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Abstract
One-dimensional carbon nanotube material decorated by  NiCo2O4 nanoparticles has been successfully fabricated by a fac-
ile one-pot hydrothermal method together with a sequent annealing treatment. The as-prepared nanoscale CNT-NiCo2O4 
composites with network structure manifested an enhanced specific capacitance of 1055A  g−1 at a current density of 1 A 
 g−1 and an outstanding cycling performance compared with pure  NiCo2O4. When tested at current density of 20 A  g−1, 
excellent capacity retention ratio up to 99.8% can be achieved for the composite electrode after 6500 cycles. The remarkable 
cycling performance can mainly be attributed to composite unique structure that CNTs present high conductivity together 
with  NiCo2O4 nanoparticle’s eminent capacity. Consequently, the ultrahigh specific capacity coupled with admirable cycling 
stability makes such composite a promising electrode material candidate for supercapacitor in energy storage.

1 Introduction

The ever-growing energy depletion of fossil fuels and 
increasing environmental pollution have stimulated the 
exploration of new energy-storage devices for researchers 
all over the world to fulfill the purpose of clean, efficient, 
and sustainable [1, 2]. Supercapacitors, also called elec-
trochemical capacitors, have been considered as one of the 
most promising energy conversion/storage systems due to 
their many interests, containing higher power density, low 
maintenance coupled with longer lifespan over batteries, 
and higher energy density and cycling stability compared 
with conventional electrostatic capacitors [3–6]. The per-
formance of supercapacitors is largely influencing by the 
structure, morphology, and species of the electrode materials 
[7, 8]. Transition metal oxides, as one of the most promis-
ing supercapacitor electrode materials, have many excellent 
advantages such as abundant, low cost, and environmentally 
friendly, which attract an increasing number of researcher’s 

attention [9, 10]. Among metal oxides, a binary spinel metal 
oxide  NiCo2O4 is an excellent electrode material for the 
supercapacitors owing to its high stability, environmental 
friendliness, and abundant resources [11, 12]. However, 
the conductivity of nickel cobaltite is poor, which could 
substantially decrease the practical specific capacitance of 
nickel cobaltite  NiCo2O4 compared with more than 3000 F 
 g−1 theoretical value [13, 14]. To address this problem, the 
integration of ternary nanosize oxides  NiCo2O4 with con-
ductive substrates is an efficient method.

Carbon materials, such as carbon nanotubes (CNTs), car-
bon black, and graphene, are the most important electrode 
material [15, 16]. Although graphene has good conductivity, 
its cyclic stability is poor compared with CNTs [17]. It is 
noting that CNT, as an electrode material of conventional 
electrical double-layer capacitors, is generally considered as 
promising electrode material candidates for the supercapaci-
tor because of their remarkable chemical stability, very large 
specific area, lightweight, and outstanding conductivity [18, 
19]. However, the specific capacitance of CNT is typically 
limited by the fact of reversibly adsorbing charge storage 
mechanism at the surface of electrode/electrolyte interface 
[20]. To solve this problem, researchers combine various 
kinds of transition metal oxides with graphene or CNT to 
improve the electrochemical performance of supercapaci-
tor [21–30]. Table 1 shows material, specific capacitance, 
rate capability, cycle stability of CNT, and graphene-based 
as well as pure  NiCo2O4 electrode material. The result 
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demonstrates that using above methods, prepared compos-
ites have achieved certain effect. However, the effect can 
further be enhanced.

Based on the above consideration, in this work, we fab-
ricated CNT-NiCo2O4 composite via a particular one-pot 
hydrothermal method. Specifically, the unique surfactant 
(sodium dodecyl sulfate) is used to handle multi-walled 
carbon nanotube (MWCNT). The method increased hydro-
philicity and activity of carbon nanotube, which increased 
the compounding of CNT and  NiCo2O4. The treated CNT 
anchored by  NiCo2O4 nanoparticles forms an excellent 
performance electrode material. The electrochemical test 
of composite indicates ultrahigh specific capacitance and 
considerable rate of capability compared with pure  NiCo2O4 
electrode material. This is mainly attributed to the close con-
tact between carbon nanotube and nickel cobalt oxide, which 
provides good electrical conductivity and enables the capac-
ity of  NiCo2O4 to be realized.

