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Abstract. Nanostructured Co3O4 on Ni-foam has been synthesized with diverse morphologies, high surface
area and porosity by employing different surfactants under hydrothermal conditions and subsequent calcina-
tion. The surfactants strongly influence the physicochemical properties of cobalt oxide samples. The cobalt
oxide grown on Ni-foam without surfactant had flower-like morphology. However, cobalt oxides synthesized
by using cationic (CTAB) and non-ionic (Triton X-100) surfactants showed flake-like morphology, but the spa-
tial arrangement of flakes was found to be different in both the samples. The surfactant-assisted cobalt oxide
showed average crystallite size of ∼6.6–9.8 nm, surface area of 60–80 m2g−1 and porosity (pore diameter
∼3.8 nm). These samples were found to perform better as charge storage electrode materials. The specific
capacitance values of cationic and non-ionic surfactant-assisted cobalt oxide materials, at a current density of
1.0 A g−1, were 1820 and 806 F g−1, respectively, compared to 288 F g−1 of cobalt oxide prepared without sur-
factant. They also showed excellent capacity retention for over 3000 charge-discharge cycles at higher current
densities. The difference in the capacitance values of cationic and non-ionic surfactant-assisted cobalt oxide is
due to the difference in the flake arrangement.
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1. Introduction

To date, extensive progress has been made in the prepa-
ration of a variety of nanostructured materials using
solution-based methods. Among the various nanostruc-
tured materials metal oxides have great potential to
satisfy many requirements in diverse application fields
because of the availability of multiplicity of structures,
high thermal stability and controllable morphological
features. Over the past several years, metal oxides and
carbon materials have been tremendously exploited par-
ticularly in electrochemical energy storage and conver-
sion, and in non-electrochemical processes.1 11 Oxides
are particularly important because of the variable oxi-
dation states of metal ions and stable structures. Cobalt
oxide is one of the best oxide materials and has
been recognized as a propitious electro-active elec-
trode material in supercapacitors,10 17 sensors,13,17,18

batteries2,4,19 and electrocatalysis20 22 owing to better
reversibility and environment-friendly nature. Cobalt
oxide exists in three forms such as cobalt (II) oxide
(cobaltous oxide, CoO), cobalt (III) oxide (cobaltic
oxide, Co2O3) and cobalt (II, III) oxide (cobaltosic
oxide, Co3O4). Among these, spinel Co3O4 has a more

∗For correspondence

stable structure, catalytically more active and easier to
synthesize, and therefore it is most widely studied for
electrochemical applications.2,10 21,23 In recent years,
by employing solution based methods Co3O4 have been
synthesized in miscellaneous morphologies and differ-
ent sizes.2,10 21,23 These faceted morphologies include
nanowires,10 ultralayered 2D sheets,11 and ultrathin
nanosheets,12,13,15 microspheres,16 nanoboxes23 and
many more.2 It is important to point out that the perfor-
mance of Co3O4 in energy related applications, espe-
cially in supercapacitors and electrocatalysis, depends
primarily on the crystalline structure and surface
properties.2,5 17,20,21 In this context, we focused on
tailoring of Co3O4 material with well-defined prop-
erties and favourable morphologies for supercapacitor
application.

Supercapacitors are promising high power energy
storage devices in which metal oxides and carbon
based materials are widely used as the electrode
material; carbon materials store energy by non-
Faradaic process while metal oxides store energy by
Faradaic process in which reversible redox reactions
can occur rapidly.1,6,10 17,24,25 In this perspective, spinel
Co3O4 exhibits better reversibility and higher theoret-
ical capacitance value of 3560 F g−1. Hence, spinel
Co3O4 is a prominent material to use as an electrode
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material in supercapacitors.12,14,15 Many attempts have
been reported in the literature to improve the spe-
cific capacitance value of spinel Co3O4 with good
cyclic stability.10 17 Table S1 (in Supplementary Infor-
mation) shows the comparison of specific capaci-
tance values (CS) and capacity retention of recently
reported Co3O4 materials. In literature, only a few
reports have shown higher CS and good cyclic sta-
bility for Co3O4 material. In many cases, the com-
mon reason for low CS value and poor capacitance
retention is attributable to limited utilization of elec-
trode material during charge-discharge processes. The
binder poly(vinylidenedifluoride) (PVdF) commonly
used to fabricate the electrode material blocks elec-
troactive sites, and fades the conductivity. These fac-
tors are detrimental to supercapacitor performance.15

