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ARTICLE INFO ABSTRACTS

A novel heterogenous Coz04-nanocube/Co(OH)»-nanosheet hybrid is prepared by a controllable facile one-pot
hydrothermal reaction. The resulting Co30,4 nanocubes are highly uniform in morphology, and are distributed
uniformly on the individual Co(OH), nanosheets. Such unique nanostructural features show significant
advantages for applications as flexible supercapacitor electrodes in terms of enhanced durability and
capacitance. The as-prepared electrode has offered a large capacitance of 1164 F g™* at 1.2 A g”'. When being
paired with activated carbon, the resulting flexible all-solid-state device exhibited a maximum energy density of
9.4 mWh cm™2. It is worthwhile noting that this as-assembled device showed little capacitance decay after over
5000 cycles with 97.4% retention of its original specific capacitance. Such a high performance outperforms most
metal oxides-based electrodes and shows the advantages of the hybrid strategy, which shed light on exploring
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robust and cheap electrode materials for high-performance flexible supercapacitors.

1. Introduction

Electrochemistry provides us with solutions to the severe energy
and environmental crisis facing humanity in the form of electrocata-
lysis and electrochemical energy storage. Both devices are calling for
cheap electrode materials with decent performance. As one of the most
promising energy storage devices, supercapacitors (SCs) have been
intensively investigated in the past couple of years. How to design and
synthesize novel electrode materials to achieve higher power/energy
density in SCs is the key challenge to be overcome. There are mainly
two kinds of electrode materials: carbon materials rely on charge
accumulation at the surface to store charges, whereas metal oxides and
conjugated polymers mainly rely on reversible redox reactions [1-3].
Accordingly, researchers define the capacitors based on carbon materi-
als as electric-double-layer capacitors, and the capacitors based on
reversible redox reactions as pseudocapacitors [4].

Many previous studies have confirmed that the charge storage
capacity of SCs depends on both the natural characteristics of electrode
materials and the special design of corresponding micro/nanostructure
of the electrode materials. To improve the ion diffusion and electron
transport efficiency at the electrode/electrolyte interface, extensive
strategies have been proposed to design a functional heterostucture
consisiting of the backbone support and active supercapacitive nano-
materials [5]. Different architectures, such as hybrid and core-shell
structures, have been constructed. Of these architectures, hydroxides/
oxides on graphene (carbon nanotubes) is an important and promising
approach [6,7]. The graphene backbone can provide not only enhanced
durability but also better electrical conductivity. The challenges are
how to uniformly distribute the pseudocapacitive elements on the
carbon backbone; how to control the size, phase, composition and
morphology of pseudocapacitive elements; and how to develop general
methods that apply to a wide range of pseudocapacitive materials [8].
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The hydroxides/oxides on graphene (carbon nanotubes) hybrid struc-
ture can be extended. For instance, pseudocapacitive materials, like
MnO, [9,10], Ni(OH)» [11], Nickel [12], FeO, [13], and others [14—
17], are anchored to other pseudocapacitive platforms such as metal
oxides/hydroxides, and conductive polymers in various types to form
heterogeneous nanostructures. For example, Mai et al. successfully
fabricated hierarchical core-shell MnMoO4/CoMo0O, heterogeneous
nanowires as high-performance supercapacitive materials by a mild
method, which offered a specific capacitance of 187.0 F g™! at a current
density of 1 A g'1 [18]. Hu et al. demonstrated a novel mesostructured
NiO/Ni composite, which was made of NiO/Ni heterostructure at the
mesoscale, which achieved an ultrahigh specific capacity of up to
522 C g™! at current density of 1 A g™! [19]. Wu et al. reported a novel
supercapacitor electrode composed of multicomponent MnCo>O4@
Ni(OH), belt-based core-shell nanoflowers in a facile and cost-effective
way, which exhibited a significantly enhanced specific capacitance [20].
However, synthesis of these composites generally involves lengthy
procedures with at least two or more steps, which makes the synthesis
time-consuming and thus limits their practical applications.
Furthermore, the size, phase, composition and morphology of the
dotting elements are far from controllable. Lastly, due to the presence
of defects, it is difficult to achieve uniform distribution of the dotting
elements. Thus, it is highly desirable to develop more efficient
methodology to simplify the preparation procedures.

