
Preparation and electrochemical performances of nanoporous/
cracked cobalt oxide layer for supercapacitors

Fereydoon Gobal • Masoud Faraji

Received: 13 May 2014 / Accepted: 9 July 2014 / Published online: 16 July 2014

� Springer-Verlag Berlin Heidelberg 2014

Abstract Nanoporous/cracked structures of cobalt oxide

(Co3O4) electrodes were successfully fabricated by elec-

troplating of zinc–cobalt onto previously formed TiO2

nanotubes by anodizing of titanium, leaching of zinc in a

concentrated alkaline solution and followed by drying and

annealing at 400 �C. The structure and morphology of the

obtained Co3O4 electrodes were characterized by X-ray

diffraction, EDX analysis and scanning electron micros-

copy. The results showed that the obtained Co3O4 elec-

trodes were composed of the nanoporous/cracked

structures with an average pore size of about 100 nm. The

electrochemical capacitive behaviors of the nanoporous

Co3O4 electrodes were investigated by cyclic voltammetry,

galvanostatic charge–discharge studies and electrochemi-

cal impedance spectroscopy in 1 M NaOH solution. The

electrochemical data demonstrated that the electrodes dis-

play good capacitive behavior with a specific capacitance

of 430 F g-1 at a current density of 1.0 A g-1 and specific

capacitance retention of ca. 80 % after 10 days of being

used in electrochemical experiments, indicating to be

promising electroactive materials for supercapacitors.

Furthermore, in comparison with electrodes prepared by

simple cathodic deposition of cobalt onto TiO2 nano-

tubes(without dealloying procedure), the impedance stud-

ies showed improved performances likely due to

nanoporous/cracked structures of electrodes fabricated by

dealloying of zinc, which provide fast ion and electron

transfer routes and large reaction surface area with the

ensued fast reaction kinetics.

1 Introduction

Electrochemical capacitors (ECs) or supercapacitors are

commonly used as an electrochemical energy storage

device, which is ideally suitable for rapid storage and

release of energy. Electrochemical capacitors are divided

into two categories according to different energy storage

mechanisms as electrochemical double-layer capacitors

(EDLCs) and electrochemical pseudocapacitors (EPCs).

The capacitance of EDLCs is based on charge separation at

the electrode/electrolyte interface, while the capacitance of

EPCs arises from fast and reversible faradic redox reac-

tions of the electroactive materials [1, 2]. RuO2 has been

recognized as one of the most promising electrode mate-

rials due to its high specific capacitance, but it is too

expensive to be widely used in practice. Hence, consider-

able efforts have been devoted to develop alternative

electrode materials such as iron oxide (Fe3O4), vanadium

oxide (V2O5), cobalt oxide (Co3O4) and manganese diox-

ide (MnO2) [3]. Cobalt oxide, because of its favorable

capacitive characteristics and environmental friendliness, is

generally considered as promising electrode materials for

EPCs. It is remarkable that the theoretical specific capac-

itance of Co3O4 is estimated around 3,560 F g-1 [4].

Pseudocapacitance of Co3O4 originates from fast and

reversible surface or near-surface phenomena involved

during the faradaic reactions. To improve the supercapac-

itor performance, it is crucial to enhance the kinetics of ion

and electron transport inside the electrodes and at the

electrode/electrolyte interface. An effective way is to fab-

ricate films with nanoporous structures which provide rel-

atively short diffusion pathway for ions as well as large

active surface leading to high charge capacities and high

utilization of active materials [5, 6]. The mesoporous tex-

ture of substrate can significantly affect microstructures of
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Co3O4 leading to high charge capacities and short diffusion

paths for ion transport which may improve the performance

of electrochemical supercapacitors. Among various sub-

strates, TiO2 nanotubes fabricated by anodizing titanium

can be used as an appropriate substrate for electrodepos-

ition of Co3O4 because of its high surface area, thermal

stability, controlled pore structure and relatively low cost

[7]. TiO2 nanotubes/Ti substrate contributes only a small

electric double-layer capacitance of around 3 mF cm-2 at a

constant current density of 10 lA cm-2 [8]. The distinct

nanotubular structure seems to increase the dispersion of

active materials and result in the enhancement of

capacitance.

The synthesis of porous Co3O4 as supercapacitor has

always been challenging. A large number of studies have

focused on the fabrication of porous Co3O4 based on

pulsed laser deposition and plasma spray technique [9, 10].

