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ABSTRACT: In this study, three-dimensional cobalt oxide microstructures were
developed. Cobalt oxide microdumbbells and microspheres, assembled by nanowires
and primary particles, were successfully synthesized by a multistep hydrothermal
method. Of all of the structures, the cobalt oxide microdumbbell electrode possesses
the largest surface area of 70.8 m* g™' and the highest specific capacitance of 407.5 F
g~". The as-prepared electrode also demonstrates excellent electrochemical stability
and retains 97.5% of the initial capacitance after 2000 charge—discharge cycles. This
performance is attributed to the desirable morphology, uniform microarchitecture
stability, and high surface area. The results show that the as-fabricated Co;0, is a

promising electrode material for supercapacitor applications.
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B INTRODUCTION

Over the last decade, pseudocapacitors or supercapacitors,
which capture and release electrons through reversible faradaic
reactions on the interface between active material and
electrolyte, have drawn considerable attention. This is owing
to their outstanding properties such as high power density, low
fabrication cost, rapid energy charging, and excellent cycle
life."* Of all electrode materials, hydrated ruthenium oxide with
high conductivity and three distinct oxidation states exhibits
high specific capacitance.® However, despite all of the above
advantages, ruthenium-based electrochemical capacitors are still
not widely commercialized due to their high cost, limited
ruthenium resources, and their toxic nature. Therefore, it is
essential to develop alternative low-cost electrode materials.
Transition metal hydroxides/oxides including cobalt hydrox-
ide,*> cobalt oxide,®” nickel oxide,®’ manganese oxide,'*™ 12
and their composites'> "> are promising candidates for the next
generation of redox materials in pseudocapacitors. Among the
potential candidates, cobalt-based hydroxide and oxide are of
particular interest due to their well-defined redox activity, great
reaction reversibility, and cost-effectiveness.

It is commonly postulated that the electrochemical perform-
ance of electrode nanostructures depend on their surface area,
particles size, crystal structure, and morphology. With the aim
to increase active surface area, tremendous efforts have been
devoted to fabricating nanostructures with different and
controlled shapes such as nanowires,lé_18 nanosheets,'*°
nanotubes,”"** and hollow particles.*** These studies focused
on high activities of nanosized materials/structures to improve
the electrochemical behavior of supercapacitor electrode
materials. From our point of view, most of the reports were
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more concerned about the initial capacitance, but inadequate
attention was paid to the electrochemical stability during
charge/discharge cycles. On the other hand, recent stud-
ies®*>™%7 also show that stable three-dimensional (3D)
microstructures of nanobuilding blocks are highly desirable
for achieving enhanced electron transport, improved ionic
diftusion, excellent rate capability, and great stability. Therefore,
it is imperative to develop systematic and rational techniques to
fabricate electrode materials with well-defined microstructures
containing advantageous properties. On top of that, this
intriguing approach can be potentially adopted to widely
synthesize supercapacitor electrode materials with better
electrochemical performance to meet rising energy demand in
the near future.

A common approach to prepare metal oxides is through the
thermal decomposition of a metal precursor obtained by
hydrothermal or sol—gel methods. A similar strategy can be
utilized to synthesize pseudocapacitive cobalt oxide (Co;0,).
Two popular precursors are cobalt hydroxide and cobalt
carbonate. They are good due to their ease of synthesis and
stability at high temperatures in hydrothermal conditions. In
the synthesis of microstructures under hydrothermal con-
ditions, sodium carbonate,*® urea,®™>' and glucosve,24’32 are
usually utilized as carbon sources or precipitating reagents/
additives. However, the additives are generally not desirable in
the synthesis due to difficulties in consistent control of
morphology and particle size.
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Figure 1. (a and b) Field-emission SEM (FESEM) images (c) TEM image (d) XRD pattern of Co;0, nanocubes.

Thus, in this study, we demonstrated a facile and scalable
technique, in which a cobalt precursor can be produced from
hexanitrocobaltate complex as a cobalt source without addition
of the above reagents. We prepared a three-dimensional (3D)
brush-like cobalt oxide with tunable shape transformation from
microsphere to microdumbbell. A hydrothermal method was
carried out to synthesize cobalt carbonate hydroxide, followed
by calcination to obtain cobalt oxide microarchitecture.
Interestingly, we found out that the addition of cobalt oxide
nanocubes into the reaction mixture was responsible for the
transformation from a spherical shape to dumbbell architecture.
The use of polyvinylpyrrolidone also improves the uniformity
of the as-prepared microdumbbells. A series of hydrothermal
reactions in chronological order were performed to study the
formation mechanism of the cobalt precursor with brush-like
morphology. We also carefully investigated electrochemical
properties of the as-prepared hierarchical 3D structure in a 6 M
KOH electrolyte solution. The as-prepared microdumbbells
and microspheres exhibit specific capacitances of 407.5 and
350.9 F g7, respectively. In addition, both electrode materials
(i.e., microdumbbell and microsphere) can preserve more than
96% of their initial capacitances after 2000 charge—discharge
cycles.