2  Experimental section

2.1  Materials fabrication

All used reagents were in the grade of analysis. In a typical 
synthesis method, 0.5 mg mL−1 MWCNT was mixed with 
different amounts of sodium dodecyl sulfate solution(SDS) 
(36  mg  mL−1, 18  mg  mL−1 and 0  mg  mL−1) and then 
MWCNT was uniformly dispersed by ultrasonication to 
obtain high dispersive solution. The prepared solution was 
mixed with 0.075 mol  L−1 Co(NO3)2·6H2O, 0.0375 mol  L−1 
Ni(NO3)2·6H2O as well as 0.25 mol  L−1 urea. Subsequently, 
the solution received 30 min vigorous stirring at ambient 
temperature to prepare a black solution. We transferred the 
resultant solution into the Teflon-lined stainless steel auto-
clave (100 mL) as well as maintained them in an electric 
oven for 5 h at 150 °C. The precipitate at the bottom was 

gathered and purified water together with absolute ethyl 
alcohol was used to wash them for several circles by high-
speed centrifugation, which then received drying treatment 
at 55 °C. At last, the precursor underwent 3 h annealing at 
300 °C at a slow heating rate (1 °C min−1) for the formation 
of CNT-NiCo2O4 composite.

For comparison, the pure  NiCo2O4 powder was also syn-
thesized by using the identical situations but without the 
addition of MWCNT powder. Figure 1 displays the synthesis 
process of the CNT-NiCo2O4 samples.

2.2  Materials characterization

The powder X-ray diffraction (XRD) helped to characterize 
the sample regarding the crystal structure by virtue of a Cu 
Kα radiation (λ = 1.54056 Å) with 2θ in the range of 10°–80° 
at a certain scanning speed (at 5 min−1). Raman analysis was 
tested using a Raman spectroscopy (Thermo DXR) with a 
532 nm excitation laser. X-ray photoelectron spectra (XPS) 
had been executed on PHI 1600 photoelectron spectrometer 
equipped with Al Ka radiation (hν = 1486.6 eV). The trans-
mission electron microscopy (TEM) (JEM 3100F JEOL, 
Japan) together with the field emission scanning electron 
microscopy (FESEM) (Hitachi S4800, Japan) helped to 
characterize the microstructure as well as morphology of 
as-prepared products.

2.3  Electrochemical measurements

The test on electrochemical property (CHI 660B electro-
chemical workstation) was carried out in mode with three 
electrodes using 3 M KOH as the electrolyte, the platinum 
wire is the counter-electrode, and the saturated calomel 
electrode (SCE) is the reference electrode. The mixture of 
as-synthesized samples, polytetrafluoroethylene, as well as 
acetylene black in the mass ratio of 80:10:10 in absolute 
ethyl alcohol helped to fabricate the studying electrode, 

Table 1  Electrochemical performance of different electrode materials

Material Specific capacitance (F  g−1) Rate performance Capacity retention References

