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Abstract

Porous nanoflower-like Co;0, material on conductive nickel foam substrate was synthesized by hydrothermal reaction
combined with thermal decomposition method. The effects of surfactants on the morphology and electrochemical proper-
ties of Co;0, electrodes were investigated. The Co;0, electrodes modified with SDS, PVP and CTAB surfactants exhib-
ited nano-flower, nano-rod and honeycomb array structures, respectively. Compared with PVP and CTAB, the addition
of SDS surfactant can promote the connection of nanostructures in the solution-recrystallization process, provide a large
activity area, and reduce the crystallinity of materials. In addition, SDS inserted into the interlayers is decomposed to
form the hierarchical flower-like structure. The Co;0,-SDS sample displayed superior electrochemical properties. At the
current density of 1 A g~!, the specific capacitance of Co;0,-SDS was 1150 F g~ '. The specific capacitance retention was
74% after 5000 charge-discharge cycles at the current density of 8 A g~!. The maximum energy density of the assembled
Co0;0,-SDS//AC supercapacitor reached 30 Wh kg~! even though the power density was 813 W kg~ '. The energy density

remained 9.0 Wh kg™! as the power density increased to 16,200 W kg™ '.
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1 Introduction

Nowadays, it is urgent to solve the energy dilemma by look-
ing for an advanced energy storage mode. Because of the
advantages of fast charging and discharging, high power
density, and excellent cycling performance[l, 2], etc.,
supercapacitors have become promising new energy storage
devices, which were classified as double-layer capacitors
(EDLCs) and pseudocapacitors according to the mecha-
nism of charge storage. The former store charges through
the non-Faradaic process, whereas the latter store charges
through the rapidly reversible Faradaic process[3]. The
primary electrode materials for pseudocapacitance include
metal hydroxide, metal oxide, etc. Co;0, material with spi-
nel structure has been extensively studied in the fields of
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lithium-ion batteries and supercapacitors owing to its high
theoretical capacity (3560 F g™!) [4]. Co;0, can interact
with the ions of the electrolyte, so that it shows outstand-
ing electrochemical performance in both electrolytes and
organic electrolytes[5]. It is well known that the perfor-
mance of supercapacitors is influenced by the crystallinity,
shape and specific surface area of the electrode. For exam-
ple, the hybrid electrodes of NiO-Co;0,/graphene oxide
composites provide high surface area, and the graphene
sheets in the electrodes not only increase the surface area
and the conductivity [6]. The in situ synthesis of heteroge-
neous structures grown on MXene substrates is proved to
be effective in preventing the restacking of nanosheets and
shortening the ion migration distance[7].

Recently many researchers have focused on nanoscale
Co,0, materials with different morphologies, which possess
a high active surface area, the short pathway for electron
and ion transfer, etc[8—10]. Wang et al. synthesized Co;0,
nanowire materials by reduction, and the obtained materials
have the large specific surface area and provide abundant
active sites for redox reactions[11]. Hoa LT et al. have syn-
thesized Co;0, with flower-like structure by one-pot hydro-
thermal method[12], which were assembled by 3D layered
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nanosheets with mesoporous structure. High porosity and
fast penetration of the Co;0, electrolytes increase effec-
tively the kinetic rate and facilitated the charge transfer.

It is well known that the addition of surfactants during
the preparation process can regulate the microstructure and
surface topography of materials effectively[13, 14]. The dif-
ferent morphologies and pore structures will affect electro-
chemical performance. Ail et al. prepare Sn-doped Co;0,
nanorods with the surfactant of PVP. In order to obtain the
optimal sample morphology, the degree of PVP decomposi-
tion is changed by varying the calcination temperatures[15].
Babu R S et al. synthesized copper-cobalt oxide nanosheets
with the hydrothermal synthesis. The surfactant of PVP was
used as the morphology control agent, and the obtained
porous nanosheet structure exposed a significant number of
active sites with uninterrupted electron transfer[16]. Rajesh-
khanna G et al. synthesized nested cobalt oxide nanowires
by SDS and performed the good electrochemical stability
due to the unique pore structure of the material[17]. Xu,
Y] et al. prepared NiCo,0,/GO by co-precipitation method
with the assistance of SDS simultaneously. This method
took advantage of the longer molecular chain of surfactant
SDS, which can reduce the surface tension of the particles
and prevent the solute aggregation[18]. Amirtharaj S N et al.
obtained the rod-shaped Mn,0O; sample adjusted with CTAB
surfactant, and the specific capacitance of Mn,0; was 647 F
g~ ! at the current density of 1 A g”'[19]. Another way to
enhance charge storage in capacitors is to avoid using bind-
ers or external carbon sources to fabricate electrodes, since
the layered three-dimensional structure provides a large
active surface allowing for rapid electron transfer. C'Y Du et
al. grew the ZnCo,O, electrode material directly on a con-
ductive substrate, avoiding the conductive agent and binder
forming an inactive surface during the typical paste press-
ing process and enhancing the interface contact between the
active material and the collector[20].