In addition, charge storage performance of the oxide
material obliquely depends on crystalline structure,
exposed facets, surface area, pore distribution, mor-
phology, electrical conductivity and nature of current
collectors.2,10 17,26 29 Therefore, it is necessary to
employ diverse synthetic and fabrication strategies to
achieve the best possible electrode materials with con-
trolled size, shape and other desirable physicochem-
ical properties. Hydrothermal process is a prominent
and widely employed method to synthesize energy stor-
age materials.2 14,26 30 This is an expedient method to
deposit in situ the electro-active material on current
collector such as Ni-foam without adding binders dur-
ing the fabrication of electrodes.12 14,27,28,30,31 The elec-
trode material grown in situ on Ni-foam can exhibit
good electrical conductivity, low diffusion resistance
and high electro-active surface area.15,31

Nevertheless, to meet the higher requirements of
future systems, we need to develop a Co3O4 mate-
rial to further enhance its specific capacitance. Here,
we report a lucrative and simple strategy to grow
spinel Co3O4 precursors directly on Ni-foam and sub-
sequent calcination to fabricate binder-free oxide elec-
trode for high-performance electrochemical energy
storage application. We have adopted simple hydrother-
mal homogeneous precipitation method with hexam-
ethylenetetramine as precipitating agent. Cationic and
non-ionic surfactants have been employed in order
to tune the morphology, to increase surface area and
porosity. All these properties will in turn play vital
role in improving the supercapacitor performance. We
demonstrated systematic comparison of physicochem-
ical and electrochemical properties of spinel cobalt
oxide grown on Ni-foam mediated by surfactants. We
report that cetyltrimethylammonium bromide (CTAB)-
initiated cobalt oxide ultrathin nanoflake arrays grown
on Ni-foam exhibit high specific capacitance value

of 1820 F g−1 at current density of 1 A g−1. The
4-octylphenol polyethoxylate (Triton X-100)-initiated
spinel cobalt oxide ultrathin nanoflake arrays grown on
Ni-foam showed excellent cyclic stability of 116% spe-
cific capacitance retention even after 3000 cycles at a
current density of 8 A g−1.

2. Experimental

2.1 Fabrication of nanostructured Co3O4 on Ni-foam

In this experiment, 1.2 mmol of Co(NO3)2·6H2O and 2.4
mmol of NH4F were dissolved in 30 mL of triple distilled
water and stirred for 1 h to form a homogeneous pink solu-
tion. 1.2 mmol of solid hexamethylenetetramine was added
to the resulting solution and continued stirring for 2 h to
attain complete homogeneity. Ni-foam (approximately 1 cm
× 1 cm) was carefully cleaned with HCl solution (3 M),
sonicated in triple distilled water and finally with acetone in
an ultrasonic bath to remove surface NiO layer. The cleaned
Ni-foam was used to deposit cobalt oxide material under
hydrothermal conditions. The aqueous salt solution and Ni-
foam were transferred to a Teflon lined autoclave of 50 mL
capacity and subjected to heating at 120◦C for 12 h. Under
these conditions, the solid material was deposited uniformly
on the clean Ni-foam. The Ni-foam with deposited material
was soaked in distilled water for 20 min, rinsed several times
with distilled water and ethanol, respectively, and finally
dried in a conventional oven at 60◦C for 12 h. This oven-
dried sample is designated as Co3O4-uc. Similar procedure
was adopted to synthesize cobalt oxide using 0.6 mmol of
cetyltrimethylammonium bromide (CTAB) and 0.6 mmol of
4-octylphenol polyethoxylate (Triton X-100) surfactants and
the corresponding oven-dried samples are named as Co3O4-
C-uc and Co3O4-T-uc, respectively. In order to convert
corresponding oxides, the as-grown precursor materials on
Ni-foams were heated slowly from room temperature to
350◦C at the heating rate of 1◦C min−1 and kept at 350◦C for
2 h by flowing air. These calcined samples are designated as
Co3O4, Co3O4-C and Co3O4-T.