CNT@NiCo2O4 1038 F  g−1 (0.5 A  g−1) 64% (10 A  g−1) Almost 100% (2 A  g−1, 1000 cycles) [21]
MCNT/GO/NiCo2O4 707 F  g−1 (2.5 A  g−1) 58% (8 A  g−1) 88% (8 A  g−1, 5000 cycles) [22]
rGO/  NiCo2O4 1003 F  g−1 (1 A  g−1) 89% (10 A  g−1) 57% (10 A  g−1, 10,000 cycles) [23]
CNTs/C/NiMoO4 1037 F  g−1 (1  Ag−1) 69% (10 A  g−1) 96.5% (2 A  g−1, 1500 cycles) [24]
CNTs@NiCo2O4 210 F  g−1 (2 A  g−1) 73.2% (50 A  g−1) 92.7% (2 A  g−1, 2500 cycles) [25]
Co3O4@CNTs/PIn 442.5 F  g−1 (1 A  g−1) 84% (20 A  g−1) 90.2% (10 A  g−1, 5000 cycles) [26]
NiCo2O4/CNT 828 F  g−1 (1 A  g−1) 79% (20 A  g−1) 99% (5 A  g−1, 3000 cycles) [27]
NiCo2O4 nanoparticles 720 F  g−1 (1 A  g−1) 66.3% (20 A  g−1) 97.3% (20 A  g−1, 2000 cycles) [28]
MnO2@  NiCo2O4 684 F  g−1 (2 A  g−1) 87.72 (15 A  g−1 85.6% (6 A  g−1, 4000 cycles) [29]
CNT@WO3 496 F  g−1 (0.5 A  g−1) 82% (10 A  g−1) 96.3% (100 mV/s, 8000 cycles) [30]
NiCo2O4-CNT 1055 F  g−1 (1 A  g−1) 90% (20 A  g−1) 99.8% (20 A  g−1, 6500 cycles) This work
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which was pasted onto a nickel foam (NF) current col-
lector. Subsequently, the NF substrates underwent drying 
treatment in a vacuum oven at 40 °C and 10 MPa pres-
sure. Electrochemical tests contain electrochemical imped-
ance spectroscopy (EIS), galvanostatic charge–discharge 
(GCD), as well as Cyclic voltammetry (CV). The measure-
ment of the CV was performed with the scanning rate at 
5 mV s−1, 10 mV s−1, 20 mV s−1, 30 mV s−1, 40 mV s−1 , 
and 50 mV s−1 in the range of 0–0.4 V against SCE. GCD 
curve was drawn under different current densities (1–20 
A  g−1) in the range of 0–0.4 V. EIS was measured at an 
open circuit potential, with the frequency changing from 
100 kHz to 0.01 Hz with 5 mV AC perturbation. GCD 

techniques helped to measure the cycle performance on 
the LAND CT2001A system.

3  Results and discussion

3.1  Morphology and structure characterization

Figure 2a demonstrates the CNT-NiCo2O4, pure  NiCo2O4, 
and CNT in terms of their XRD pattern, respectively. In the 
XRD patterns of CNT, 26° is attributed to a typical diffrac-
tion peak considering crystalline graphitic (002) plane of 
CNT [31]. In the XRD patterns of pure  NiCo2O4 sample, 
the XRD pattern shows the characteristic peaks at 18.9°, 

Fig. 1  Schematic illustration 
of the preparation processes of 
CNT-NiCo2O4 composites
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Fig. 2  a XRD patterns of samples, b Raman spectra of the CNT and CNT-NiCo2O4 composites
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31.2°, 36.7°, 44.7°, 59.0°, and 65.1° according to JCPDS 
Card No. 20–0781, which can be indexed to the (111), (220), 
(311), (400), (511), and (440) crystal planes of spinel-type 
 NiCo2O4, respectively [32]. In conclusion, all the primary 
diffraction of CNT and pure  NiCo2O4 can be discovered in 
the patterns of CNT-NiCo2O4. Besides, no extra diffraction 
peak can be detected, manifesting the high purity of as-pre-
pared CNT-NiCo2O4 samples.

Figure  2b shows Raman spectra of CNT and CNT-
NiCo2O4. The spectrum of CNT saw three typical Raman 
bands: D band at 1354 cm−1, G band at 1578 cm−1, and  G0 
band at 2690 cm−1. D bands are attributed to the character-
istic feature of disordered graphite or crystal defects, while 
G and  G0 bands are ascribed to graphitic planes [33]. The 
intensity ratio of both bands (ID/IG) indicated the degree 
of disorder for carbon materials. According to Fig. 2b, 
ID/IG ratios increased from 1.36 to 1.42 (1.36 for the CNT 
and 1.42 for the CNT-NiCo2O4), suggesting an increase of 
defects for carbon structure in CNT-NiCo2O4, which might 
result from the anchoring of  NiCo2O4 nanoparticles on the 
surface of CNT [34]. Furthermore, the typical peaks at 

483 cm−1 and 670 cm−1 are associated with  F2g and  A1g 
vibrational modes of  NiCo2O4, which also can be observed. 
Considering the above discussions, it further confirms the 
combination of CNT and  NiCo2O4 nanoparticles [35].