B RESULTS AND DISCUSSION

Co;0, nanocubes were synthesized by a hydrothermal method
with Na;Co(NO, ) as a source of cobalt in a solvent mixture of
deionized (DI) water and ethanol in a 25 mL polytetrafluoro-
ethylene (PTFE) Teflon-lined autoclave at 150 °C for 12. To
characterize the Co;0, nanocubes formed in the mixture of
water and ethanol, X-ray diffraction (XRD), scanning electron
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microscopy (SEM), and transmission electron microscopy
(TEM) were used. The results are shown in Figure 1. The low-
magnification SEM image (Figure la) and the TEM image
(Figure 1c) show the successful synthesis of nanocubes with a
side dimension of c.a. 300—500 nm. The high-magnification
SEM image (Figure 1b) indicates that nanocubes have rough
surfaces consisting of many primary nanoparticles. The
nanocube solids extracted from the solvent mixture appeared
dark black. On top of that, the XRD pattern (Figure 1d) can
also be attributed to cobalt oxide (Co;0,) without secondary
phases/impurities.

The formation of the Co;0, nanocubes is likely due to the
hydrolysis of the hexanitrocobaltate anion in a neutral medium
and the conversion of unstable intermediates to more stable
Co;0,. Rakhi and his colleagues reported similar phenomen-
on.” The mechanism of formation probably proceeds through a
series of reactions as follows

CH,CH,OH + H,0 — CH,CH,0H," + OH~ (1)
Co(NO,),* (aq) = Co**(aq) + 6NO,~ (2)
Co’* + 30H™ — Co(OH); — CoOOH — Co,0,  (3)

The cobalt precursors with different shapes, microspheres,
and microdumbbells, were prepared in water/ethylene glycol
mixtures, which also contain a hexanitrocobaltate anion with or
without Co;0, added, respectively. In an attempt to gain
insight into the formation of the cobalt precursors, their
morphology and crystal structures were investigated. Micro-
particles with two typical shapes of spheres and dumbbells were
observed in low-magnification FESEM images in Figure 2a,c.
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Figure 2. (a and b) FESEM images of Co,(CO;)(OH),-0.22H,0 microspheres. (¢ and d) FESEM images of Co,(CO;)(OH),-0.22H,0

microdumbbells. (e) XRD pattern of cobalt carbonate hydroxide hydrate.

The magnified FESEM images (Figure 2b,d) clearly show two
different structures and indicates that the surfaces of micro-
structures were constructed by agglomeration of nanowires,
forming a brush-like morphology. The diameters of the cobalt
precursors are around 3—5 um. Even though two different
experimental procedures were adopted, identical cobalt
precursors with similar crystal structures were generated and
confirmed to be Co,(CO;)(OH),-0.22H,0 (JCPDS No. 48-
0083) by XRD measurement (Figure 2e). Thermal analysis was
carried out to investigate thermal stability of the as-prepared
cobalt-based precursor. The TGA curve of the cobalt carbonate
hydroxide precursor is presented in Figure S1 (Supporting
Information). On the basis of the TGA analysis, the cobalt
carbonate hydroxide hydrate was calcined at 300 °C for 2 h to
ensure complete conversion to Co;O, and achieve high
crystallinity.

TEM characterization was also performed to study
particularly the crystal structure of the as-synthesized cobalt
precursors. Figure 3a,b shows needle-like nanowires growing
from inside out, forming the urchin surface. The architecture
consists of plenty of nanowires having a diameter in the range
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of 30—40 nm. The individual nanowires were studied by a high-
resolution TEM (HRTEM, Figure 3c). All of them exhibit
uniform lattice fringes. A lattice-resolved HRTEM image of a
representative nanowire indicates that the nanowires of the
cobalt precursor are single-crystalline without any amorphous
phases. The lattice spacing is about 0.44 nm corresponding to
(001) planes (JCPDS No. 48-0083). As such, the growth
direction is parallel to this vertical lattice orientation. Therefore,
the nanowires preferably grow along the [100] direction. The
single crystallinity is confirmed by the diffraction pattern
(SAED) measurement of a selected area, presented in Figure
3d.