2.2 Characterization

In order to avoid the strong intense peaks of Ni-foam, cobalt
oxide powder samples were collected from the Ni-foam
and used for powder X-ray diffraction (PXRD). The PXRD
patterns recorded from 10◦ to 80◦ using Bruker AXS D8
Advance diffractometer at room temperature employing Cu
Kα (λ = 0.15408 nm) radiation generated at 40 kV and
30 mA. The crystallite size of all the Co3O4 samples was
approximated by using the Debye-Scherrer equation; D =
Kλ/(βcosθ ), where D is the linear dimension of the parti-
cle (particle size), K is the spherical shape factor (0.89), and
β is the full width at half-maximum height (fwhm) of the
respective peaks measured graphically.
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Multipoint N2 adsorption-desorption experiment was car-
ried out on an automatic Micromeritics ASAP 2020 analyzer
and the surface area was determined using the Brunauer-
Emmett-Teller (BET) gas adsorption method at 77 K. The
cobalt oxide samples collected from Ni-foams were out-
gassed at 150◦C for 12 h in dynamic vacuum before
physisorption measurements. The pore size distribution plots
were generated from desorption branch of the isotherm by
the Barrett-Joyner-Halenda (BJH) method. The pore vol-
ume was obtained from the pore size distribution data. Sur-
face morphologies of the calcined samples were obtained
using an FEI Quanta FEG 400 high-resolution scanning
electron microscope (HRSEM). The cobalt oxide deposited
Ni-foams were placed on a conducting carbon tape before
being mounted on the microscope sample holder for anal-
ysis. The high resolution transmission electron microscopy
(HRTEM) studies were recorded on a JEOL 3010 HRTE
microscope operated at 300 kV.

2.3 Electrochemical measurements

The supercapacitor performance of the Co3O4/Ni-foam
materials was evaluated by cyclic voltammetry (CV),
chronopotentiometry (CP) and electrochemical impedance
spectroscopy (EIS) measurements. All these experiments
have been carried out using conventional three-electrode con-
figuration on a CHI 7081C electrochemical workstation. Ni-
foams deposited with Co3O4 (∼2–4 mg cm−2, mass loading
was evaluated from the difference in weight before and after
deposition of the active material on Ni-foam) served as work-
ing electrodes while a square Pt foil (1 × 2 cm2) and Hg/HgO
(1.0 mol L−1 KOH) electrodes served as counter and refer-
ence electrodes, respectively. Freshly prepared aqueous KOH
(2.0 M) electrolyte was used for supercapacitor study. The
cobalt oxide electrodes were stabilised initially for 100 CV
cycles before the final measurements.

3. Results and Discussion

3.1 Characterization of Co3O4

The powder X-ray diffraction (PXRD) patterns of all
calcined samples Co3O4, Co3O4-C and Co3O4-T are
shown in Figure 1. The formation of nano-crystalline
face centered cubic Co3O4 phase is confirmed from the
PXRD reflections indexed at 2θ values of 19.0◦ (111),
31.3◦ (220), 36.8◦ (311), 38.5◦ (222), 44.8◦ (400), 59.3◦

(511) and 65.2◦ (440). The average crystallite sizes,
calculated from the major peaks of Co3O4, Co3O4-C
and Co3O4-T materials using Debye-Scherrer equation,
were in the nanoscale range (Table 1). The data shows
that the surfactants are effective in producing smaller
crystallite sizes due to selective interaction between
surfactant molecules and metal precursors.

The surface morphologies of spinel cobalt oxide
materials (Co3O4, Co3O4-C and Co3O4-T) grown on

Figure 1. PXRD patterns of Co3O4, Co3O4-C and Co3O4-
T materials grown in situ on Ni-foam and collected for phase
analysis.

