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ABSTRACT: We report a facile method to design Co3O4−
MnO2−NiO ternary hybrid 1D nanotube arrays for their
application as active material for high-performance super-
capacitor electrodes. This as-prepared novel supercapacitor
electrode can store charge as high as ∼2020 C/g (equivalent
specific capacitance ∼2525 F/g) for a potential window of 0.8
V and has long cycle stability (nearly 80% specific capacitance
retains after successive 5700 charge/discharge cycles),
significantly high Coulombic efficiency, and fast response
time (∼0.17s). The remarkable electrochemical performance
of this unique electrode material is the outcome of its
enormous reaction platform provided by its special nanostruc-
ture morphology and conglomeration of the electrochemical properties of three highly redox active materials in a single unit.
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■ INTRODUCTION
In the past few years, the generation of clean, efficient, and
renewable energy has become a struggle, thereby driving
intense scientific concern of the production, storage, and
management of this precious energy.1,2 Among a variety of
electrical energy storage devices, supercapacitors (SCs), also
known as electrochemical capacitors, have drawn enormous
research and industrial attention because of their high power
density and very long cycle stability as compared to their
counterparts such as batteries, fuel cells, and conventional
capacitors.3,4 Initially, some carbon-based electrode materials
like activated carbon, carbon nanotubes, and graphene3,5,6 have
been used as electrode materials, under the category of electric
double layer capacitors (EDLC). Later, transition metal oxides
(TMOs) like RuO2, MnO2, Fe2O3, NiO, Co3O4 and
conducting polymers, especially PANI,3,5,6 have been inves-
tigated thoroughly because of their very high specific
capacitance resulting from unique redox reactions at the
electrode−electrolyte interface and are thus categorized as
supercapacitors. In particular, Co3O4, MnO2, and NiO have
exhibited immense potential as electroactive materials in
improving the performance of SCs because of their high
theoretical specific capacitances, environmental compatibility,

and mechanical thermal stability. Moreover, their natural
abundance makes them economical as compared to other
TMOs like RuO2.

3,7 However, high resistivity of the TMOs’
electrodes is a big challenge for their application in high-
performance SCs. The electrical conductivity of TMOs can be
improved by introducing vacancies or impurities via sintering in
some selected gaseous environment or through doping.8−11

Recently, it has been established that the electrical conductivity
in TMOs electrodes could be enhanced by mixing one metal
oxide material with another metal oxide material. This process
augments the charge movement though their synergistic effect,
which affects the reactions at the electrode−electrolyte interface
facilitating charge transportation toward a current collector,
improving the charge storage performance.12,13 Different hybrid
TMOs (binary and ternary) nanostructures have been
established as promising supercapacitor electrodes, such as
NiCo2O4 nanowires, nanorods, and aerogels;14−16 Ni−Co
double hydroxide;17 Co3O4@MnO2 core−shell;18 NiO/Ni
core−shel l ;19 Ni(OH)2−MnO2−graphene oxide;20
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NiCo2O4@MnO2 core−shell;21 α-MnO2/δ-MnO2 core−
shell;22 and V2O5/polyindole composite.23 Different morphol-
ogies of nanostructures like nanohollow spheres, nanorods,
nanobelts, nanoneedles, nanosheets, nanoflowers, nanowires,
and nanotubes (NTs)3,5−7,14−23 of various TMOs have been
designed to enhance their electrochemical performance.
Interestingly, among different nanostructures, NTs have
shown superiority because of their unique 1D structure having
large accessible inner and outer surfaces, which serve as a
feasible platform for redox reactions to boost the performance
of the electrode with fast charge transportation.24−26

In this backdrop, we have employed a facile technique to
grow free-standing vertically aligned arrays of highly porous 1D
Co3O4−MnO2−NiO composite NTs on a conducting gold
substrate for the fabrication of SC electrodes (see Supporting
Information for details). Figure 1 displays the schematics of the

fabrication process of 1D Co3O4−MnO2−NiO ternary hybrid
NTs arrays by using a nanoporous anodic aluminum oxide
(AAO) template. The growth mechanism of the 1D Co3O4−
MnO2−NiO ternary hybrid NTs is elaborated in the
Supporting Information. The 1D Co3O4−MnO2−NiO ternary
hybrid NTs have several scientific advantages: (i) A 1D
nanotubular structure having a large surface area with proper
use of both of the inner and outer surfaces as well as their
highly porous walls would enhance the effective accessible
surface area of electrodes providing a huge platform for surface-
based faradaic reactions. (ii) Thin walls of NTs would provide
short ion/electron diffusion paths. (iii) The combination of