In this paper, porous Co;0, nanoparticles on the nickel
foam subtract were grown in situ by hydrothermal and ther-
mal decomposition methods. Different Co;0, electrodes
were obtained by altering the types of surfactants. The
effects of surfactants on the morphology and electrochemi-
cal performance of Co;0, were analyzed by XRD, SEM
and electrochemical performance tests. To study the actual
applications of Co;0,, the all-solid-state ASC device was
assembled with the Co,0, electrode material as the positive
electrode, AC electrode as the negative electrode, and PVA/
KOH as the gel electrolyte, respectively.
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2 Experimental
2.1 Preparation of Co;0, nanomaterials

1.45 g of cobalt nitrate hexahydrate (Co (NO);*6H,0) and
1.0 g of surfactant (SDS, PVP or CTAB) were dissolved in
40mL methanol solution, and stirred until the solution was
uniform. A piece of NF (3 cmx5 cm) was immersed in the
above solution, then transferred to the Teflon autoclave and
reacted at 180°C for 10 h. After the reaction, the NF was
removed from the reactor, washed with anhydrous ethanol
and deionized water successively, and dried at 80°C over-
night. Co;0, nanoparticles were obtained by calcination of
the above samples in the Muffle furnace for 2 h at 400°C (see
Figure S1). The synthesized Co;0, products were labeled as
Co0,0,-SDS, Co0;0,-PVP and Co;0,-CTAB corresponding
to different surfactants used.

2.2 Characterizations

The Co,0, series products were used for examination by
scanning electron microscope (SEM, JEOL JSM-7001 F,
Japan) with the test voltage of 15 kV. Energy Dispersive
Spectroscopy (EDS) was equipped to gain the informa-
tion on the chemical composition distribution. The detailed
morphological features and the structure information of the
samples were acquired by the transmission electron micro-
scope (TEM, JEOL JEM-2100 F). The lattice structure
of the samples was analyzed by X-ray diffraction testing
(XRD, PW3040/60) with the tube current and voltage of
20 mA and 40 kV, respectively. The elemental composition
and chemical valence state on the surface of the samples
were analyzed by X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi spectrometer). The specific surface area
and pore information were determined by ASAP2460 surface
area and porosity analyzer with nitrogen as the adsorbent at
77 K. The precursors were examined using the thermogravi-
metric analyzer (TGA4000) between 25 and 700 °C with the
heating rate of 10 °C/min under air atmosphere.

2.3 Electrochemical measurements

The electrochemical performance of the Co;0, samples
were measured in a three-electrode system on the electro-
chemical workstation (CHI 660D workstation, Shanghai
Chenhua). The samples, platinum foil and HgO/Hg elec-
trode were used as the working electrode, counter electrode
and reference electrode, respectively. 2 M KOH aqueous
solution was used as electrolyte. The Co;0, on nickel foam
(~1.33 mg cm™2 for all three samples) were used directly
as electrodes without conductive additives and binders.
Cyclic voltammetry (CV) curves and the galvanostatic
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Fig. 1 Schematic illustration of the Co;0, electrode with different morphologies
. 2
charge-discharge (GCD) measurements were performed E— 0.5 x Cp x AV 3)
at the current densities range of 1-20 A g~! with the volt- 3.6
age between 0 and 0.6 V, respectively. Furthermore, elec-
trochemical impedance spectroscopy (EIS) analyses were P= £ x 3600 4)
At

tested in the frequency range of 100 kHz to 0.01 Hz.
The specific capacitance C of the electrode material is
calculated by Formula (1).