Cobalt oxides and hydroxides have a very large theoretical pseudo-
capacitance of 3500-4600 F g~ with a potential window of 0.45V
[21]. A large number of micro/nanostructured cobalt oxide/hydroxide
materials have been synthesized by different methods, and correspond-
ing electrochemical capacitor behaviors have been investigated in the
past few years [21-24]. However, highly conductive cobalt oxides
always show small surface area, while cobalt hydroxides with high
surface area have low conductivity. Such drawback has greatly limited
the rapid development and practical application of cobalt oxides/
hydroxides as electrode materials. In this work, a controllable facile
one-pot hydrothermal methodology has been developed and hetero-
genous Co304-nanocube/Co(OH),-nanosheet hybrids (Denoted as
“Co304/Co(OH), hybrids”) with well-defined nanostructured morphol-
ogy have been successfully synthesized in one step. The controllable
uniform growth and distribution of Co30,4 nanocubes on the Co(OH)»
nanosheets results in unique well-defined surface-interface nanostruc-
tures. In addition, the Co304; nanocubes are highly uniform in
morphology, and are distributed uniformly on the Co(OH), na-
nosheets. Electrochemical measurements showed that the Co304/
Co(OH), hybrid electrode exhibited a large specific capacitance
(1164 F g™1). Besides, the as-prepared Co;04/Co(OH), hybrids with
activated carbon (AC) were paired to build a flexible asymmetric all-
solid-state supercapacitor (ASC). Inspiringly, the maximum energy
density is up to 9.4 mWh em™> with excellent cycle stability even after
5000 cycles, which outperforms most metal oxides-based electroche-
mical energy storage devices ever reported.

2. Experimental section
2.1. Material preparation

2.1.1. Typical synthesis of heterogeneous Co30,/Co(OH). hybrids

For 0.291 g, Co(NO3),-6H,0 (1 mmol) was dissolved in 20 mL
0.1 M NaOH solution. The above solution was transferred into 100 mL
autoclave with a Teflon liner at 100 °C, and kept for 12 h. The obtained
product was filtered, and then washed with H,O and ethanol for several
times. At last, the sample was dried naturally in air.

2.1.2. Typical synthesis of Co304 nanocubes

0.291 g, Co(NO3), 6H,0 (1 mmol) was dissolved in 20 mL 0.1 M
NaOH solution. The obtained solution was transferred into 100 mL
autoclave with a Teflon liner at 200 °C, and kept for 24 h. The obtained
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product was filtered, and then washed with H»O and ethanol for several
times, and dried naturally in air.

2.1.3. Typical synthesis of Coz04 microplates

0.291 g, Co(NO3)> 6H-0O (1 mmol) was dissolved in 20 mL H5O.
Meanwhile 2 mL octadecenylamine and 10 mL ethanol were mixed
together to form a homogeneous mixture, which was added into the
above Co(NOj), solution under stirring for 30 min to form a green
mixture. The obtained mixture was transferred into 40 mL autoclave
with a Teflon liner, and kept at 180 °C for 12 h. The resulting product
was filtered, and then washed by H,O and ethanol for several times,
and dried in the air naturally.

2.1.4. Typical synthesis of Co304+Co(OH), hybrids

0.020 g Co304 nanocubes and 0.180 g Co(OH), microplates were
dispersed into 20 mL ethanol, and then was stirred for 60 min to form
a black mixture. The obtained mixture was filtered, and dried in air
naturally.

2.2. Characterizations

The products were tested by X-ray diffraction (XRD) on a Rigaku-
Ultima III with Cu K radiation (A=1.5418 A) for the phase analyses.
Field-emission scanning electron microscope (FE-SEM, JEOL JSM-
6701F) and transmission electron microscopy (TEM, JEM-2100) were
used for observing the morphology of the samples at an acceleration
voltage at 5.0kV and 200 kV, respectively. Nitrogen adsorption-
desorption properties of the samples were measured on the Gemini
VII 2390 Analyzer using the volumetric method at 77 K. The specific
surface area was obtained by the Brunauer-Emmett-Teller (BET)
method from the N, adsorption-desorption isotherms. Atomic force
microscope (AFM, Benyuan-CSPM4000) images were also measured.