three highly redox active oxides (Co3O4, MnO2, and NiO) in a
single nanostructure would definitely improve the charge
storing capacity of the whole system because of a synergistic
effect. (iv) Direct growth of NTs on a current collector (Au)
would significantly improve the electrical conductivity of the
entire electrode by reducing the contact resistance and also
eliminate the use of expensive and resistive binders, which
causes extra weight to the electrode. As expected, the SC
electrode containing highly ordered, vertically aligned, porous
1D ternary hybrid NTs arrays demonstrates superior electro-
chemical performance with high specific capacitance (∼2525 F/
g within 0.8 V potential window), excellent long cycle stability,
and high energy and power density, which are because of the
unique design of the electrode together with the synergestic
combination of three component TMOs in a single unit.

■ RESULTS AND DISCUSSION

A field emission scanning electron microscope (FESEM) image
of as-prepared 1D Co3O4−MnO2−NiO ternary hybrid NTs
arrays is shown in Figure 2a. From the figure, it is evident that
high density well-aligned arrays of NTs have been formed
uniformly throughout the whole substrate during the electrode
position process (Figures S1 and S2, Supporting Information).
The average length and outer diameter of these NTs are
uniform and found to be approximately 12 μm and 125 nm,
respectively. The wall thickness of the NTs is ∼10−15 nm only.
The tubular nature of the as-prepared hybrid NTs is further
explored by transmission electron microscopy (TEM), and the
corresponding micrograph for the hybrid NTs is shown in
Figure 2b. The TEM image displays a solid tube wall (dark
contrast) and void center of the tubes (bright contrast) and
clearly confirms the formation of NTs (wall thickness ∼12−15
nm) with huge surface roughness, which would enlarge the
active surface area of the electrode, as discussed later. Further,
the crystal structure of 1D Co3O4−MnO2−NiO ternary hybrid
NTs has been investigated by high-resolution TEM (HRTEM)
(Figure 2c), selected area electron diffraction (SAED) (Figure
S3, Supporting Information), and X-ray diffraction (XRD)
(Figure S4, Supporting Information) techniques which confirm
the polycrystalline nature of these NTs. Three different sets of

Figure 1. Schematic of the fabrication of ordered arrays of 1D Co3O4−
MnO2−NiO hybrid NTs.

Figure 2. (a) FESEM image of the as-prepared Co3O4−MnO2−NiO ternary hybrid NTs; inset shows the side view of the NTs, (b) TEM image, (c)
HRTEM image, and (d)−(g) energy-filtered TEM (EFTEM) images for individual components (Co, Mn, Ni, and O) comprising the ternary hybrid
NTs.
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lattice fringes can be observed in the HRTEM image with
lattice spacing nearly ∼0.28, 0.268, and 0.24 nm, which
correspond to the d-spacing of the (111) planes of NiO, (102)
planes of MnO2, and (220) planes of Co3O4, respectively.
Moreover, the XRD pattern illustrates diffraction peaks that can
be indexed perfectly with corresponding lattice planes of NiO,
MnO2, and Co3O4 confirming the formation of ternary hybrid
NTs of TMOs. However, the Au peak in the XRD pattern
comes from a metallic Au substrate underneath the hybrid NTs.
Furthermore, elemental distribution throughout the 1D

Co3O4−MnO2−NiO hybrid NTs that has been examined by
energy-filtered TEM (EFTEM), as shown in Figure 2d−g,
clearly indicate uniform distribution of metallic components
and also oxygen ions present in the NTs. However, higher
intensity of the Co, Mn, Ni, and O at the surface as compared
to the central portion of the nanostructure confirms the
formation of uniform nanotubes. We also have employed
energy-dispersive X-ray spectroscopy (EDS) and X-ray photo-
electron spectroscopy (XPS) to verify the elemental
composition and chemical states of the as-synthesized 1D
Co3O4−MnO2−NiO ternary hybrid NTs, respectively. The
EDS spectrum (Figure S5, Supporting Information) shows the
presence of Co, Mn, Ni, and O elements in the hybrid NTs,
whereas the weight ratio of Co, Mn, and Ni is found to be
1.1:1.2:1. Core level XPS spectrum (Figure S6, Supporting
Information) of Co 2p shows two peaks of Co 2p3/2 and Co
2p1/2 observed at the binding energies of 780.4 and 795.5 eV,
respectively, suggest the Co2+ state, whereas two small peaks at
788.9 and 804 eV could be attributed to 2p3/2 and 2p1/2 of
Co3+, respectively, indicating the presence of the Co3O4 phase
in this hybrid nanotube.27,28 Deconvolution of the Mn 2p core
level spectrum gives two distinct peaks at 642.1 and 653.4 eV
with spin−orbital splitting of 11.3 eV, which corresponds well
to Mn 2p3/2 and Mn 2p1/2 of MnO2, respectively.