I x At

C:mxAV M

Where C is the mass capacitance of the electrode (F g™1),
1 is the discharge current(A), At is the discharge time (s),
m is the mass of the active substance (g), AV is the voltage
window of the electrode (V).

An all-solid-state asymmetric supercapacitor (SC) device
was assembled with Co;0,4-SDS electrode and activated
carbon (AC) electrode as positive and negative electrodes,
respectively, and PVA/KOH as the gel electrolyte. Accord-
ing to Formula (2), the best mass ratio of anode and cathode
materials of SC devices can be obtained:

m_ - AV+C+

Where AV, and AV_ are the positive and negative voltage
ranges (V), C, and C_ are the positive and negative specific
capacities (F g™ '), m, and m_ are the masses of the positive
and negative poles(g), respectively.

The energy density (£, Wh kg™!) and power density (P,
W kg™ !) of SC devices can be calculated by Formulas (3)
and (4):

Where C,,,At and AV are the mass capacitance of the SC
device (F g™ 1), the discharge time (s) and the voltage win-
dow of the electrode (V), respectively.

3 Results and discussion
3.1 Characterization of structure and morphology

PVP, SDS and CTAB belong to non-ionic, anionic and cat-
ionic surfactants, respectively. By adding the three different
surfactants, Co;O, materials with various morphologies can
be successfully grown on NF subtract. The schematic dia-
gram and SEM patterns of Co;0, samples are presented in
Figs. 1 and 2, respectively. A uniform high-density Co;0,
nanorod array can be obtained by using PVP as the surfactant.
This is because that PVP can coordinate with metal ions via
the -N and C=0 functional groups on the pyrrolidone ring
and guide the anisotropic growth of particles[8]. During the
dissolution and recrystallization processes, SDS surfactant
can promote the assembly of nanostructures[21],and obtain
the 3D porous high-density Co;0, nanoflowers with a diam-
eter of about 4 um. The surfactant CTAB is able to ionize
completely and produces a significant amount of CTA™ ions,
which are electrostatically attracted to the surface of Co;0,
particles and form a dense dual-layer protective film. Due to
the repulsion of the above-mentioned film, the agglomera-
tion of nucleated grains in the solution is decreased to some
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Fig.2 SEM patterns with the
low and high magnifications of
Co0;04-PVP (a, b), Co;0,-SDS
(c, d) and Co;0,-CTAB (e, f)
samples
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Fig.3 XRD patterns of Co;0, prepared with different surfactants

extent. Many flakes with the thickness of some nanometers
can link to each other and form the honeycomb.

Figure 3 displays the XRD patterns of Co;0, samples
prepared with different surfactants. The peaks at 19.69°,
31.27°, 36.85°, 44.81°, 59.35° and 65.23° are assigned to
the diffraction peaks of the (111), (220), (311), (400), (511)

N (e)

("

and (440) planes of cubic Co;0,(JCPDS No. 43-1003)[9,
10]. The XRD patterns of the three Co;O, samples showed
similar diffraction features and no other undesired peaks
were found, indicating that the addition of surfactant did
not affect the formation of Co;0, crystal. Noteworthy, the
diffraction peak intensity of Co0;0,-SDS is significantly
weaker than that of the other two Co;0, samples. It may
be due to the interaction between surfactant SDS and Co?*
ions, resulting in the decrease of crystallinity or the loss of
some lattice planes of the synthesized Co;0, product, which
will be conducive to the ion transfer of the charge-discharge
process[18].