Most of these methods require complex apparatus and are

sophisticated techniques. Therefore, it is desirable to

explore simple methods to fabricate Co3O4 nanostructure

for application in supercapacitors. In the present work, we

report the synthesis of nanoporous Co3O4/TiO2 nanotubes/

Ti electrode using dealloying of Co–Zn/TiO2 nanotubes/Ti

structure in alkaline solution. To the best of our knowledge,

this is the first report on the nanoporous Co3O4 fabricated

by dealloying procedure as the electrode material for

supercapacitors.

2 Experimental procedure

2.1 Preparation of the Co3O4/TiO2 nanotubes/Ti

electrode

Titanium dioxide nanotubes were grown on stripes of Ti

(99 % purity) with a geometric area of 3 cm2 according

to [11]. Very briefly, Ti stripes were polished with

emery papers no 400–3,000 to obtain a mirror finish and

subsequently cleaned in acetone and deionized water in

an ultrasonic bath. The cleaned samples were anodized

at 30 V for 2 h in ethylene glycol containing 0.5 wt%

ammonium fluoride and 2.5 wt% of water at room

temperature in a two-electrode cell using platinum foil

as a counter electrode. The anodized samples were fur-

ther washed with deionized water and ultrasonically

cleaned for 60 s in deionized water to remove surface

debris and subsequently dried in air. The anodized

samples were annealed at 450 �C for 2 h to form the

anatase phase.

Co–Zn alloy was galvanostatically electroplated onto

TiO2 nanotubes/Ti electrodes at a current density of

10 mA cm-2. Bath composition and electroplating condi-

tions are given in Table 1. The electrodes were deposited

for 20 min. After electroplating, the electrodes were treated

in 2 M NaOH at room temperature for 48 h until no more

hydrogen evolution was observed. Treatment in alkali

dissolves a good portion of the electrodeposited zinc pro-

ducing a porous cobalt layer of high surface area. A few

potential cyclic in the range of -0.5 to 1 V versus Ag/

AgCl was subsequently executed on the electrodes in

1.0 M NaOH solution to form a complete Co(OH)2/TiO2

nanotubes/Ti composite. Finally, heat treatment at 400 �C

for 2 h was carried out to convert the as-prepared Co(OH)2/

TiO2 nanotubes/Ti to crystalline Co3O4/TiO2 nanotubes/Ti

and keep the redox electroactivity of Co3O4 to the full

degree. These electrodes are denoted as electrode A. The

results of the chemical composition analysis reveal that

after the dealloying treatment there is still a low percentage

of zinc present in the coatings, which corresponds to the

zinc occluded down to a metal layer [12]. Therefore, it is

expected that a small amount of ZnO would remain in the

deposited coatings after calcination. Also, electroplating of

Co alone onto TiO2 nanotubes/Ti electrodes for 20 min and

then calcination were carried out at the same conditions to

investigate the influence of dealloying of Zn on the mor-

phology of Co3O4 deposit and its capacitance. These

electrodes are denoted as electrode B.

2.2 Characterization and electrochemical studies

Morphological studies were carried out by a scanning

electron microscope (Philips, Model XL30). Chemical

compositions were determined by EDX in a scanning

electron microscope (VEGA\\Tescan). The crystallo-

graphic structures of the materials were determined by

X-ray diffraction (XRD). Capacitance measurements were

performed by BHP ? 6230 potentiostat/galvanostat. Cyc-

lic voltammetry (CV) and electrochemical impedance

studies were carried out using Voltalab10 electrochemical

system. All electrochemical studies were performed in a

conventional three-electrode cell where all potentials are

reported against Ag/AgCl reference electrode at room

temperature and 1.0 M NaOH was the electrolyte

throughout the studies.

Table 1 The optimized bath composition and electroplating

conditions

Bath

composition

Co–Zn

(g l-1)

Co alone

(g l-1)

Electroplating

conditions

ZnCl2 5.00 0.00 T = 25 �C

CoCl2�6(H2O) 3.00 3.00 pH 5.5

H3BO3 3.50 3.50 Anode: Zn

Current density: 10 mA cm-2

KCl 21.00 21.00 Electroplating time: 20 min
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3 Results and discussion

3.1 Morphology characterization

The surface morphology and microstructure of the pre-

pared electrodes are shown in Fig. 1. Figure 1a shows the

scanning electron microscopy (SEM) image of bare TiO2

nanotubes/Ti where distinct and well-resolved nanotubes

are visible. The inner diameter of TiO2 nanotubes/Ti is

40–80 nm and the wall thickness is 5–10 nm. Figure 1b

shows the SEM image of the electrode B. As it can be seen

in Fig. 1b, Co3O4 film has covered the entire surface of

TiO2 nanotubes/Ti and despite high surface area, porosity

of this electrode is not very high. Porosity is crucial to

enhance the active material–electrolyte interfacial area and

faster ion transfer inside the pore structure in supercapac-

itor applications [13, 14]. Therefore, less contact between

the electrode materials and the electrolyte leads to a

decrease in the performance of this electrode. The surface

SEM images of Co–Zn/TiO2 nanotubes/Ti electrode

(before dealloying of Zn) and electrode A (after dealloying

and then calcination) are shown in Fig. 1c, d, respectively.