27,29 Similarly,
the Ni 2p core level spectrum displays Ni 2p3/2 and Ni 2p1/2

peaks at binding energies of 855 and 872 eV, respectively, with
spin−orbital splitting of ∼17 eV, confirming the divalent (+2)
oxidation state of Ni in 1D Co3O4−MnO2−NiO hybrid NTs.30

Moreover, the presence of a satellite peak at ∼861 eV again
indicates the 2+ oxidation state of Ni. The O1s core level XPS
spectrum has two distinct component peaks at ∼529.6 and
531.5 eV, which could be assigned to the oxygen present in the
oxides of Co3O4, MnO2, and NiO and the oxygen atoms in
hydroxyl groups or oxygen vacancy defects incorporated on the
surface of NTs, respectively.
Electrochemical performance of the as-prepared 1D Co3O4−

MnO2−NiO hybrid NTs was investigated in three-electrode
configuration by cyclic voltammetry (CV) and galvanostatic
charge/discharge methods. The typical three-electrode cell
consisted of the 1D Co3O4−MnO2−NiO ternary hybrid
nanotubes, Ag/AgCl, and Pt electrodes as working, reference,
and counter electrodes, respectively, dipped in 1 M aqueous
KOH solution at room temperature. The CV curves of the as-
prepared Co3O4−MnO2−NiO ternary hybrid NTs electrodes
at different scan rates are shown in Figure 3a, where the current
increases sharply with increasing scan rate. However, the shape
of the CV curves remains almost similar at all scan rates,
suggesting a good reversibility nature of the hybrid NTs
electrode. The shape of the CV curves suggests a charge storage
mechanism of the Co3O4−MnO2−NiO ternary hybrid NTs
electrode via surface bound faradic reactions governed by
interconversion of various oxidation states of metal ions
together with the K+ ion intercalation/deintercalation process
into/from the oxide nanostructure.31,32 The area under the CV
curve represents the total charge originating through faradaic
and nonfaradaic processes; faradaic contribution involves ion
intercalation together with surface bound redox capacitance,
whereas the nonfaradaic process arises from the double layer
effect.33 These effects can be explained by analyzing CV curves
at different scan rates (v) using the power law: i = avb, where a

Figure 3. (a) Cyclic voltammetry curves recorded at various scan rates. (b) Variation of slope “b” as a function of voltage (V) for cathodic and anodic
sweeps of CV cycles and Trasatti plots. (c) Plot of 1/q* against v1/2 to find the total charge (q*total) stored by the electrode material. (d) Plot of q*
against v − 1/2 to quantify the charge stored only on the outer surface of the electrode material (q*outer).
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and b are two adjustable parameters,33,34 and accordingly,
parameter b can be calculated from the slope of the plot of log i
vs log v. Generally, for the ideal diffusion-controlled faradaic
process, slope b = 1/2, and it satisfies Cottrell’s equation: i =
v1/2,35 whereas slope b = 1 represents purely a capacitive
response (redox capacitance plus double layer capacitance)
because the capacitive current is proportional to the potential
sweep rates: i = vCdA, with Cd being the capacitance and A the
surface area of the electrode material.35 Hence, one can expect
dominant capacitive charging at higher scan rates because of
stronger linear dependence, whereas the diffusion process will
dominate more at lower sweep rates. Moreover, slope b, as
obtained by plotting log i against log v at different voltages (V),
shows a value ∼0.5 at peak potentials, suggesting dominance of
the diffusion-limited charge storage process, whereas at other
potentials the slope value is ∼1 indicating that the current is
predominantly capacitive, as shown in Figure 3b. Now, CV
curve capacitance (C) values are calculated using the equation:
C = q/V = ∫ idt/V, where q is the charge stored, I is the current,
and V is the potential window. In accordance with our
arguments, we have observed a sharp increase in capacitance
with decreasing sweep rates, a maximum value of ∼1247 F/g
(∼555.5 mF/cm2) being attained at a scan rate of 2 mV/s (as
shown in Figure S7, Supporting Information). It is mainly the
formation of the porous and spongy surface of this Co3O4−
MnO2−NiO ternary hybrid NTs array that provides enormous
and accessible inner surfaces of the nanostructure for effective
diffusion-controlled faradaic reactions at lower sweep rates.
However, at higher scan rates, only a nondiffusion-controlled
capacitive charging process dominates over intercalation
capacity that reduces the overall capacitance of hybrid NTs
electrodes (∼384.5 F/g at a scan rate of 100 mV/s).