Ni-foam examined by HR-SEM are shown in Figure 2.
The cationic (CTAB), non-ionic (TritonX-100) surfactant-
assisted cobalt oxide materials (Co3O4-C, Co3O4-T)
and surfactant-free synthesized Co3O4 material grown
on Ni-foam are shown in Figures 2(a), 2(d) and 2(g),
respectively. The insets of these figures show the bare
Ni-foam (before deposition of cobalt oxide). Intrigu-
ingly, Co3O4-C (Figures 2b and 2c) and Co3O4-T (Fig-
ures 2e and 2f) materials show ultrathin nanoflake mor-
phologies, and they differ only in flakes arrangements
whereas Co3O4 (Figures 2h and 2i) exhibits flower-like
morphology. In the case of Co3O4-C material, ultrathin
nanoflakes are arranged in a regular fashion and per-
pendicularly projected with larger gaps while randomly
oriented nanoflakes are seen in Co3O4-T.

The reason for this is hydrophilic part of the cationic
CTAB molecule can adsorb counter anions and the
hydrophobic part of the molecules can come close
together leading to the large separation of nanoflakes
in the final growth of Co3O4-C shown in Figure 3. In
Triton X-100 assisted synthesis, the growth of Co3O4

precursors occurred on the chains of Triton X-100 lead-
ing to the formation of closely aggregated nanoflakes.
While without surfactant, the growth of Co3O4 precur-
sor takes flower-like shape (Figure 3). However, the
growth of different nanostructures with distinct mor-
phologies and diverse crystal facets during the synthesis
is at present elusive but can depend on the number
of factors which include electrostatic interactions,
hydrophobic interactions, van der Waals forces, hydro-
gen bonding and crystal face attraction.2,3,11,32 34 Gen-
erally, inorganic and organic moieties, nature of
precipitating agent and solvent, reaction temperature
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Table 1. The physicochemical properties and specific capacitance values at a current density of 1 A g−1 of Co3O4, Co3O4-
C and Co3O4-T materials on Ni-foam in comparison with bare Ni-foam. The cobalt oxide powders were collected separately
from Ni-foam for physicochemical analysis. Cobalt oxide on Ni-foam samples were directly used for specific capacitance
measurements.

Average crystallite Specific surface Pore volume Pore diameter Specific
Sample size (nm) Morphology area (m2g−1) (cm3g−1) (nm) capacitance (F g−1)

Co3O∗
4 26 Flower 27 0.10 10 288

Co3O4-C# 9.8 Nanoflakes 66 0.16 3.8 1820
Co3O4-T§ 6.6 Nanoflakes 80 0.17 3.8 806
Ni-foam† – Porous ∼4 ∼0.015 ∼9 ∼20

∗Sample synthesized on Ni-foam without using surfactant; #sample synthesized on Ni-foam using CTAB; §sample synthe-
sized on Ni-foam using Triton X-100; †Bare Ni-foam which is largely macroporous, number of pores per inch 80–120, density
0.35–0.67 g cm−3, porosity ≥95%; thickness 1.2 mm, (Courtesy: CSIR CECRI-Madras Unit, Taramani).

Figure 2. HR-SEM images of Co3O4-C (a–c), Co3O4-T (d–f) and Co3O4 (g–i) grown on Ni-foam.

and time are all factors which influence the final
morphology of oxide materials.2,3,11 14,26 29,32 37 In our
work, the change in morphology is mainly due to the
presence of surfactant molecules since other synthe-
sis conditions are same in all cases. It is pointed out
in the literature that the specific adsorption of surfac-
tant molecules (CTAB and Triton X-100) on a selec-
tive crystal-facet undergoes kinetic shape control, and
causes the formation flake-like structure.2 The low and
high magnification HR-TEM images of all three cobalt
oxide materials are shown in Figure 4. The lattice
fringes are also clearly seen in the insets. The lattice
fringes of Co3O4-C sample have an averaged d spacing

of 0.24 nm and 0.283 nm corresponding to the (311) and
(220) set of planes, respectively (inset of Figure 4b). In
the case of Co3O4-T and Co3O4 samples, the averaged
d spacing is 0.283 nm which corresponds to the (220)
plane (inset of Figures 4d and 4f). These results are in
accordance with the PXRD results of Co3O4.

