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Abstract The cobalt oxide and carbon nanotubes

(Co3O4/CNTs) nanocomposites are successfully synthe-

sized using hydrothermal method. The as-synthesized

nanocomposite materials are utilized in the electrophoretic

deposition (EPD) to fabricate the electrodes, whose elec-

trochemical properties are investigated in a three-electrode

configuration cell with 1 M KOH electrolyte. By adjusting

the precursor concentration, reaction time in hydrothermal

process, and annealing temperature, the optimum condi-

tions are obtained. From the experimental results, when the

cobalt nitrate concentration is taken as 2 mmol, reaction

time is 8 h, and the temperature is maintained at 180 �C in

the hydrothermal process, the synthesized Co3O4/CNTs

nanocomposites shows the highest specific capacitance of

705 F g-1 at a charging current of 3 A g-1. Besides, the

binder-free electrode preparation through EPD has effec-

tively reduced the inner resistance of the electrode and

makes the cycle stability excellent.

Introduction

In recent years, the issues of energy storage and energy

conversion draw much more attention with the fast devel-

opment of technology industry. However, in modern

society we people mainly rely on the chemical energy

stored in the fossil fuels due to availability on demand at

relatively low cost, which further induced other serious

problems such as the depletion of fossil fuels and global

warming created by combustion of fossil fuels.

As a result, the first priority is to develop a high-per-

formance, low-cost, and environmentally friendly energy

storage device such as supercapacitors (SCs, also called

electrochemical capacitors or ultra capacitors), battery

modules (especially lithium-ion batteries), and fuel cells

[1]. The SCs are considered to be a potential candidate due

to their outstanding power density, rapid charge/discharge

rates, long life expectancy, and green environmental pro-

tection [2]. Although there are many advantages as men-

tioned above, yet there are still lots of challenges to

overcome [3]. Currently, researches in SCs are focused on

increasing their energy densities and decreasing their

overall production costs by finding suitable electrode

materials and manufacturing method.

Generally, SCs are classified into two categories

depending on their charge storage mechanism. One is

electric double-layer capacitors (EDLCs), in which charges

are stored via ion absorption/desorption process at the

electrode–electrolyte interfaces and no chemical reactions

involved; the other group is called pseudocapacitors or

faradic SCs, in which charges are stored through fast,

reversible redox reactions. Generally, two different charge

storage mechanisms coexist in a supercapacitor system.

But in a particular system one storage mechanism occupies

the leading position and the other is relatively weak [4].

Moreover, it has been generally accepted that the EDLCs

have higher power density, while faradic SCs possess

higher specific capacitance and higher energy density [5,

6]. For various practical applications, it is necessary to

develop the SCs with both high power density and high

energy density. To achieve such a goal, hybrid capacitors,

which consist of the materials used in EDLCs and faradic

SCs, have been extensively investigated in order to
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combine the excellent properties of both SCs. The electric

double-layer capacitors are based on carbon materials,

while the faradic pseudocapacitors rely on metal oxides

and conducting polymers. However, the CNTs/conducting

polymer electrodes do not have long cycle life due to the

degradation of polymers [7]. Transition-metal oxides

attached to CNTs are expected to have high specific

capacitance and good rate capability [8]. Cobalt oxides

with low cost, natural abundance, and environment safety

have been considered the promising electrode materials for

supercapacitor applications. These can interact with elec-

trolyte ions not only at the surface, but also throughout the

bulk [9]. However, the charge transfer reaction kinetics is

limited due to their poor conductivity and difficulty in the

penetration of electrolyte ions into these [10]. Therefore,

for a cobalt oxide electrode, we need to improve its elec-

trical conductivity and increase its specific surface area. In

this regard, carbon nanotubes (CNTs) are attractive mate-

rials due to their unique one-dimensional mesoporous

structure, highly accessible surface area, good conductiv-

ity, and high chemical stability [11]. Recently, superca-

pacitive properties of several Co3O4/carbonaceous

composite-like systems have been investigated [12–16]. It

has been concluded that electrochemical properties of such

systems strongly depend on synthesis parameters and

electrode fabrication techniques. Hydrothermal technique

is well suited for the synthesis of metal oxide–carbon

composite materials with high crystallinity and narrow

particle size distribution. In basic hydrothermal process,

the starting chemicals in water or other solvents are heated

in a high-pressure reactor at an elevated temperature. At

high pressure, the solubility of reactants increases and the

desired material can be synthesized even at low tempera-

tures, which in turn suppresses the particle grain growth.