Now, as ion intercalation at lower sweep rates enhances the
charge storage capacity drastically, it would be interesting to
investigate the maximum charge that can be stored in this
ternary hybrid NTs array and also the actual electrochemical
surface area leading to total charge storage. The overall or
complete charge stored in the electrode material can be
calculated using the procedure given by Trasatti et al.,36 which
involves the determination of the total charge stored (q*total)
from the intercept of the linear plot of 1/q* against v1/2, as
shown in Figure 3c. This procedure can also be used to
determine the charge stored only at the outer surface (q*outer)
of the electrode material from the intercept of the linear plot of
q* against v− 1/2,33 as shown in Figure 3d. Interestingly, the
value of the maximum charge that can be stored within this
ternary hybrid nanostructure is found to be 2020.20 C/g,
equivalent to a specific capacitance of 2525.25 F/g for a
potential window of 0.8 V. Similarly, the charge stored on the
outer surface is found to be 282.8 C/g with an equivalent
capacitance of 353.5 F/g. Moreover, the charge stored in the
inner surface (q*inner) is the difference between the total charge
(q*total) and charge stored on the outer surface (q*outer) and is
found to be 1737.4 C/g (∼2171.8 F/g). The high charge
storage capacity of the electrode can be attributed to the
porous, spongy, and tubular structure of these ternary NTs that
provides enormous inner and outer surfaces for both faradaic
and nonfaradaic processes at lower as well as at higher potential
sweep rates, as discussed earlier.
To further illustrate the capacitive performance of the

Co3O4−MnO2−NiO ternary hybrid NTs, galvanostatic charge/
discharge was performed within the potential window between
−0.2 and 0.6 V at different current densities, and corresponding
charge/discharge curves at some selected current densities are
shown in Figure 4a. At lower current densities, the charging

Figure 4. (a) Galvanostatic charge/discharge curves for Co3O4−MnO2−NiO hybrid NTs electrodes within voltage windows from −0.2 to 0.6 V. (b)
Variation of areal and specific capacitances with current densities, calculated from the discharge profile. (c) Nyquist plot (−Z″ vs Z′ plot) for the
hybrid electrode within the frequency range from 1 Hz to 100 kHz; inset shows the Bode plot to find out response time of this hybrid NTs electrode.
(d) Cycling performance and Coulombic efficiency during 5700 charge/discharge cycles; inset shows last five charge/discharge cycles.
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profile shows nonlinear and sluggish behaviors, which are due
to the diffusion-controlled faradaic process together with purely
capacitive charging. Interestingly, the discharge profile shows
two prominent regions: The first one after the IR-drop
characterized by a linear discharge region can be attributed to
the release of charges from the surface or near surface regions
of the electrode material, i.e., capacitive discharge. However, the
second region that is characterized by a very slow and extended
discharge tail is mainly because of deintercalation of diffused
ions from the innermost portions of electrode material, i.e.,
diffusion-controlled discharge profile. Such behavior of charge/
discharge curves is consistent with their CV profiles at lower
potential sweep rates. Moreover, at higher discharge currents,
although the discharge profile shows the first linear region,
however, the slow discharge tail has reduced significantly, which
is mainly because of the availability of charges stored only at the
surface or near-surface regions of the electrode material at
higher currents, i.e., discharge becomes nondiffusion controlled
and more capacitive with the increase in current. From the
discharge profiles of charge/discharge curves, capacitance
values for this Co3O4−MnO2−NiO ternary hybrid nanotubes
electrode have been calculated using equation: C = iΔt/ΔV,
where I is the discharge current Δt is the discharge time for
potential window ΔV and plotted against current density in
Figure 4b. The nanotube hybrid electrode exhibits a specific
capacitance of ∼1224.5 F/g (∼544.9 mF/cm2) at a current
density of 12.2 A/g (∼5.4 mA/cm2) and retains a value of
397.5 F/g (∼176.9 mF/cm2) as the current density reaches
∼18.4 A/g (∼8.2 mA/cm2). It is noteworthy that here we have
chosen a limited range of current densities so as to observe the
changeover in charge storage mechanism from diffusion limited
to diffusion independent. However, the value of capacitances
obtained for this hybrid nanotube electrode is higher than
previously reported for transition metal oxides and their mixed
composites incorporated with conductive polymers and carbon-
based materials.20−22,31,32,37−48 A comparison among the
present 1D ternary NTs electrode materials to other transition
metal oxide (binary and ternary) hybrid nanostructure
electrodes are presented in the Supporting Information
(Table S1).
Energy (E) and power (P) densities for the ternary hybrid