Figure 5a shows N2 adsorption-desorption isotherms
of Co3O4, Co3O4-C and Co3O4-T materials which
resemble type-IV isotherms with H1 hysteresis
loop.11,28,38 This clearly indicates that all the materials
contain mesopores. The existence of mesoporosity in
these samples is also confirmed from the BJH measure-
ments shown in Figure 5b. The specific surface area,
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Figure 3. Schematic illustration for the formation of nanoflake and flower-
like morphologies of nanostructured cobalt oxide material with and without
using surfactants.

Figure 4. HR-TEM images of Co3O4-C (a and b) and
Co3O4-T (c and d) synthesized by using surfactants, Co3O4
(e and f) synthesized without surfactant.

pore volume and pore diameter of Co3O4-C, Co3O4-T
and Co3O4 materials have been obtained, respectively,
from BET and BJH pore size distribution analysis
which are shown in Table 1. The average pore size in
Co3O4-C and Co3O4-T materials is ∼3.8 nm which
is better suited for supercapacitor applications. This
type of pore size distribution is commonly observed in
materials synthesized using surfactant templates.26,28

The results show that the specific surface area and pore
volume are much higher for Co3O4-C and Co3O4-T
materials compared to Co3O4 material (Table 1).

3.2 Capacitive performance of Co3O4 materials

Due to the differences in morphology, crystallite size,
surface area and porosity of Co3O4, Co3O4-C and
Co3O4-T materials, the electrochemical properties of
these materials are expected to be different. The high
surface area and mesoporous nanoflakes composed
of smaller nanocrystallites of Co3O4-C and Co3O4-T
materials provides more number of active sites for elec-
trolyte ions for more redox reactions. The compari-
son of charge storage efficiencies of Co3O4, Co3O4-C
and Co3O4-T materials grown on Ni-foam were stud-
ied by CV, CP and EIS measurements in aqueous KOH
(2 M) electrolyte. Figure 6a shows the CV profiles
of three cobalt oxide electrode materials recorded at
a scan rate of 10 mV s−1. The resultant redox peaks
in CV curves are due to Co3O4/CoOOH/CoO2 trans-
formations during the interaction of OH− ions with
the cobalt oxide electrodes.10 14,39 However, the CV
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Figure 5. (a) BET isotherms and (b) BJH pore size distribution profiles of
Co3O4, Co3O4-C and Co3O4-T materials. For these analyses, oxide powders
were collected from the Ni-foam

pattern of Co3O4 strongly depends on its morphol-
ogy and surface properties. In the present study, the
peaks corresponding to Co(II)↔Co(III)↔Co(IV) are
not distinguishable due to low crystallinity and other
microstructural effects of the sample.10 17 The Co3O4-
C and Co3O4-T electrodes showed higher oxidation and
reduction peak currents compared to Co3O4 electrode
(Co3O4-C>Co3O4-T>Co3O4). This result is attributed
to smaller crystallite sizes, larger surface areas and
favourable mesoporous nanoflake morphologies of
Co3O4-C and Co3O4-T materials. These features are
advantageous for easy transportation of electrolyte ions
into the accessible redox cobalt oxide matrix. The redox

reactions are more feasible and efficient in Co3O4-C
and Co3O4-T electrode materials leading to higher cur-
rent density. Between these two materials, nanoflakes
of Co3O4-C material provides additional electroac-
tive sites due to availability of free space among
the nanoflakes, therefore this material has highest
peak current compared to the nanoflakes of Co3O4-T.
In order to know the contribution of Ni-foam, we
recorded CV of bare Ni-foam and compared with the
CVs of cobalt oxide materials as shown in Figure 6a.
The insignificant peak current of bare Ni-foam signifies
that the oxide material deposited on Ni-foam is solely
responsible for higher redox peak current. The very

Figure 6. Electrochemical behaviour of Co3O4, Co3O4-C and Co3O4-T elec-
trode materials grown on Ni-foam. (a) Cyclic voltammograms at 10 mV s−1

scan rate; (b) Galvanostatic charge-discharge cycles at current density of 2
A g−1; (c) Comparison of specific capacitance values at different current
densities; (d) Cyclic stability at current densities of 4 and 8 A g−1.
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low specific surface area and porosity of the bare Ni-
foam compared to Co3O4/Ni-foam (Table 1) also tells
the insignificant contribution of Ni-foam to the total
capacitance. The differences in the redox peak currents
and peak potentials of the three oxide electrode materi-
als are due to difference in their surface morphologies,
crystallite sizes and spatial arrangements in nanoflakes.
In Co3O4-C material, the nanoflakes are perpendicu-
larly projected with larger gaps (Figure 2c). Hence, the
electrolyte can easily pass through these gaps which
causes more number of cobalt oxide sites to be involved
in the Faradaic processes efficiently.