As seen from Fig. 1d, the surface morphology of electrode

A is very different and consists of nanoporous/cracks

where cracks sizes are ranging from around 50–200 nm.

These extra cracks and nanopores enhance the accessibility

of the internal area to the electrolyte and promote the

transport of reactive species into the electrode, thereby

resulting in increase in the available electrochemically

active sites which improve the performance of electro-

chemical supercapacitors.

The surface compositions of the deposits both before

and after dealloying were analyzed by EDX where the

results are presented in Fig. 2. The surface before deal-

loying contained 20.79 % Co and 69.33 % Zn (at.%)

(Fig. 2a). After alkaline dealloying, the surface composi-

tion changed to 63.12 % Co and 6.98 % Zn (at.%)

(Fig. 2b). Figure 3 shows XRD patterns of annealed TiO2

nanotubes/Ti electrode and electrode A. The peaks with 2h
of 25.3� and 48.2� are assigned to anatase crystal structure

Fig. 1 SEM images of bare TiO2 nanotubes/Ti electrode (a), electrode B (b), Co–Zn/TiO2 nanotubes/Ti electrode (c) and electrode A (d)
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of TiO2NTs while lines at 40.4� and 38.5� correspond to

crystalline Ti metal. After deposition of oxide films

(electrode A), the samples XRD patterns exhibit new

peaks. The diffraction peaks of Co3O4 at 36.85�, 44.81�,

59.36� and 65.24� can be assigned to as (3 1 1), (4 0 0), (5 1

1) and (4 4 0) reflections, respectively. Also, the diffraction

peak at around 33� is attributed to crystalline ZnO. Zinc

oxide results in the course of the calcination of our elec-

trodes through the oxidation of the remaining un-leached

Zn. According to our EDX results, Zn content is no more

than 7 % of the electroactive material, and it is largely

located in the bulk of the deposit, otherwise it would have

been leached out.

3.2 Cyclic voltammograms

Cyclic voltammetry (CV) was employed to investigate the

effect of dealloying of Zn on the capacitive behavior of the

prepared electrodes. Figure 4a compares the cyclic vol-

tammograms of electrodes A and B at the potential range of

-0.2 to 0.5 V versus Ag/AgCl in 1.0 M NaOH electrolyte

Fig. 2 EDX spectra obtained of

Co–Zn/TiO2 nanotubes/Ti

electrode before (a) and after

dealloying (b)
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Fig. 3 XRD patterns of TiO2 nanotubes/Ti electrode and electrode A
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with a scan rate of 10 mV s-1. Although the CV shapes of

the two electrodes are similar, the peak current for the

electrode A is higher. This improvement is due to the

higher surface area produced by extra cracks and nanop-

ores of this electrode (see Fig. 1d) that enhances the

accessibility of the interface to ions. As seen from Fig. 4a,

a pair of well-defined broad redox peaks is visible in the

CV patterns, indicating that the electrochemical capaci-

tance of the Co3O4/TiO2 nanotubes/Ti electrode mainly

arises from the pseudocapacitance according to the fol-

lowing e-transfer processes [15]:

Co3O4þOH� þ H2O� 3CoOOHþ e� ð1Þ
CoOOHþOH�� CoO2 þ H2Oþ e� ð2Þ

As mentioned before, ZnO is the by-product of dealloying

and calcination and, thus, its existence is inevitable in the

final electrode. Although it has been shown [16, 17] that

ZnO exhibits small to moderate electrochemical capacity,

its contribution in this study seems negligible on accounts

of its low content as signified by EDX study, being mainly

in the bulk of the material (otherwise, it would have been

leached out) and largely not in contact with the electrolyte.

It thus can be concluded that the capacitive behavior of the

electrode A (fabricated by dealloying procedure) is mostly,

if not entirely, caused by the presence of Co3O4. However,

small pseudocapacitance of ZnO in the alkaline solution

which can have only a minor to negligible contribution

cannot be entirely dismissed.