NTs electrode have been calculated using equations E = 1/
2CV2 and P = E/Δt, respectively, where the parameters have
their usual meanings. This nanostructured electrode demon-
strates an energy density as high as 108.8 Wh/kg at a current
density of 12.2 A/g (based on the mass of the active material
only). Moreover, the maximum power density that has been
achieved is ∼8 kW/kg with a corresponding energy density of
35.3 Wh/kg when current density reaches at 18.4 A/g, thus
showing remarkable energy and power performance of the
hybrid NTs electrode. We have also performed electrochemical
impedance spectroscopy, and the corresponding Nyquist plot
(−Z″ vs Z′ plot) is depicted in Figure 4c. The intercept of the
Nyquist curve with the real axis at the high-frequency regime
provides equivalent series resistance (ESR) which is found to
be ∼3.55 Ω for this hybrid NTs electrode, showing the low
resistance of the electrolyte and good electrical contact between
the electrode material and the substrate. Moreover, the
capacitive response frequency ( f 0) for this electrode as
calculated from the Bode plot (inset, Figure 4c) at a phase
angle of −45° is found to be 5.72 Hz, giving a response time (τ0
= 1/f 0) as small as 0.17s, again suggesting fast charge/discharge
characteristics of this ternary hybrid NTs electrode.

The cycling stability and Coulombic efficiency of the
Co3O4−MnO2−NiO ternary hybrid NTs electrode investigated
at a current density of 15 A/g during 5700 charge/discharge
cycles are shown in Figure 4d, and the charge−discharge
profiles for last five cycles are shown in the inset of Figure 4d.
The electrode exhibits an exceptional cycling stability with 80%
retention of its initial capacitance and a Coulombic efficiency of
almost 92% after 5700 cycles, suggesting stable electrochemical
behavior of the hybrid NTs electrode during a long cycle test.
Drop in specific capacitance following 5700 charge/discharge
cycles might be due to the bulging of the electrode material
resulting from the continual ion intercalation/deintercalation
process during long charge/discharge cycles. However, the
FESEM micrograph of the 1D ternary hybrid NTs hardly shows
any change in tubular morphology after a long cycling test
(Figure S8, Supporting Information), indicating good structural
stability of the electrode material during the cycling test.
Nonetheless, such high specific capacitance, high energy/power
density, and fast response time, i.e., worthy capacitive
performance of the Co3O4−MnO2−NiO hybrid NTs electrode,
can mostly be attributable to the well-planned nanoarchitectural
designing of the electrode based on three highly electroactive
materials that offer huge surface area (having highly porous
inner and outer surface of the NTs) for fast faradaic and
nonfaradaic process. Additionally, direct growth of electroactive
materials on a conducting substrate provides enough structural
integrity to sustain long charge/discharge cycles and also
reduces the internal resistance to facilitate electron transfer
toward the current collector boosting the performance of the
electrode.

■ CONCLUSION
In conclusion, a novel 1D architecture of Co3O4−MnO2−NiO
ternary hybrid nanotube (NT) arrays with remarkable
capacitive performance has been demonstrated. These hybrid
nanotubes are fabricated by combining simple template-based
electrochemical deposition of Co−Mn−Ni alloy NTs followed
by controlled oxidation. The unique nanoarchitectural design of
this hybrid NTs electrode having a large accessible inner and
outer surface area and a small ion diffusion path coupled with
synergy effects from three highly redox-active materials grown
on a highly conducting metal substrate facilitating fast charge
transport helps to achieve enhanced electrochemical properties
of this hybrid NT array suitable for supercapacitor applications.
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