The X-ray photoelectron spectroscopy (XPS) was applied 
for analyzing more detailed chemical oxidation states of 
the CNT-NiCo2O4 nanoparticle and the corresponding 
results are displayed in Fig. 3. An entire survey on CNT-
NiCo2O4 shows the existence of C 1 s, O 1 s, Co 2p, and 
Ni 2p (Fig. 3a), further confirming that four elements of 
Ni, Co, O, and C are contained in composites [36]. The Ni 
2p emission spectrum in Fig. 3b is matched up two charac-
teristic spin–orbit doublets of  Ni3+ and  Ni2+ as well as two 
shakeup satellites relying on the Gaussian fitting method. 
The fitting peaks at 874.9 eV and 856.9 eV, and other two 
peaks at 873.4 eV and 855.7 eV are associated with  Ni3+ 
and  Ni2+, respectively. The two satellite peaks are observed 
at 879.4 eV and 861.5 eV, see attribution to the Ni  2p1/2 and 
Ni  2P3/2. In Co 2p spectra, the fitting peaks are observed at 
the binding energies of 795.5 eV and 780.4 eV, see ascrip-
tion to  Co3+, Co  2p3/2 and Co  2p1/2, while other peaks at 
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797.2 eV and 781.7 eV can be indexed to  Co2+ (Fig. 3c) 
[37]. According to these XPS results, the as-prepared CNT-
NiCo2O4 composites exhibit a rich oxidation state distri-
bution including  Ni3+,  Ni2+,  Co3+ , and  Co2+, which are 
beneficial for high electrochemical performance. The O 1 s 
fitting peaks in Fig. 3d indicates only two contributions, 
which are attributed to O 1 at the binding energy of 529.9 eV 
and O 2 at 531.7 eV. Specifically, the binding energy at the 
529.9 eV is denoted as metal–oxygen (M–O) bond, while 
the other peak at the 531.7 eV presents a general relation to 
the oxygen in hydroxyl groups, defects, and chemically or 
physically absorbed water on the surface of composite [38].

FESEM was applied to studying the as-synthesized sam-
ples regarding their morphologies. 10–20 nm smooth walls 
with a length of dozens micrometers of the pristine CNTs 
are displayed in Fig. 4a. After hydrothermal disposed in a 
solution comprising Ni ion and Co ion coupled with calci-
nation, CNTs were decorated by many  NiCo2O4 nanoparti-
cles, (Fig. 4b, c). The interconnected 3D structure of CNT is 
well-covered  NiCo2O4 nanoparticles from low magnification 
SEM in Fig. 4b. From higher magnification SEM in Fig. 4c, 
it is distinct that smooth CNTs are decorated with ultrafine 
 NiCo2O4 nanoparticles, which make the composites high 
conductivity and large surface.

Figure 5a and 5b manifests the CNT-NiCo2O4 in terms 
of their corresponding TEM images. Obviously, CNTs are 
covered with ultrafine  NiCo2O4 nanoparticles, which are in 
good agreement with the SEM results. At a higher magni-
fication in Fig. 5c, the spacing between contiguous fringes 
is ca. 0.35 nm, which corresponds to the CNT plane (002), 
consistent with the XRD result of CNT. It can be observed 
that an obvious set of lattice fringes of which the inter-pla-
nar spacing reached 0.2 nm, attributing to spinel  NiCo2O4 
the (400) plane, which further confirm the XRD result of 
 NiCo2O4. Figure 5e–h reveals elemental distribution of com-
posite, corresponding to elemental color mapping of C, Ni, 
Co, and O, respectively. This results further confirming the 
successful fabrication of the CNT-NiCo2O4 composites [39].