We can easily control hydrothermal time to synthesize

Co3O4/CNTs nanocomposites with various morphologies.

Several techniques [e.g., slurry method, vacuum filtration,

paste/press technique, and electrophoretic deposition

(EPD)] have been developed to fabricate electrodes for

supercapacitors [17–20]. Among these techniques, elec-

trophoretic deposition is the most preferable for electrode

fabrication for the practical application of pseudocapacitor

due to its low cost, fast room-temperature processing, easy

control over the mass of the deposited particles, binder-free

nature, and suitability for mass production.

In the present work, high-performance binder-free por-

ous network Co3O4/CNTs nanocomposite electrodes for

SC applications have been fabricated using hydrothermal

and one-step EPD methods. The nanocomposite synthesis

method, electrode fabrication technique, and improved

electrochemical performance of Co3O4/CNTs nanocom-

posite have been discussed thoroughly. The effects of dif-

ferent hydrothermal reaction times and cobalt nitrate

concentrations on the electrochemical properties of Co3O4/

CNT nanocomposite electrodes have been monitored. The

supercapacitor material synthesized in a hydrothermal

reaction for 8 h using 2 mmol cobalt nitrate concentration

shows high specific capacitance (705 F g-1 at a current

density of 3 A g-1) and exhibits excellent cycling stability

with *125 % capacitance retention after 10,000 charge/

discharge cycles.

Experimental

Nickel foil acid treatment

For electrochemical analysis, testing compositematerial was

directly deposited onNi substrate via EPD technique. Before

that, nickel foilwas cleaned by ultrasonic agitation in ethanol

for 10 min and dried in an oven at 100 �C. After that, it was
etched with 10 % nitric acid solution for 30 min, washed

thoroughly with deionized (DI) water using an ultrasonic

bath, and dried in an oven at 100 �C for 12 h.

Carbon nanotube purification

In order to remove some catalysts like Fe, Co, and Ni and

to obtain competent defects on the wall of CNTs, which

increase the adsorption site on the surface, the commercial

CNTs (specific surface area: 40–300 m2 g-1, length:

5–20 lm) were purified by dissolving them in a boiling

70 % nitric acid solution for 24 h. After washing with

plenty of DI water, the acid-treated CNTs were dried in an

oven at 100 �C for further use in synthesizing Co3O4/CNTs

nanocomposites.

Synthesis of Co3O4/CNTs nanocomposites

Co3O4/CNTs nanocomposites were synthesized by

hydrothermal method. A total of 0.58 g of Co(NO3)2�6H2O

was dissolved in a solution containing 18 mL of DI water

and 18 mL of methanol to form a reddish solution. After

30 min of stirring, 0.3 g of urea was added into it and the

resultant solution was further stirred for 1 h. Subsequently,

24 mg of acid-treated CNTs were dispersed in this solution

via ultrasonication, and 0.2 M NaOH solution was then

added drop by drop to form hydroxide precipitate. The final

solution was transferred into a 50-mL Teflon-lined sealed

stainless steel autoclave and maintained at 180 �C under

autogenous pressure for different hydrothermal times (1, 4,

8, 12, and 16 h). After reaction, the autoclave was allowed

to cool down naturally and the obtained material was rinsed

with DI water until pH of the washing solution reached

*7. The resulting material was dried in air at 100 �C for

12 h to obtain cobalt oxide/CNTs nanocomposites.
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Preparation of electrodes

To prepare working electrodes, Co3O4/CNTs nanocom-

posites were deposited on the etched and cleaned Ni sub-

strate (10 mm 9 30 mm 9 1 mm) via EPD. The

electrolyte used in EPD was a suspension of 0.03 g Co3O4/

CNTs nanocomposite in 40 mL isopropyl alcohol con-

taining 0.4 mL 37 % HCl. Before EPD, nanocomposite

powder was dispersed well in the electrolyte solution via

ultrasonic agitation for 30 min.