The galvanostatic charge-discharge cycles recorded
at a current density of 2 A g−1 are shown in Figure 6b.
Here, both Co3O4-C and Co3O4-T electrodes show slug-
gish potential drop in the discharge curves compared
to Co3O4 electrode at a fixed current density. This
behaviour demonstrates that both Co3O4-C and Co3O4-
T electrode materials are excellent for energy storage
and delivery. These three electrodes have been tested
at different current densities and their specific capaci-
tance values (CS, F g−1) are calculated using equation 1,
and the corresponding discharge curves are shown in
Figure S1a-c (in Supplementary Information).

Cs = i

m (�V /�t)
(1)

Where i is the discharging current (A), m is the mass of
material (g), �V is the operating potential (V) and �t

is the discharging time (s).
In Figure 6c, the variation of specific capacitance

with current density is compared for the three elec-
trodes. Among the three, Co3O4-C exhibits highest CS

values of 1820 F g−1 at 1 A g−1, and 1070 F g−1 at
8 A g−1. At same current densities, the CS values for
Co3O4-T and Co3O4 were found to be 806 and 611,
and 288 and 126 F g−1, respectively. The higher CS val-
ues for Co3O4-C and Co3O4-T electrodes are attributed
primarily to smaller crystallite sizes, higher surface
area as well as higher pore volume of nanoflake mor-
phologies. These unique features have been shown to
be favourable for transportation and diffusion of elec-
trolyte ions during the charge-discharge processes. In
Co3O4-C case, the inner and outer surfaces are effi-
ciently accessed by the electrolyte ions due to the exis-
tence of larger gap between the nanoflakes and this
leads to high CS compared to Co3O4-T. The CS val-
ues obtained for nanoflakes of Co3O4-C and Co3O4-T
are quite high compared to the recently reported val-
ues which are given in Table S1 (in Supplementary
Information). Yuan et al., obtained very high CS

value of 2735 F g−1 at 2 A g−1 by electrochemical

deposition method, but large scale synthesis of mate-
rial may not be negotiable.15 Yang et al., used two-step
hydrothermal approach to achieve high specific capaci-
tance value of 1782 F g−1 at 1.8 A g−1.12 In the present
study, we have obtained high CS value of 1820 F g−1

at 1 A g−1 employing simple single step hydrothermal
method, which is suitable to synthesize the material in
large scale. Since the retention of capacitance for longer
period of charge-discharge cycles is an essential criterion
for practical applications, we have tested the stability
of the three electrodes by carrying out 3000 charge-
discharge cycles at current densities of 8 and 4 A g−1.
Initially 1000 cycles were recorded at 8 A g−1 followed
by 1000 cycles at 4 A g−1, and finally 1000 cycles were
recorded at 8 A g−1. The specific capacitance values cal-
culated at every 50th cycle using equation 1 are plotted
in Figure 6d. The specific capacitance retention values
of the three electrodes are also presented in Table S2 (in
Supplementary Information).

