 
area caused by  NiCo2O4. When the scan rate increases to 
25 mV s−1, the capacitance of NCCNF retains 74.1% of the 
initial value at 5 mV s−1, revealing that NCCNF possesses a 
good rate capability. The GCD tests were also carried out to 
obtain the capacitance of CCNF and NCCNF, as shown in 
Fig. 4c. All the GCD curves have visible voltage plateaus, 
meaning their supercapacitive character. The capacitance 
of electrode materials can be calculated from the discharge 
time based on the following equation:  Cg = IΔt/mΔV, Where 
I, Δt, ΔV and m are the discharge current (A), discharge time 
(s), voltage change during discharge (V) and mass of CCNF 
or NCCNF film (g), respectively. In Fig. 4c, d, we can clearly 
see that, compared to the 394 F g−1 of CCNF, the capaci-
tance of NCCNF was up to 1032 F g−1, revealing that its 
capacitance mostly comes from the contribution of  NiCo2O4. 
The capacitance values of NCCNF calculated from GCD 
tests are 1032, 860, 804, 776 and 740 F g−1 at current densi-
ties of 1, 2, 3, 4 and 5 A g−1, i.e., a capacitance retention of 
72% can be calculated when the current density increases 
from 1 to 5 A g−1. The decrease of the specific capacitance 
with increasing current is due to inadequate time for ions dif-
fusion to the electroactive material surfaces. Compared with 
the previously reported  NiCo2O4/CNTs co-doped carbon 
nanofibers (220 F g−1 at a current density of 1 A g−1) [35] 
and  NiCo2O4 wrapped by reduced graphene oxide (978 F g−1 
at a scan rate of 5 mV s−1) [39], our NCCNF presents a much 
higher capacitance. The high capacitance is attributed to a 
combination of the net-like porous structure of  NiCo2O4 and 
the Co hybrid in the carbon matrix. The former provides a 
large  NiCo2O4 surface area and a short ion diffusion paths to 
the interior surfaces, while the latter improves the electrical 
conductivity, which is proved subsequently by EIS.

The resistance behind the excellent capacitive perfor-
mance of the CCNF and NCCNF electrode was investi-
gated by EIS measurement. As shown in Fig. 4e, the plots 
all consist of a semicircle in the high-frequency region 
and a straight line in the low-frequency region. It is well 
known that the diameter of the semicircle corresponds to the 
charge transfer resistance, while the straight line in the low-
frequency region is associated with the Warburg impedance, 
which can be attributed to the frequency dependence of ion 
diffusion and transport in the electrolyte [40]. The charge 
transfer resistance (Rct) of CCNF and NCCNF are 0.658 and 
2.94 Ω, respectively, these small values indicating that the 

electron transfer velocity is fast between the electrode and 
the charge collector. The Rct of NCCNF is 3.5 times higher 
than CCNF, which can be attributed to the poor electrical 
conductivity of  NiCo2O4. Furthermore, the cycling stability 
of NCCNF was performed at a current density of 1 A g−1 
and shown in Fig. 4f. The specific capacitance of NCCNF 
decreases to 723 F g−1 from initial 1032 F g−1 after 1000 
cycles (i.e., about 70% of capacitance retention), suggesting 
a good cycling stability.

4  Conclusion

In summary, this work reports a flexible film electrode of 
 NiCo2O4 grown on Co/C hybrid nanofibers (NCCNF) syn-
thesized through electrospinning combining with carboniza-
tion and hydrothermal reaction. The as-prepared nanofiber 
film possesses an excellent mechanically flexible property 
and can be directly used as a binder-free working electrode. 
The targeted flexible film exhibits excellent electrochemical 
performance with a specific capacitance of up to 1710 F g−1 
at 5 mV s−1 and an about 70% remain of the initial capaci-
tance after 1000 cycles at 1 A g−1, indicating great promis-
ing applications in flexible supercapacitors.
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