For EPD, the nickel and platinum substrates were placed

in the electrolyte solution at a distance of 1 cm apart and

used as cathode and anode electrodes, respectively. The

Co3O4/CNTs nanocomposites were electrophoretically

deposited on the nickel substrate after applying a constant

voltage of 50 V for 2 min using DC power supply. A film

composed of Co3O4/CNTs nanocomposites was then

obtained after drying in an oven at 100 �C for 12 h. The

loading of nanocomposites film on Ni substrate was about

97.5 lg as weighed by the microbalance (PRECISA

XR125SM-FR) with an accuracy of 0.1 lg.

Structural and properties’ characterization

The crystallinity and microstructural analysis of the as-

synthesized nanocomposite films were analyzed using

X-ray diffractometer (XRD, Bede D1) and field emission

transmission electron microscope (FE-TEM, JEOL JEM-

2100F). Field emission scanning electron microscope

(SEM, Hitachi SU8010) and EDS analyses were used to

analyze surface morphology and elemental composition.

X-ray photoelectron spectroscopy (XPS, ULVAC-PHI

Quantera SXM) was utilized to examine the oxidation

states of cobalt oxide/CNTs nanocomposite film. The

specific surface area of the nanocomposite was determined

by BET (Brunauer, Emmett, and Teller theory) surface area

analyzer (ASAP2020). To investigate the thermal stability

of the samples and to know the content of Co3O4 in the

composites, thermogravimetric analysis (TGA) was per-

formed from 50 to 950 �C with a ramping rate of

3 �C min-1 under air atmosphere using thermogravimetric

analyzer (TGA, TA Instruments Q500).

Electrochemical testing

The electrochemical performances of the as-prepared

Co3O4/CNTs nanocomposite electrodes were investigated

in a three-electrode cell. Here, saturated calomel electrode

(SCE) was used as a reference electrode, platinum sheet as

a counter electrode, and nanocomposite film grown by EPD

as a working electrode. All electrochemical measurements

were carried out in a 1 M KOH aqueous electrolyte solu-

tion at ambient temperature. Cyclic voltammetry (CV),

galvanostatic charge/discharge cycling (GCD), and elec-

trochemical impedance spectroscopy (EIS) were conducted

using CH Instruments 618B electrochemical analyzer.

The specific capacitance (F g-1) was calculated from

CV curve according to Eq. (1):

C ¼
R Ef

Ei
IðEÞdE

m � v � ðEf � EiÞ
; ð1Þ

where m is the mass of active material, v is the scan rate, Ei

and Ef, respectively, are the initial and the final voltages in

the CV measurements, and (Ef - Ei) is the potential win-

dow width.

The specific capacitance (F g-1) from GCD curve was

calculated using the following equation:

C ¼ I � Dt
DV � m ; ð2Þ

where I is the discharge current, Dt is the time for a full

discharge, m is the mass of active material, and DV is the

width of the potential window for a full discharge.

Results and discussion

It is known that after purification process of CNTs in 70 %

HNO3, a large number of oxygen-containing functional

groups attached on the surface of CNTs which render CNT

surface negatively charged. So, the cobalt cations in the

solution are adsorbed on the surface of CNTs via electro-

static attraction and then transform into Co3O4. Cobalt

nitrate ([Co(H2O)6](NO3)2 or Co(NO3)2�6H2O) consists of

octahedral hexaaquacobalt (II) cations ([Co(H2O)6]
2?) and

nitrate anions. In the presence of excess ammonia, NH3

replaces water as a ligand to give hexaamminecobalt (II)

ions ([Co(NH3)6]
2?), which rapidly oxidized to

[Co(NH3)6]
3? by O2. The above-mentioned mechanism

can be expressed by the following reactions [9]:

Co H2Oð Þ6
� �2þþ6NH3 ¼ Co NH3ð Þ6

� �2þþ6H2O ð3Þ

4 Co NH3ð Þ6
� �2þþO2 þ 2H2O ¼ 4 Co NH3ð Þ6

� �3þþ4OH�:
ð4Þ

Then, under the hydrothermal conditions, [Co(NH3)6]
3?

decomposed at a certain temperature to yield spinel-like

Co3O4 nanostructures [21].