It is evident from Figure 6d and Table S2 (in Sup-
plementary Information) that the specific capacitance
decay is observed only for Co3O4 and Co3O4-C elec-
trode materials. However, Co3O4-C electrode material
shows only 8% CS loss in the last 1000 cycles. There
seems to be some structural deactivation by means
of restacking of the nanoflakes which is responsible
for the initial CS loss during charge-discharge cycles
(up to 2000 cycles). In the case of Co3O4-T elec-
trode, interestingly and impressively, the specific capac-
itance value increased up to 2000 cycles. The enhance-
ment in specific capacitance is attributed to structural
activation of Co3O4-T which happens due to the sep-
aration of the stacked cobalt oxide nanoflakes. The
structural activation in turn translates to pore opening
and increase in electroactive surface area of Co3O4-
T material.14,27,28 The capacitance retention of Co3O4-
C and Co3O4-T electrodes is much higher compared
to the recent reports cited in Table S1 (in Supple-
mentary Information). The exceptionally high CS val-
ues (Figure 6c) and capacitance retention of Co3O4-
C and Co3O4-T electrode materials (Figure 6d and
Table S2) are due to low solution resistance (Rs),
charge transfer resistance (Rct) and Warburg impedance
(Zw) depicted in Figure 7. In this Nyquist plot, the
intersection of semi-circle at the real axis in the
high frequency region represents the Rs, the diame-
ter of semicircle represents the Rct and the inclined
straight line in the low frequency region shows the Zw

(Figure 7).26 29,39,40 The Co3O4-C and Co3O4-T sam-
ples do not exhibit significant semi-circle indicating
very low Rct between the active material/electrolyte
interface.39 The Co3O4-C sample exhibits less Rs

compared to Co3O4-T. The linear portions of the
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Figure 7. Nyquist plots of Co3O4, Co3O4-C and Co3O4-T
electrode materials on Ni-foam recorded at 0.3 V bias
potential.

Nyquist plots of Co3O4-C and Co3O4-T electrodes
tend to be nearly parallel to the imaginary axis
which is a characteristic feature of good capacitive
behaviour.8,10,11,26 29,39 In general, low time constant
(τ) is preferred for fast charge-discharge electrode
characteristics. The value of τ for all cobalt oxide
materials is calculated using equation τ = 1/2πf ∗,
where f ∗ denotes the frequency corresponding to max-
imum of the imaginary component (−Z′′).27,29 The esti-
mated τ values for Co3O4-C, Co3O4-T and Co3O4 are
0.3, 19.7 and 111 ms, respectively. The porous flake-
like morphology reduces the transportation/diffusion
time for electrons and ions. Hence, high CS val-
ues of Co3O4-C and outstanding capacity retention of
Co3O4-T electrode materials are expected due to fast
electrode kinetics promoted by easy access of elec-
trolyte/electrode interface to the electrolyte ions.

Broadly, the excellent supercapacitor performance
of the nanoflakes of cobalt oxide electrodes can be
attributed to multiple factors. These factors include
smaller crystallite size, numerous inter-connected pores
on cobalt oxide nanoflakes which result in large sur-
face area and intimate contact between the nanoflakes
and surface of the Ni-foam. This facilitates the transport
of electrolyte ions and electrons which give rise to low
values of Rs , Rct, Zw and τ .

4. Conclusions

The electrochemical properties of an electrode mate-
rial strongly depend on the morphology, particle size,
porosity and surface area of oxide material. These
aspects are demonstrated in this work by systematically

comparing the physicochemical and electrochemical
properties of cobalt oxide samples synthesized as
surfactant-free (Co3O4), CTAB-assisted (Co3O4-C) and
Triton X-100-assisted (Co3O4-T). The surfactants have
shown significant impact on particle size, morphology,
porosity and surface area. Among all the three elec-
trode materials, Co3O4-C exhibited very high CS value
(1820 F g−1 at 1 A g−1). The Co3O4-T electrode exhib-
ited excellent capacitance retention and there was sub-
stantial enhancement in CS during the charge-discharge
cycles. The nanoflake morphologies and porous struc-
tures of Co3O4-C and Co3O4-T materials provide more
active sites, and efficient contact between the electrode
and electrolyte ions. These are favourable attributes
of nanostructured cobalt oxide for better performance
towards charge storage. The significant differences
in the specific capacitance values and stabilities of
both Co3O4-C and Co3O4-T materials are primarily
attributed to the differences in packing of nanoflakes.

Supporting information (SI)

The comparison of specific capacitance values and capac-
ity retention of recent reports (Table S1), the comparison of
specific capacitance retention values (Table S2) and galvano-
static discharge profiles of Co3O4-C, Co3O4-T and Co3O4

materials (Figures S1a to S1c) are given in the supporting
information, available at www.ias.ac.in/chemsci.
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