The voltammetric charge (q) integrated from a positive

or negative sweep of CV plots can be used as an effective

criterion for determining the pseudocapacitance in redox

transitions [18, 19]. Using Eq. (3), the specific capacitance

of 530 F g-1 is obtained at 10 mV s-1 potential sweep rate

in 1.0 M NaOH for the electrode A, compared with

190 F g-1 for the electrode B.

CSP ¼
q

mv
¼ 1

0:7mv

Z0:5

�0:2

iðVÞdV ð3Þ

In Eq. (3), i, m and m are indicative of the response current

(mA), the potential scan rate (V s-1) and the active

material mass, respectively.
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Fig. 4 Cyclic voltammogram of the electrode A and B in 1.0 M

NaOH solution at a scan rate of 10 mV s-1 (a), cyclic voltammo-

grams obtained in 1.0 M NaOH for the electrode A (b) and electrode

B (c) in various scan rates. The plot of variation of the specific

capacitance of both electrodes (A and B) with scan rate (d)
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The effect of different scan rates on the capacitive

behavior of the electrodes A and B has been studied, and

results are presented in Fig. 4b, c. It is observed that the

anodic peaks shift toward high potential and cathodic peaks

shift negatively upon increasing the potential scan rate

pointing to the quasi-reversible nature of the redox couples

[20]. Also, the anodic and cathodic peak current densities

for both electrodes are relatively similar, indicating that

charge and the discharge occur reversibly at the electrode/

electrolyte interface.

A plot of the specific capacitance of both electrodes (A

and B) at different scan rates is shown in Fig. 4d. The

specific capacitance decreases from 530 to 350 F g-1 for

the electrode A and 190 to 120 F g-1 for the electrode B as

the scan rate is increased from 10 to 100 mV s-1. The

decrease in capacitance is attributed to the presence of

inner active sites that do not undergo the redox transitions

at higher scan rates. This is probably due to the slow dif-

fusion of OH- inside the porous electrode. The decreasing

capacitance suggests that parts of the surface of the elec-

trode are inaccessible at high charge/discharge rates.

Hence, the specific capacitance obtained at the slowest

scan rate is believed to be closest to that of full utilization

of the electrode material [13].

3.3 Galvanostatic charge–discharge analysis

Figure 5a, b presents the galvanostatic charge–discharge

curves of the electrodes A and B examined in 1.0 M NaOH

electrolyte at different current densities, respectively. As

can be seen, the charge/discharge curves of both electrodes

are linear and almost symmetric, indicating the capacitive

behavior of the electrodes. Specific capacitance (CSP) can

be calculated according to the following equation [21].

CSP ¼ ðI � DtÞ=ðDV � mÞ ð4Þ

where I, Dt, DV and m denote the charge/discharge current,

the discharge time, potential window and the active

material mass, respectively.

The variation of the specific capacitance with the

charge/discharge current density is shown in Fig. 5c. The

decrease in specific capacitance with increasing current is

due to the fact that only the outer layers of Co3O4 can

contribute to charge–discharge processes at higher current

densities. At a current density of 3 A g-1, the specific

capacitance of the electrode A is still as high as 350 F g-1,

which is about 61 % of the specific capacitance at a current

density of 0.5 A g-1(570 F g-1). In case of electrode B,

the respective fall is about 71 % when current density

changes from 0.3 to 1.5 A g-1. Also, the specific capaci-

tances obtained by the charge–discharge method are close

to the values derived from CV studies.

3.4 Impedance spectra of the Co3O4/TiO2 nanotubes/Ti

electrodes

Electrochemical impedance spectroscopy (EIS) was used

to study the electrochemical behavior of the electrodes, and

typical Nyquist plots are presented in Fig. 6a–c. The EIS

spectra of the electrodes A and B at different applied

potentials (0.1, 0.2, 0.3 V vs. Ag/AgCl) in the range of
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Fig. 5 Galvanostatic charge/discharge cycling curves of the elec-
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current densities in 1.0 M NaOH electrolyte (c)
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100 kHz to 10 mHz in 1.0 M NaOH are shown and the

experimental results are fitted to the equivalent circuit

presented in Fig. 6d. The Nyquist plot consists of a squa-

shed semicircle in the high-frequency region terminating to

an almost vertical line in the low-frequency end of the

spectrum. In the intermediate frequencies, a line with a

slope of unity which is indicative of diffusive resistance

toward OH- ion transport within the Co3O4 electrode pores

and surface layers of the electrode is observed. The

diameter of the semicircle roughly represents the charge

transfer resistance (Rct) in Co3O4 film, and the almost

vertical line represents the pseudocapacitive behavior of

the system [22].