The isothermal adsorption and desorption experiment
of N, was used to obtain the specific surface and pore size
distribution of Co;0, samples, as shown in Fig. 4. The
three Co;0, samples showed the characteristics of type IV
adsorption isotherms, confirming the existence of mesopo-
rous structures[22, 23]. The surfactants selectively adsorb
on specific crystal planes of Co;0, crystalline nucleuses
and form the mesoporous structures due to the decomposi-
tion of surfactant during the calcination[24]. The calculated
specific surface area of Co;0,-SDS is 44.8 m? g~!, larger
than that of Co;0,-PVP (36.2 m? g”!) and Co0,0,-CTAB
(17.5 m? g™ 1), respectively. Based on IUPAC categories, the
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Fig.4 N, adsorption-desorption curves and BJH pore size distributions(inset) of Co;0,-PVP (a), Co;0,-SDS (b) and Co;0,-CTAB (c)
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Fig. 5 (a) CVs, (b) GCDs and (c) EISs, (d-f) CVs at varying latent scanning rates and (g-i) GCDs at different current densities of Co;0,-PVP,

Co;0,-SDS and Co;0,-CTAB electrode

adsorption and desorption isotherms of Co;0,-SDS materi-
als show an H3-type hysteresis ring, indicating the existence
of slat-like holes in the material. The pore diameter profiles
of the samples were obtained using the BJH method. It was
found that the pore size were mostly concentrated in the
range of 2-20 nm (Fig. 4). In contrast, Co;0,-SDS material
had a larger specific area and more uniform pore size than
other Co;0, samples. This is because the negatively charged
dodecyl group in SDS can easily be attracted by Co®* ions
through electrostatic action, thus a large amount of SDS sur-
factants are inserted into the interlayer and form the hierar-
chical porous flower structure during the calcination[21]. At
the same time, SDS can be decomposed completely below
400°C, but the thermal decomposition temperature of PVP
is higher than 400°C. Fewer pores of the Co;0,-SDS were
blocked compared with those of Co;0,-PVP particles[25].
Therefore, both internal and external surfaces of flower-
like Co;0,-SDS can be fully utilized for charge transfer.
The electrochemical reaction sites are greatly increased,
thus Co;04-SDS can offer the great surface of contact
area between the active material and the electrolyte, which

facilitates electrolyte penetration, ions and electrons trans-
fer, etc.

3.2 Electrochemical characterization of Co;0,
electrodes

The electrochemical properties of Co;0, series single elec-
trodes are shown in Fig. 5. It can be seen that the CV curves
of the three Co;0, electrodes all have a pair of redox peaks,
suggesting that their capacitive characteristics are mainly
through the Faradaic reaction. The charge-storage mecha-
nism of the Co;0, electrode in KOH solution is as following
processes [26].

Co304 + OH + H20 < 3CoOOH+€ 5)

CoOOH + OH™ & CoOy + HyO + ¢ (6)

Compared with Co;0,-PVP and Co;0,-CTAB electrodes,
the CV curve of the Co;0,-SDS electrode has a higher redox
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Fig. 6 Rate capabilities (a) and cycling performance (b) of Co;0,-PVP, Co;0,-SDS and Co;0,-CTAB electrodes

peak and a larger closed area, indicating that Co,0O, material
with the three-dimensional nanoflower structure has good
electrochemical performance. GCD test results showed
that the charge/discharge profiles of the three samples had
prominent potential platforms. The specific capacitance of
the C0,0,-SDS electrode is 1150 F g~!, which is superior
to that of Co;0,-PVP (952 F g~ 1) and Co;0,-CTAB (692 F
g 1. This is due to the nanoflower arrays of Co,0,-SDS
with the advantages of the large specific area and porous
characteristics, which contribute to the electrochemical
energy storage.

Figure Sc shows the EIS curve of Co;0, series electrode
materials. The equivalent series resistance of Co;0,-SDS,
Co0,0,-PVP and Co0,0,-CTAB electrodes are 0.43, 0.61 and
0.49Q, respectively. The Co;0,-SDS electrode has the low-
est total resistance among the three electrodes. Semicircle
formed at the high-frequency range represents the kinetic
resistance of charge transport at the electrode/electrolyte
interface or the intrinsic charge transfer resistance of porous
electrodes[27]. The slope in the low-frequency region is
related to the Warburg impedance and associated with the
electrolyte diffusion in Co;0,4[9, 28]. The semicircle diam-
eter of the Co;0,-CTAB electrode in the high-frequency
region is significantly greater than that of the other two
Co0,0, electrodes, which means that the Co;0,-CTAB elec-
trode has a significant charge transfer resistance. These
results indicate that Co;0,-SDS and Co;0,-PVP electrodes
performe faster charge transfer behavior than Co;0,-CTAB
with honeycomb structure. Only the slope of Co;0,-SDS
at low frequency is close to 1, indicating that the capacitive
properties and electrolyte diffusion rate of this electrode are
best. The main reason is that the electrode with a hierarchi-
cal porous structure is able to overcome the primary kinetic
limits of the electrochemical process, benefit the electrolyte

@ Springer

to penetrate easily throughout the oxide substrate and reduce
further the diffusion resistance[27].