The cobalt carbonate hydroxide microsphere with brush-like
morphology can be formed easily by the one-step hydrothermal
technique without surfactant. No precursor was generated
when ethylene glycol was withheld to the solution mixture and
no other cobalt salts were used. This phenomenon indicates the
importance of nitrite ligands (NO,™) and ethylene glycol in the
precipitation of the cobalt(I) precursor. The reaction might
proceed as follows

dx.doi.org/10.1021/am506660q | ACS Appl. Mater. Interfaces 2014, 6, 20729—20737
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Figure 3. (a and b) Low-magnification TEM images of Co,(CO;)(OH),-0.22H,0 nanowire bundle, (c¢) HRTEM image of a Co,(CO;)(OH),
0.22H,0 nanowire, and (d) corresponding SAED of cobalt carbonate hydroxide precursors.

4Co** + C,H,0, + NO,” + 5.44H,0 + 20,
— 2Co,(C0O;)(0OH),-0.22H,0 + 12H" + NO,”  (4)

This is the first case that demonstrates the synthesis of
microdumbbells transformed from cobalt oxide nanocubes.
Two-step solvothermal method was adopted to prepare Co;0,
nanocubes and its conversion to hierarchical dumbbell cobalt
carbonate hydroxide. Again, the cobalt precursor could not be
formed without the addition of ethylene glycol into the solvent
mixture. This highlights the crucial role of ethylene glycol in
redissolution of Co3;0O, nanoparticle, anisotropic growth of
nanowire along the [100] direction and final conversion to the
brush-like cobalt precursor. The process might be elaborated
via modified Ostwald ripening and Kirkendall effects with
cobalt ions of different oxidation states as follows

4Co,0, + 3C,H,0, + NO,™ + 60,

— 6Co,(CO,)(OH),-0.22H,0 + NO,~ + 1.68H,0

)

The dissolution of the cobalt oxide and the progressive
conversion to the cobalt carbonate hydroxide nanowire could
be perceived as outward diffusion and condensation. This
phenomenon can be attributed to the modified Ostwald
ripening and Kirkendall effects. To investigate the effect of
time, products at different reaction stages were collected and
characterized. The as-prepared samples were characterized by
FESEM and XRD. Structural changes are clearly observed in
Figure 4. At the early stage of reaction (1.5 h), the nanocubes

remain relatively intact in spite of a certain degree of peripheral
etching. All the XRD peaks of the products retrieved at the
stage can be attributed to Co;0,. At 3 h, we can observe the
onset of the transformation of morphology. When reaction
time is maintained at 3—6 h, dissolution of the core of the
nanocube is clearly observed, which leads to the radial growth
and splitting of the nanowire. Since the outward diffusion of
cobalt (II, III) oxide at the core of the nanocube is faster than
the inward diffusion of Co(IIl) ions, void spaces are formed
between the first-generation nanowires. In the XRD spectrum
of the product at 6 h, diffraction peaks of Co,(CO;)(OH), start
to appear at 26 = 33.8° and 39.5°, which are assigned to two
dominant planes of (221) and (231). Complete conversion was
at the reaction time of 9—12 h. It was confirmed by the XRD
characterization.

The final products of cobalt oxide spheres and dumbbells
with hierarchical microstructures can be obtained by thermal
annealing of the corresponding precursors at 300 °C for 2 h.
The shape and morphology are retained upon heat treatment to
thermally convert the cobalt precursor to cobalt oxide. This is
clearly observed in the FESEM images at different magnifica-
tions (Figure Sa,b,c,d). On top of that, the high magnification
images show that the nanowires become rougher and consist of
numerous nanoparticles with irregular shapes. In other words,
the 3D hierarchical architectures (i.e., brush-like microspheres
and microdumbbells) were constructed by nanoparticles as
primary building blocks. The complete conversion to Co;0,
was examined by XRD measurement. The result is shown in
Figure Se. Several diffraction peaks at 20 = 19°, 31.2°, 36.8°,

dx.doi.org/10.1021/am506660q | ACS Appl. Mater. Interfaces 2014, 6, 20729—20737
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Figure 4. Illustrative schematic mechanism of the growth of cobalt
precursor with dumbbell structure (al, b1, c1, d1, el) FESEM images,
and (a2, b2, c2, d2, e2) XRD spectra of products obtained at different
reaction times.

38.5°, 44. 8° 55.7°, 59.4°, 65.2° correspond to the (111),
(220), (311), (222), (400), (422), (511), (440) crystal planes
of the cobalt oxide (Co;0,, JCPDS No. 42-1467), respectively.
This result is also substantiated by Raman measurement, as
presented in Figure 5f. The Raman spectrum comprises three
major peaks at 472 cm™' (E,), S07 em™ (F,,), and 662 cm™
(Ay,), all of which are active vibrational modes of the Co;0,
crystalline phase.