The parameters of the equivalent circuit are reported in

Table 2. The mean error of modulus is\1 %, implying that

the parameter values obtained from EIS fitting to the pro-

posed circuits are highly reliable. The equivalent circuit

parameters represent resistance of the electrolyte and the

intrinsic resistance of the active material (Rs), the Warburg

impedance (W) corresponds to the diffusion of OH- ions,

and constant phase element (CPE1) is actually the double-

layer characteristic and is in parallel with a charge transfer

resistance (Rct) and the faradaic pseudocapacitance (CPE2)

of Co3O4 films. CPE is defined by [23]:

ZCPE ¼ ½QðjxÞn��1 ð5Þ

where Q and n are frequency-independent constants and x
being the angular frequency of the measuring signal. The

constant value of Q is related to the apparent capacitance

and is directly proportional to the active area. The exponent

n is a correction factor that can somehow be related to the

roughness of electrode with values ranging between 0 and

1. n = 1 denotes that CPE element is an ideal capacitor,

while n = 0 and 0.5 denote a resistance and Warburg

behavior, respectively. In general, the appearance of a CPE

may arise from: (1) a distribution of the relaxation times as
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Fig. 6 Impedance Nyquist plots of the electrode A and B at different

applied voltages [0.1 V (a), 0.2 V (b), 0.3 V (c) vs. Ag/AgCl] and

equivalent circuit for the simulation of the EIS spectra of fabricated

electrodes (d)

Table 2 Fitting values for the equivalent circuit elements by the

simulation of impedance spectra in Fig. 6d

Sample Element E (V)

0.1 0.2 0.3

Electrode A Rs (X) 1.06 1.09 1.04

Rct (X) 0.43 0.43 0.41

W (X s-1/2) 1.97 1.77 1.28

CPE1 (X-1 s) 0.0052 0.0076 0.0046

n1 0.92 0.87 0.94

CPE2 (X-1 s) 1.82 1.08 1.11

n2 0.91 0.92 0.92

Electrode B Rs (X) 0.95 1.00 1.03

Rct (X) 0.38 0.27 0.26

W (X S-1/2) 3.6 3.7 4.0

CPE1 (X-1 s) 0.065 0.06 0.08

n1 0.85 0.88 0.89

CPE2 (X-1 s) 0.18 0.17 0.20

n2 0.87 0.86 0.88
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a result of inhomogeneities existing at the electrode/elec-

trolyte interface; (2) porosity and (3) dynamic disorder

associated with diffusion [24].

As seen from Table 2, the value of CPE1 is much less

than that of CPE2, remains virtually the same in the both

electrodes and seems to be a double-layer capacitance

accompanying charge transfer processes at the interface.

The result indicates that the observed large capacitance of

electrodes is the pseudocapacitance produced by a fast

reversible faradaic reaction, Eqs. (1, 2), which takes place

at the Co3O4/solution interface. The value of CPE2 for the

electrode A is higher and can be attributed to the higher

surface area and porosity of this electrode.

3.5 Stability of the Co3O4/TiO2 nanotubes/Ti

electrodes

In order to evaluate the stability of the electrode A, the

specific capacitance in 1.0 M NaOH electrolyte at a con-

stant current of 1 A g-1 was measured in a period of

10 days. Figure 7 shows charge/discharge curves of the

first cycle and a similar cycle of the 10 days of sample

being used in various electrochemical studies. A partial

decrease in specific capacitance from 430 to 345 F g-1 has

been observed showing 80 % perseverance of capacity.

Data presented in Fig. 7 indicate that the electrode retains

its activity over extended period of time and used in vari-

able experiments and numerous cycles of charge/discharge.

4 Conclusion

Co3O4/TiO2 nanotubes/Ti modified electrodes were pre-

pared by the electroplating of Zn–Co onto TiO2 nanotubes

followed by dealloying of Zn–Co/TiO2NTs in a concentrated

alkaline solution. The Co3O4/TiO2 nanotubes/Ti electrode

possessed extra nanoporous/cracked structures that can

promote the transport of reactive species within the electrode

that is beneficial to supercapacitor applications. A high

specific capacitance of 430 F g-1 in 1.0 M NaOH electro-

lyte at a constant current density of 1 A g-1 was obtained.

The performance and stability of the electrode were tested by

constant current charge–discharge cycling over periods of

days. The specific capacitance maintained 80 % of initial

value upon 10 days of prolonged studies.
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