Figure 5(d-f) presents the CV profiles of three Co;0,
samples at different scanning rates. The specific capacitance
value decreases with increasing scan rate because there is
enough time for ion exchange in redox reactions at lower
scan rates[29]. At a higher scanning rate of 40mV s™!, no
apparent electrode polarization occurs in CV curves, indi-
cating that the three materials have good reversibility. The
CV profile of the Co;0,-SDS electrode has the highest
induced current and the largest curve-closed area among
the Co;0, series samples. Because the rapid insertions of
a large amount of OH™ ions at the electrode/electrolyte
boundary are required at higher densities of KOH electro-
lyte, the rate of this insertion process is controlled by the
diffusion step[30]. The results of EIS show that Co;0,-SDS
has lower Warburg impedance and faster diffusion rate, thus
it exhibits the quicker OH™ ions insertion rate and higher
electrochemical specific capacitance. The charge/discharge
curves of the three electrodes at current densities of 1-20 A
g~ ! show the typical nonlinear behavior, which verifies
that the charge and discharge processes of Co;0, materials
conform to the Faradaic characteristics. Under the current
density of 1 A ¢!, the specific capacitance of Co;0,-SDS,
C0,0,-PVP and Co,;0,-CTAB electrodes are 1150, 952 and
692 F g~ !, respectively. Co;0,-SDS is able to supply plenty
of active sites for Faradaic reactions due to its high surface
area.

Figure 6 studies the rate performance and cycle test of
Co;0,-PVP, C0,;0,-SDS and Co;0,-CTAB electrodes.
At the current density of 20 A g~!, the capacitance reten-
tion of the Co;0,4-SDS electrode is about 68%, which is
better than that of the Co;0,-PVP electrode (58%) and
C0;0,-CTAB electrode (50%). After 5000 cycles, the
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Fig.7 (a) XPS survey spectrum, (b) Co2p and (c) Ols XPS spectra of Co;0,-SDS sample

Co030,4-SDS electrode still maintains 74% capacitance,
while the capacitance retentions of the Co;0,-PVP elec-
trode and Co;0,-CTAB electrode are 63% and 67%, respec-
tively. This is because the petals of Co;0,-SDS nanoflowers
expand and the spatial structure between the petals becomes
closer (see Figure S4) during cycling, which can buffer the
stress generated in the continuous charging and discharging
process to a certain extent. The spatial confinement between
the petals slows down the falling of Co;0, active compo-
nents during the cycles, thus Co;0,-SDS with nanoflower
morphology shows the best cycle stability.

To further define the chemical constitution and element
valence of the nano-flowered Co;0, electrode, the XPS
characterization analysis of different Co;0, electrodes are
shown in Fig. 7. For the Co 2p XPS spectrum, two peaks
at the binding energies of 780.4 eV and 796.3 eV are
assigned to 2p;, and 2p,,, characteristic peaks of Co’*,
respectively. In comparison, two peaks of 781.9 eV and
797.8 eV are attributed to the distinct peaks of Co** spe-
cies. The XPS results show that Co?* and Co’* species can
coexist in Co;0,-SDS samples, and the redox reaction of
Co;0, charge storage depends on the continuous conversion
between Co** and Co*[26], which can provide ultra-high
Faraday activity for the Co;0,-SDS electrode. The XPS
Ols patterns of the Co;0,-SDS sample are fitted to three
peaks at 530.1, 531.5 and 532.5 eV, corresponding to the
lattice oxygen (Co-0O), surface hydroxide (Hydroxyl O) and
surface pollution or oxygen vacancy, respectively[14, 31].