Figure 1 shows the SEM images of the Co3O4/CNTs

nanocomposites obtained at a certain temperature (180 �C)
with different durations of hydrothermal process, in which

the amount of Co(NO3)2 was kept constant (2 mmol)

throughout the experiments. When the reaction time was

1 h, only few and small-sized individual Co3O4 nanopar-

ticles could be formed on the surfaces of CNTs as shown in

Fig. 1a. As the reaction time was extended to 4 h, the
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individual Co3O4 nanoparticles start stacking together to

form short-length nanorod-type structure on the surface of

CNTs as shown in Fig. 1b. As the reaction time was

increased to 8 h, the stacking increases and almost entire

CNT surface was covered with a uniform layer of Co3O4

nanostructures (Fig. 1c). Upon further prolonging the

reaction time, the thickness of Co3O4 layer over a CNT

surface was increased as shown in Fig. 1d, e.

X-ray diffraction measurements were utilized to inves-

tigate the crystalline nature and structural properties of

electrode materials synthesized at different hydrothermal

reaction times of 1, 4, 8, 12, and 16 h, as shown in Fig. 2.

With the exception of four typical peaks assigned to the

CNT and Ni substrate at 26�, 44.47�, 51.8�, and 76.35�, five
well-defined diffraction peaks were obtained at 2h * 19�,
31�, 37�, 59�, and 65� that are representatives of (111),

(220), (311), (511), and (440) planes of cubic Co3O4 phase

(JCPDS, No. 42-1467), respectively. The average particle

sizes of Co3O4 thin films were calculated using Debye–

Scherrer formula (Eq. 5):

Fig. 1 SEM images of Co3O4/CNTs nanocomposites for fixed precursor concentration of 2 mmol at various hydrothermal reaction times: a 1 h,

b 4 h, c 8 h, d 12 h, and e 16 h
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D ¼ Ck
b cos h

ð5Þ

where b is the full width at half maximum (FWHM) of

X-ray peak in radians, k is the X-ray wavelength (0.154 nm

for Cu Ka radiation), C is the correction factor taken as

0.89, and D is the crystallite size. According to the Debye–

Scherrer formula, FWHM is inversely proportional to the

crystallite size, i.e., smaller particle size will be obtained

for a sample with larger FWHM. In Fig. 2, the peak at

2h = 36.7� with hkl (311) for the electrode material pre-

pared with a hydrothermal reaction time of 8 h was found

to have the largest FWHM value (0.86�), indicating the

smallest size (*9.32 nm) of cobalt oxide crystals among

the five test samples. It has been generally accepted that the

smaller particle size makes larger surface area and thus

plays an essential role in the specific capacitance, which,

being closely related to the surface reactions, depends on

the surface area [22–24]. As a result, the electrode material

prepared with a reaction time of 8 h, which was supposed

to have the highest specific capacitance, would be further

investigated by TGA and BET measurements.

TGA measurements were performed to know the ther-

mal stability of the samples and to find out the content of

Co3O4 in the samples. For TGA, samples were heated in air

atmosphere at a ramp rate of 3 �C/min from 50 to 950 �C.
Figure 3 shows the TGA curves of the Co3O4/CNTs

nanocomposite obtained for a fixed cobalt nitrate concen-

tration of 2 mmol at a hydrothermal time of 8 h. The first

stage of weight loss within the temperature range of

50–150 �C can be attributed to the removal of surface-

adsorbed water, and the second stage of weight loss within

the temperature range of 180–260 �C is associated with the

interlayered water evaporation. The third stage of weight

loss between 180 and 300 �C can be ascribed to the

decomposition of hydrophilic functional groups attached

with the CNT surface after acidic purification process [25,

26]. The additional weight loss between 350 and 600 �C
corresponds to the oxidation of CNTs [27]. The plot

demonstrates a total weight loss of 35 % indicating that the

Co3O4 content in the Co3O4/CNTs is *65 %.

More specific structural information about the

nanocomposites can be obtained through TEM images as

shown in Fig. 4. In Fig. 4a, the cobalt oxide nanoparticles

were found to be uniformly decorated on the surface of

CNTs. Besides, a layer was also seen to be coated on the

surfaces of CNTs in Fig. 4b. The layer turned out to be

composed of cobalt and oxygen elements, which was

confirmed through EDS analysis. The inset in Fig. 4b

shows that the average thickness of these Co3O4 layers in

the nanocomposites is about 9 nm, which verifies the XRD

results. HRTEM image, shown in Fig. 4c, reveals the

polycrystalline nature of this layer on the surface of CNTs,

consistent with the XRD results. Furthermore, the d-spac-

ings in Fig. 4c were 2.43, 2.82, and 2.03 Å, which corre-

sponds to the (311), (220), and (400) crystal planes of cubic

phase of Co3O4, respectively. The selected-area electronic

diffraction (SAED) ring pattern shown in the inset of

Fig. 4d can also be indexed to the cubic phase of Co3O4.