TEM analysis also confirms successful thermal conversion to
cobalt oxide without substantial change in morphology.
Microstructure and nanostructure of the as-prepared cobalt
oxide were studied, and the results are presented in Figure 6.
Figure 6a,b shows low-magnification TEM images of the
representative cobalt oxide microspheres and microdumbbells,
respectively. TEM images of nanowire bundles (Figure 6¢c) and
individual nanowires (Figure 6d) generated by intensive
sonication illustrate the fact that thermal decomposition of
the cobalt precursor is accompanied by release of gases and the
formation of a porous structure. This type of porous structure is
believed to be very beneficial to electrolyte diffusion and
electron transport in supercapacitor applications. The HRTEM
image (Figure 6e) of area indicated by the yellow square in
Figure 6d shows some visible lattice fringes with interplanar
distances of 0.46, 0.28, and 0.24 nm corresponding to the

(111), (220), and (311) planes of polycrystalline Co;0,, as
supported by its SAED analysis illustrated in Figure 6Ge.

Further pore structure characterization was also performed,
shown in Figure S2, Supporting Information. The surface areas
of cobalt oxide with different structures are derived from
nitrogen adsorption/desorption isotherms and calculated to be
70.8, 60.7, and 4.1 m*> g~" for microdumbbell, microsphere, and
nanocube structures, respectively. The larger surface area of the
cobalt oxide microdumbbell is expected to result in better
electrochemical performance than the other two structures. On
the other hand, pore size distributions were determined from
the desorption curve. Dumbbell and sphere microstructures
have average pore sizes of 8.1 and 9.0 nm, respectively,
indicating their mesoporous nature.

Electrochemical performances of the as-prepared materials
were investigated by cyclic voltammogram (CV) and
galvanostatic charge—discharge (chronopotentiometry) techni-
ques in a 6 M KOH electrolyte. A supercapacitor electrode
made of cobalt oxide stores energy mainly through reversible
redox reactions as follows

Co,0, + OH™ + H,0 < 3CoOOH + e~ 6)

)
Clear oxidation and reduction peaks are observed from the

CV curves of three different Co;0, structures at a scan rate of
10 mV s~' (Figure 7a). CV measurements also allow us to
confirm pseudocapacitive behaviors of the as-prepared electro-
des which are clearly different from electrical double-layer
capacitors (EDLCs) with a CV curve resembling ideal
rectangular shape.**** The area under the CV curve of the
Co30, microdumbbell electrode is larger than those of the
Co30, microsphere and the Co;0, nanocube, indicating the
superior supercapacitive performance of the Co;0, micro-
dumbbell as compared to the other two structures. Maximum
specific capacitances of the Co0;0, microdumbbell, micro-
sphere, and nanocube electrodes are derived from charge—
discharge measurements at 1 A g~' (Figure S3, Supporting
Information) and determined to be 407.5, 350.9, and 246.6 F
g™, respectively. From above measurements, conclusion can be
drawn that pseudocapacitive properties of as-prepared products
are morphology dependent. Similar finding was reported in>®
where the authors developed a facile strategy to synthesize
hydrotalcite-like a-Co(OH), as the precursor to generate
Co;0, with nanostructures. The main focus in this study was to
tune interlayer chemistry and morphology of a-Co(OH),,
which, in turn, resulted in significant enhancement in
supercapacitive performance of Co;0, nanostructure.

Rate capabilities of three types of electrodes were compared
by measuring specific capacitance at different current densities
in the range of 1—6 A g'. The result is shown in Figure S4
(Supporting Information). Taking the specific capacitance value
at 1 A g as original capacitance, Co;0, microdumbbell
electrode retained 100%, 90.9%, 83.6%, and 78.5% at 1, 2, 4,
and 6 A g7, respectively. The Co;0, microsphere exhibits
comparable capacitance retention of 100%, 91.2%, 84.3%, and
77.5% at 1, 2, 4, and 6 A g, respectively. Co;0, nanocube
demonstrates inferior capacitance retention of 100%, 86%,
77.3%, and 69.5% at 1, 2, 4, and 6 A g, respectively.