A configuration with three electrodes in 3 M KOH aque-
ous solution helped to evaluate the CNT-NiCo2O4 elec-
trode with regard to electrochemical properties. Figure 6a 
describes cyclic voltammetric (CV) curves of CNT, pure 
 NiCo2O4, as well as CNT-NiCo2O4 hybrid sample at a cer-
tain scan rate (5 mV s−1). It is obvious that there is a pair of 
intense redox peaks for CNT-NiCo2O4 and  NiCo2O4, mani-
festing that faradaic reactions mainly dominate the electrode 
in terms of the specific capacitance. The CV negligible inte-
grated area of CNT suggests that CNTs contribute barely 
to hybrid electrodes regarding the specific capacitance. In 
summary, the CNT-NiCo2O4 hybrid material possesses the 
large integrated area compared with pure  NiCo2O4 and CNT.

Representative CV curves of CNT-NiCo2O4 hybrid nano-
particles at different scan rates in 5–50 mV.s−1 are displayed 
in Fig. 6b. Obviously, a pair of redox peaks can be observed 
in the potential window in the range of 0–0.4 V vs. SCE. 
The peaks were considered a primary attribution to the redox 
reactions associated with M–O/M–O–OH, where M denotes 
Ni or Co ions. The relevant redox reaction may be given as 
below [40]:

It is noting that the redox peaks shifted toward lower 
potential and higher potential with the increase in scan rate, 
respectively, which may be ascribed to the electron transfer 
kinetics as the restricted step of redox reaction [41].

The specific capacitance of CNT-NiCo2O4 electrode 
was further estimated by the measurement of galvanostatic 
charge–discharge (GCD), with 0–0.4 V vs. SCE and differ-
ent current densities in the range of 1–20 A  g−1 (Fig. 6c). 
The voltage plateaus are in agreement with the redox peaks 
indicated in CV curves, which further demonstrates the 
pseudocapacitive behavior of hybrid nanomaterials. The 
specific capacitance exhibited by CNT-NiCo2O4 hybrid 
electrode material was evaluated from GCD curves based 
on formula C = IΔt/mΔV, thereinto, I denotes current of 
charge–discharge, Δt denotes discharge time, m refers to 

NiCo
2
O

4
+ OH

−
+ H

2
O ↔ NiOOH + 2CoOOH + e

−

Fig. 4  SEM images of a pristine CNT, b, c CNT-NiCo2O4 composite



5953Journal of Materials Science: Materials in Electronics (2020) 31:5948–5957 

1 3

most active materials, and ΔV refers to the voltage change 
of GCD process [42]. According to the formula, specific 
capacitances (C) of CNT-NiCo2O4 calculated to be 1055 F 
 g−1, 1049 F  g−1, 1024 F  g−1, 998 F  g−1 , and 950 F  g−1 at 
current density of 1 A  g−1, 2 A  g−1, 5 A  g−1, 10 A  g−1 , and 
20 A  g−1, respectively.

Moreover, rate capability of CNT, pure  NiCo2O4, and dif-
ferent concentration of CNT-NiCo2O4 was evaluated within 
the current density in the range of 1–20 A  g−1 (Fig. 6d). 
CNT-NiCo2O4, amount of SDS is 18 mg  L−1, possesses 
larger rate capability compared with other samples. This 
result is attributed to appropriate amount of SDS. A small 
amount of SDS is not effective, but the excessive SDS may 
increase the size of  NiCo2O4 particles (Fig. S1). The GCD 
test results indicate that about 90% of the capacitance for 
hybrid electrode is still remained when current density of the 
charge–discharge presents an increase in the range of 1–20 
F  g−1. As we can say, this kind of ultrahigh electrochemical 
performance is barely reported for the composite of CNT-
NiCo2O4, which is ascribed to the profitable of structure. 
Concretely, one-dimensional CNT wrapping each other to 
form a structure of network, as a conductive substrate, have 
strong contact with  NiCo2O4 nanoparticles, which give rise 
to very considerable surface area.