Thus, both TEM and XRD results suggest that the

nanocomposites consist of crystalline Co3O4 nanostructure,

which distributed on the surface of CNTs.

Figure 5 shows the nitrogen adsorption/desorption iso-

therm of the Co3O4/CNTs nanocomposite. The isotherm

exhibits a significant hysteresis loop, indicating the exis-

tence of mesopores formed between particles. The specific

surface area of Co3O4/CNTs nanocomposite is

92.2 m2 g-1 which possesses a narrow mesoporous distri-

bution at around 19–100 Å as shown in the inset of Fig. 5.

Because the size range of the hydrated ions in the elec-

trolyte is typically 6–7.6 Å, the pore size at the range of

Fig. 2 X-ray diffraction patterns of Ni foil and electrodes composed

of Co3O4/CNTs nanocomposite on Ni substrate for fixed Co(NO3)2
concentration of 2 mmol at various hydrothermal reaction times

Fig. 3 Thermogravimetric analysis (TGA) curve of the electrode

composed of Ni foil and Co3O4/CNTs nanocomposites prepared with

2 mmol Co(NO3)2 concentration and 8 h reaction time in hydrother-

mal process
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8–50 Å seems to be an effective factor to enhance the

specific capacitance [28].

In order to perform EPD process successfully, the

nanocomposite particles in the IPA dispersion should be

charged either positively or negatively by adding some

suitable additives or surfactants in the dispersion. To syn-

thesize nanocomposite material, we have utilized the

functionalized MWCNTs, in which –OH and HO–C=O

functional groups are attached with the CNT surface. These

functional groups improve the dispersibility of CNTs in the

solvent and affect the adsorption capacity onto the surface

of CNTs. It has been reported that the electrical charge on

the hydrated particles or functionalized CNTs’ surface

greatly depends on the pH of the solution. At lower (acidic)

pH values, the surface is expected to have a net positive

charge, while the surface charge changed from positive to

negative as the pH increases [29–31]. In the present work,

37 % HCl has been used to adjust the pH of the solution

and it acts as a surfactant to charge the surface of the

nanocomposite particles. Based on the above discussion,

the surface charging mechanism can be represented as

�COHþ2
ðLow pHÞ

 Hþ�COH !OH�CO� þ H2O
ðHigh pHÞ

:

This mechanism describes the pH-dependent adsorption of

protons or hydroxyls as charge-determining ions onto the

Fig. 4 a Low- and b high-magnification TEM micrographs, c HRTEM image, and d SAED pattern of the Co3O4/CNTs nanocomposite

synthesized with 2 mmol Co(NO3)2 concentration at a hydrothermal reaction time of 8 h

Fig. 5 N2 adsorption–desorption isotherm and the pore size distri-

bution curve of the Co3O4/CNTs nanocomposite prepared with

2 mmol Co(NO3)2 concentration and 8 h reaction time in hydrother-

mal process
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available surface sites of Co3O4/CNT nanocomposite. It

explains why during EPD process Co3O4/CNT nanocom-

posite particles in the acidic dispersion move toward

cathode (Ni sheet) and deposit on it to form binder-free

electrode for supercapacitor.

The potential applications of the supercapacitors of the

as-synthesized electrodes with various reaction times in the

hydrothermal process were investigated through CV, gal-

vanostatic charge–discharge (GCD), and electrical impe-

dance spectroscopy (EIS) measurements in 1 M KOH

electrolyte. From CV curves in Fig. 6a, there exist obvious

redox peaks, due to the electrochemical charge transfer

reactions Co(II)$Co(III)$Co(IV), which reveal that

charge storage of the Co3O4/CNTs/Ni electrode is a char-

acteristic of the pseudocapacitive process originating from

reversible redox reactions. The variation of measured

specific capacitances of nanocomposites with different

hydrothermal times is shown in the inset of Fig. 6a. The

calculated specific capacitances for 1-, 4-, 8-, 12-, and 16-h

samples at a scan rate of 100 mV s-1 are 562, 623, 686,

665, and 349 F g-1, respectively.