The structure and phase composition of Co;0,-SDS
material was further studied by the TEM technique, as
shown in Fig. 8. Co;0,-SDS sample show nanoflower-
like particles made up of many stacked flakes. The lattice
stripes of 0.207 nm, 0.286 nm and 0.245 nm are assigned
to the (400), (220) and (311) crystallographic planes of
cubic phase Co;0,, respectively[32]. The elements of Co,
O and Ni are homogeneously dispersed on the surface of
Co0;0,-SDS through element surface scanning (h-j in Fig. 8)
[33]. Here, the presence of Ni is due to the effect of in situ
growth of the active material on nickel foam[14].

3.3 Co;0,//AC Electrochemical properties of
asymmetric supercapacitors

Figure 9 shows the electrochemical performance of the
flexible SC device assembled by Co;0,-SDS and AC elec-
trodes. The CV curves of the device have no redox peak,
and the charge-discharge patterns show apparent symmetry,
indicating that charge balance has been reached between
the electrodes of Co;0,//AC devices. The SC device shows
excellent electrochemical characteristics at high discharge
power. At the current density of 1 A g™, the specific capaci-
tance of Co;0, /AC is 83.0 F g~!. Even if the current
increases to 15 A g~!, the specific capacitance is able to
retain at 33.8 F g™ 1.

The energy density of the SC device is calculated accord-
ing to the Eqgs. (3) and (4) at different power densities, as
shown in Fig. 9d. When the power density is 813 W kg™,
the maximum energy density is 30 Wh kg~!. At the high-
power density of 16,200 W kg™ !, the Co;0,//AC device still
has 9.0 Wh kg~! energy density. According to Table 1, the
electrochemical properties of the Co;0,//AC device are bet-
ter than those of the Co;0, series supercapacitors recently
reported. After 5000 cycles, the device retained 72% of its
initial specific capacitance at 4 A g~ !, showing a remark-
able cycle life (see Fig. 9¢). Compared with the EIS curves
of SC devices before and after stability tests (see Fig. 91),
it is found that the semi circulation diameter of the EIS
curve increases significantly after the cycling, indicating
higher charge transfer resistance of the Co;0, electrode
after cycling. The morphology and structure of Co;0, cath-
ode material changed partly after the stability test, thus the
charge transfer rate of the Co;0,//AC capacitor decreased
to some extent.
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Fig.8 (a) TEM image, (b—f) HRTEM images, (g) HAADF-STEM image, and (h—j) EDS mapping images of Co;0,-SDS sample
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Table 1 Comparison of the energy densities and power densities of
various devices

Device Energy density/ Power density/ Ref.
(Whkg™) (Wkg'h

R-Co;0,/CC@NC 17.2 1546 [34]
In-Co;0,//rGO 13.51 844 [35]
Co;04/AC 16.6 833 [36]
Co;0,-NF//AC 17.9 750 [37]
Co0;0,4-250/AC 242 600 [38]
Co;0,-SDS//AC 30 813 \

4 Conclusion

Co;0, porous materials were prepared in situ on conductive
nickel foam substrate by hydrothermal reaction and subse-
quent thermal decomposition. The addition of different sur-
factants can effectively adjust the microstructure and surface
morphology of materials. Compared with PVP and CTAB,
surfactant SDS was inserted into Co;0, layers through ion
exchange and decomposed at high temperature, thus the
Co0,0, sample with the hierarchical flower-like structure
was synthesized. Co;0,-PVP and Co;0,-CTAB were nano
rod-like arrays and honeycomb arrays, respectively. The
hierarchical flower-like structure increases the active sur-
face, slows the falling of Co;0, particles from nickel foam
during the cycle and favors the electrolyte permeation and
ion/electron transport. The flower-like Co;0,-SDS elec-
trode showed excellent electrochemical properties. At the
current density of 1 A g™ !, the specific capacitance is 1150 F
g~ !. During 5000 cycles under 8 A g!, 74% of the initial
specific capacitance can still be preserved. The assembled
Co,0,//AC device shows excellent rate capability with an
energy density of 9.0 W h kg™! even at the power density
of 16,200 W kg™ !. The layered nanoflower-like Co;0, elec-
trode has great application potential as pseudocapacitance
electrode material.
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