Compared with CNT and pure  NiCo2O4 electrode, the 
CNT-NiCo2O4 hybrid electrodes demonstrate a better 

electrochemical advantage in views of specific capacitance 
together with rate capability. For clarifying this reason, the 
electrochemical impedance analysis of all samples with 
frequency in 100–0.01 Hz with 5 mV amplitude is meas-
ured, as depicted in Fig. 6e. The EIS data were fitted by 
an equivalent circuit shown in the inset of Fig. 6e, where 
the Rs is the bulk solution resistance, Rct is the Faradaic 
charge transfer resistance, CPE is a constant phase element, 
Cp is pseudocapacitive element, CPE is a constant phase ele-
ment, and CL is the inductance capacitance [43]. Obviously, 
the two electrodes show similar Nyquist plots, both com-
posed of a semicircle with a small diameter and a straight 
line in region with high and low frequency, respectively. 
The solution resistance (Rs) and charge transfer resistance 
(Rct) are  calculated from Nyquist plots of the EIS spectra. 
It can be estimated that CNT-NiCo2O4 electrode exhibits a 
lower Rct (0.17 Ω) and a lower Rs (0.57 Ω) compared with 
pure  NiCo2O4 electrode (Rct 0.36 and Rs 0.72), suggesting 
the ability of composite electrode to offer a faster pathway 
for the ion and electron transports during redox reactions. 
Moreover, the CNT-NiCo2O4 hybrid electrode shows a more 
steep line in region with low frequency compared with pure 
 NiCo2O4.This result manifests better capacitive perfor-
mance and fast electrolyte ion diffusion compared with pure 
 NiCo2O4, which is in a good agreement with electrochemical 
test. The CNT anchored by  NiCo2O4 particles composite 

Fig. 5  a, b, d TEM of the as-synthesized compound, c high-resolution TEM images of the composite, e, f elemental mapping of the CNT-
NiCo2O4
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with high conductivity could ensure better electrolyte acces-
sibility together with fast charge transfer process compared 
with pure  NiCo2O4, therefore improving its electrochemical 
performance.

The cycling property of the CNT-NiCo2O4 and the 
 NiCo2O4 as another critical factor for supercapacitor practi-
cal applications was measured at a constant charge/discharge 
current densities (20 A  g−1) for 6500 cycles, as depicted in 
Fig. 6f. Obviously, specific capacitance of CNT-NiCo2O4 
presents a gradual increase during original cycles instead of 
decreasing as in most cyclic performance tests, ascribed to 
the entire process to activate electrode material. This situa-
tion has also been recorded by some research groups [44]. 
The CNT-NiCo2O4 electrode maintains 99.8% of the initial 
specific capacitance, which is higher than the pure  NiCo2O4 
with 79.6% retention, indicating hybrid electrode remark-
able cycling stability. The excellent cycling performance is 
attributed to the effective combination of highly conductive 
CNT and  NiCo2O4. This unique structure will not be dam-
aged during the electrochemical reaction. Significantly, the 
existence of CNT plays a crucial role in enhancing cycling 
lifespan of composite.

Considering the above discussion, it is noting that 
ultrahigh electrochemical performance of CNT-NiCo2O4 
composite can be attributed to CNT-NiCo2O4 with unique 
three-dimensional structure. Figure 7 shows that electron 
transfer and electrolyte diffusion process of CNT-NiCo2O4 
composite electrodes. The high conductivity CNT acceler-
ates electron transfer and shortens the transport path for ion 
and electrolyte during the electrochemical reaction.

4  Conclusions

In this paper, a new method was developed. SDS was used 
as a dispersant and surfactant for CNT and precursor of 
composite was annealed to prepare CNT-NiCo2O4 hybrid 
material, so that ultrafine  NiCo2O4 nanoparticles were firmly 
fixed on the surface of CNT. Consequently, the mixed struc-
ture could provide both excellent conductivity and large sur-
face for achieving excellent electrochemical performance 

of supercapacitors. The synergistic effect generated by the 
favorable conductivity of CNT with large surface and the 
ultrahigh theoretic specific capacitance of  NiCo2O4 achieves 
admirable cycling stability. Specifically, the electrode mate-
rial barely decreased after 6500 cycles of charge–discharge 
at 20 A  g−1 and high specific capacitance demonstrates ultra-
high capacitance of 1055 F  g−1 at 1 A  g−1 as an electrode 
material for supercapacitors. This ultrahigh performance 
makes the composite a promising candidate for supercapaci-
tor electrode, and this research provides a novel method for 
preparing CNT-NiCo2O4 composite.
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