Figure 7b represents the CV curves of the Co3;0,
microdumbbell electrode at various scan rates in the range of
10—200 mV s~'. The increasing scan rate is accompanied by
increasing peak separations and peak currents. As an attempt to
quantify specific capacitance of the as-prepared Co;0,
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ACS Applied Materials & Interfaces

Research Article

5,000 Tpm WD 68mm

i\

)0 100nm W

Intensity (arb. units)

)
c
3
g
s
2
& oy (511) (440)
=4
S
E
(111)
I 3 T 5 T = T L T = T =
10 20 60 70

30 40 50
260 (CuKa) / degree)

472 507

T T T T
300 400 500 600 700 800

Raman shift (cm'1)

Figure 5. FESEM images of (a and b) microspheres, (c and d) microdumbbells obtained after calcination of cobalt precursors at 300 °C for 2 h. (e)

XRD spectrum and (f) Raman pattern of cobalt oxide.

microdumbbell structure, chronopotentiometry was carried out
at various current densities in a potential window of —0.1—+0.4
V in 6 M KOH solution (Figure 7c). The specific capacitances
are estimated to be 407.5, 370.5, 340.8, and 320.1 F g_1 at
current densities of 1,2, 4, and 6 A g_l, respectively. On top of
that, the symmetric semitriangular shapes in the typical
charge—discharge process at the current densities suggest
stable pseudocapacitive behavior of the electrode.”*

Cycling performance is one key factor that allows super-
capacitors to be widely used in various applications. Therefore,
charge—discharge cycling tests were carried out to study cycle
life of the as-fabricated electrodes. The cycling tests were
performed at 1 A g~' for 2000 cycles. As presented by Figure
7d, the Co;0, microdumbbell and microsphere electrodes
exhibit excellent cycle and can retain 97.5% and 96.8% of their
initial capacitance, respectively. The results indicate that the as-
prepared materials are promising candidates for supercapacitor
electrode materials. However, Co;0, nanocubes demonstrate a
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lower retention percentage of only 83.9%. Nanostructures have
high surface area and good capacitance but suffer from
inadequate stability in the first 1000 cycles.*®'* This drawback
is likely due to distortion of morphology and small particle size.
In order to overcome this issue, we purposely designed
microstructures of tunable shapes to enhance the electro-
chemical stability of supercapacitor electrode. The high stability
of Co;0, dumbbells and spheres in alkaline solution can be
attributed to three-dimensional (3D) microstructures of
nanobuilding blocks.

Electrochemical impedance measurements were carried out
in with the amplitude of the perturbation signal equal to 50 mV
to measure electrode resistance and electrolyte diffusion. The
results are presented in Figure 8. A typical electrochemical
impedance spectroscopy (EIS) curve is composed of two main
components: the semicircular loop at high frequencies
representing charge-transfer resistance of the electrode and
the straight segment at lower frequencies describing capacitive

dx.doi.org/10.1021/am506660q | ACS Appl. Mater. Interfaces 2014, 6, 20729—20737
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Figure 6. (a and b) Low-magnification TEM images of Co;0, microsphere and microdumbbell, respectively. (c) TEM image of Co;O, nanowire
bundle obtained by sonication. (d) TEM image of a representative nanowire consisting of Co;O, nanoparticles. (¢) HRTEM image of area indicated
by the yellow square in panel d, and (f) SAED images of primary Co;0, nanoparticles.

behavior. The diameters of the semicircular loops of the EIS
curves for the Co;0, microdumbbell, microsphere, and
nanocube electrodes are about 0.45, 0.51, and 0.75 Q,
respectively. This clearly illustrates that microdumbbell and
microsphere structures have a better charge transport property
than nanocubes. On top of that, the slope of straight segment of
Co;0, nanocube electrode is less than 45°, indicating that the
material may not store electrochemical energy efliciently.
Similar argument suggests that microdumbbell and microsphere
are more suitable for supercapacitor electrode materials. On top
of that, the slope of Co;0, in lower frequency region
microdumbbell electrode is higher than that of microsphere
electrode, implying that dumbbell structure can result in better

electrolyte diffusion.

B CONCLUSIONS

In this paper, cobalt oxide, Co;0, with different structures
such as dumbbell, sphere, and cube has been synthesized. The
main aim of this study is to design three-dimensional
architecture electrode by combining the desired properties of
microstructures and nanoscale building blocks. All electrodes
fabricated from Co;0, microstructures demonstrate surpris-
ingly excellent long-term electrochemical stability in alkaline
electrolyte, which fulfills our major goal. We also highlight the
intriguing formation mechanism of cobalt precursor micro-
dumbbell with addition of Co;O, nanocubes in reaction
mixture. It is postulated that modified Ostwald ripening and
Kirkendall effects are responsible for the generation of this
special 3D microstructure.

dx.doi.org/10.1021/am506660q | ACS Appl. Mater. Interfaces 2014, 6, 20729—20737
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