In comparison with the CV results, Fig. 6d shows the

charge/discharge (GCD) curves at the same current

density of 3 A g-1 between -0.2 and 0.5 V in aqueous

electrolyte (1 M KOH) at 25 �C. It also exhibits the

characteristic of pseudocapacitor. In addition, the internal

resistance (IR drop) in GCD curves has also been inves-

tigated. The IR drops for 1-, 4-, 8-, 12-, and 16-h samples

are 0.8, 0.9, 0.88, 0.9, and 0.78 mV, respectively, and all

of these are quite small in numbers. It can be seen that

the GCD curve of 8-h sample is more symmetric than

those of the others, which indicates the good reversible

capability. The specific capacitance of 8-h sample at a

current density of 3 A g-1 is 705 F g-1, which is higher

than those of 1-h (505 F g-1), 4-h (554 F g-1),

12-h(576 F g-1), and 16-h (273 F g-1) samples as shown

in the inset of Fig. 6b.

Figure 6c shows a Nyquist plot from EIS for

Co3O4/CNTs/Ni electrode samples obtained at various

hydrothermal times. It reveals the characteristic features of

the electron transfer between the electrolyte and the elec-

trode surface. Determined from the point of intersection of

the real axis in the range of high frequency, the internal

resistance (Rs) of the electrode including the ionic resis-

tance of electrolyte, the intrinsic resistance of the active

material, and the contact resistance at the active material/

Fig. 6 a CV curves at a scan rate of 100 mV s-1 (the inset shows the

specific capacitance calculated by CV curves), b GCD curves at a

current density of 3 A g-1; the inset represents the specific capac-

itance calculated by GCD curves, c Nyquist plots with different

hydrothermal times for a fixed precursor concentration of 2 mmol

[the inset shows the effect of hydrothermal reaction time on charge

transfer resistance (Rct) and internal resistance (Rs)], and d impedance

function and typical equivalent circuit (Color figure online)
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current collector interface are about 1 X cm2. Second, all

spectra show a depressed semicircle from the high-fre-

quency end to the middle-frequency region, attributed to

the charge transfer resistance (Rct) and double-layer

capacitance at the electrode/electrolyte interface. The inset

in Fig. 6c shows the effect of hydrothermal reaction times

on charge transfer resistance (Rct) and internal resistance

(Rs)). The linear parts at lower frequencies correspond to

the Warburg impedance, which is described as a diffusive

resistance of the OH- ion within the porous electrode. The

low-frequency end shows capacitive-like behavior. Such a

pattern of the impedance spectra can be fitted very well

with an equivalent circuit shown in Fig. 6d. Their Rs and

Rct can be fitted by the Zsimpwin software and are shown

in Table 1. The radius of semicircle declines when

hydrothermal time is decreased, which implies that the

thinner Co3O4 layer over CNTs makes the charge transfer

easier.

To get more information about the electrochemical

behavior and capacitor performance of Co3O4/CNTs/Ni

electrode, we performed the detailed measurements of CV,

GCD, and long-term stability test in a three-electrode

configuration cell for the sample synthesized at 8 h

hydrothermal reaction time. Figure 7a shows the CV

curves with different scan rates between -0.2 and 0.5 V in

aqueous electrolyte (1 M KOH) at 25 �C. It is observed

that, as the scan rate decreases, the redox peaks become

more prominent, signifying the slow faradaic reaction to

Table 1 The Rs and Rct of Co3O4/CNTs nanocomposites at various hydrothermal reaction times for a fixed precursor concentration of 2 mmol

Reaction time (h) 1 4 8 12 16

Internal resistance, Rs (X) 1.01 1.00 1.13 1.16 1.01

Charge transfer resistance, Rct (X) 12.53 11.68 12.98 27.76 17.6

Fig. 7 a CV curves in 1 M KOH at scan rates of 5, 20, 50, 100, and

300 mV s-1; the inset shows the summary plot of specific capaci-

tance calculated from CV curves, b GCD curves in 1 M KOH at a

current density of 3, 5, 10, 30, and 50 A g-1 (the inset shows the

specific capacitance calculated from GCD curves, and c cycling

stability (at a constant charge/discharge current density of 30 A g-1)

of the synthesized Co3O4/CNTs nanocomposite at a fixed precursor

concentration of 2 mmol and a hydrothermal reaction time of 8 h

(Color figure online)
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occur predominantly at low scan rates. It is noteworthy that

the redox peaks shift as the scan rate increases, which is

attributed to the resistance of the electrode [32]. The

variation of measured specific capacitances with different

scan rates is shown in the inset of Fig. 7a. The calculated

specific capacitances are 1066, 802, 727, 686, and

603 F g-1 at different scan rates of 5, 20, 50, 100, and

300 mV s-1, respectively.

Figure 7b depicts the charge/discharge behavior

between -0.2 and 0.5 V at various current densities. It also

exhibits the characteristic of pseudocapacitor. Moreover,

no obvious distortions in the GCD curves were observed as

the current density increased, suggesting that the Co3O4/

CNTs/Ni electrode is well tolerant. From the GCD curve,

the specific capacitances at current densities of 3, 5, 10, 30,

and 50 A g-1 come out to be 705, 686, 666, 619, and

589 F g-1, respectively, as shown in the inset of Fig. 7b.

Under a larger current density, nearly 84 % of the initial

value was maintained, which implies that Co3O4/CNTs/Ni

electrode has a good rate capability.

Figure 7c displays the cycling stability of the Co3O4/

CNTs/Ni electrode pseudocapacitor with the 1 M KOH

electrolyte at a constant charge/discharge current density of

30 A g-1. The long-term cycling test is one of the

important parameters for evaluating the performance of a

supercapacitor. In contrast with most cycle stability tests in

the literature, here we observed that the capacitance

retention gradually increases with an increase in the cycle

number till 8,000 charge/discharge cycles, where it is about

125 % of the initial value. This phenomenon is termed

electro-activation [33]. It implies that there exists an acti-

vation process for the faradaic pseudocapacitance of

Co3O4/CNT nanocomposite electrode, which makes it

completely activated via the intercalation and deintercala-

tion of ions. This electro-activation increases the active

sites inside the electrode material and as a result increases

the specific capacitance [34, 35]. After 10,000 charge/dis-

charge cycles, the capacitance retention still remains high,

indicating the excellent cycle durability of the

pseudocapacitor.

Not only high capacitance obtained but also long cycling

stability of the synthesized Co3O4/CNTs nanocomposite

for fixed cobalt nitrate concentration of 2 mmol at a

hydrothermal reaction time of 8 h is mainly attributed to

the synergistic effects of Co3O4 and CNTs. The Co3O4/

CNTs nanocomposites possess high structural stability,

high specific surface area, appropriate morphology with

smaller particle size, and narrow mesoporous distribution

for short path lengths of ion diffusion and electron trans-

port. The mesopore size distribution existing in the

nanocomposite material can sever as a robust reservoir for

ions, and also greatly enhances the diffusion kinetics within

the electrode.

Conclusions

In summary, Co3O4/CNTs nanocomposites have been

successfully synthesized and coated on Ni substrate using a

hydrothermal method combined with EPD method. These

methods offer several significant advantages, like room-

temperature processing, good control ability, low cost, and

additive-free electrode fabrication, over other synthesis and

electrode fabrication methods.

It has been shown that the hydrothermal reaction time

has a significant influence on the hydrolysis rate, the

nucleation as well as crystal growth processes. The XRD

and TEM analyses show that the spinal phase Co3O4 has

been synthesized in our work, while BET measurement

exhibits the surface area of 92.2 m2 g-1 and a narrow

mesoporous distribution at around 19–100 Å.

The obtained porous structure Co3O4/CNTs nanocom-

posites synthesized using a fixed cobalt nitrate concentra-

tion of 2 mmol at a hydrothermal time of 8 h exhibits high

specific capacitance (705 F g-1 at a current density of

3 A g-1), fast rate capability, well tolerance, and excellent

cycling stability (*125 % capacitance retention after

10,000 charge/discharge cycles) attributed to the effective

distributions of the pore size, high specific surface area,

and the appropriate morphology with smaller particle size.

These results indicate that our designed Co3O4/CNTs

nanocomposites’ pseudocapacitor is appropriate for prac-

tical applications.
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