2.3. Electrochemical measurements

2.3.1. Fabrication of working electrodes

Activated materials (The heterogeneous Co304/Co(OH), hybrids,
Co304 nanocubes, Co(OH), microplates or Co304+Co(OH), hybrids),
acetylene black, and polytetrafluoroethylene (PTFE) were well mixed to
form a mixture with a weight ratio of 80:15:5. Then we coated such
mixture on the nickel foam (The area=1x1 cm?), and pressed the nickel
foam to a thin foil with a pressure of 5.0 MPa. It is about 5 mg for the
weight of activated materials.

2.3.2. Electrochemical characterization on working electrodes

Electrochemical measurements were carried out on an electroche-
mical working station (CHI 660D, Shanghai Chenhua) in a three-
electrode system. The platinum electrode was as a counter electrode,
and the Hg/HgO electrode was the reference electrode in the three-
electrode system. We firstly blew Ar gas into the solution for removing
O, gas before electrochemical testing. The electrolyte solution was
3.0 M KOH solution. Cyclic voltammetry and galvanostatic charge-
discharge methods were applied for confirming the capacitive behavior
of working electrodes.

2.3.3. Assembling of flexible ASC devices

Firstly, the polyethylene terephthalate (PET) film was plated with a
Pt layer with the thickness of 3—5 nm, and then the activated materials
were coated on the PET film. The activated materials (containing
positive electrode materials: Co304/Co(OH), hybrids-3.1 mg, Co304
nanocubes-2.8 mg, Co(OH)» microplates-2.6 mg or Co304+Co(OH)»
hybrids-2.9 mg; and negative electrode material: activated carbon)
were mixed in the same way as that in the three electrode system,
which were applied as the working electrode after naturally drying. The
weight ratio of the negative electrode to the positive electrode is 1:6.5.
The gel electrolyte was obtained as follows: 1.52 g poly(vinylalcohol)
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Fig. 1. a,b) SEM images of as-prepared Co304/Co(OH), hybrids, ¢) AFM image, Inset-corresponding height section image, d) TEM image, and e,f) HRTEM images, Inset-SAED

patterns.

(PVA), 2.13 g KOH, and 15 mL H,O were well mixed at 75 °C for
30 min, and dropped onto the obtained cool gel to cover the activated
material. After 5-10 min, a layer of solid electrolyte was formed, and
then two pieces of as-prepared electrodes with solid electrolyte were
pressed together. Namely, the flexible ASC device was successfully
fabricated.

3. Results and discussion

The phase and crystal structure of the as-prepared products were
analyzed by X-ray diffraction (XRD) patterns (Fig. S1a). The typical
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diffraction peaks in XRD patterns are in good accordance with Coz04
(JCPDS cards No.71-0816) and Co(OH)», (JCPDS cards No.74-1057).
However, there are only two weak peaks (Marked by “*”) of Co304,
which indicates that only a tiny amount of the Co304 has been formed.
On the contrary, most of the strong peaks are indexed to Co(OH),.
More importantly, Co304/Co(OH), hybrids have been successfully
prepared by a facile and simple one-pot hydrothermal methodology
without any surfactants (Detailed information is shown in the experi-
mental section).

As shown in Fig. 1, the morphology of as-prepared samples was
measured by field emission scanning electron microscopy (FESEM),
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Fig. 2. Electrochemical results of as-prepared electrodes (The Co304/Co(OH)» hybrids, Co;04 nanocubes, Co(OH)» microplates and Co304+Co(OH)» hybrids), a) CV curves with a scan
rate at 10 mV s™'; b) Galvanostatic charge-discharge curves at a current density 1.2 A g, 0.0-0.41 V; c) The specific capacitance changing vs. different current densities from 1.2 A g™*

to 15 A g™, and d) Cycling performance at 1.2 A g™* for 6000 cycles.

atomic force microscopy (AFM), and transmission electron microscopy
(TEM). From Fig. 1a, it is seen that the Co30,4/Co(OH), hybrids have
been obtained, and the size of a single hybrid is about 2.5-3.0 um.
Clearly, there are many Coz04 nanocubes distributed on the Co(OH),
nanosheets as shown in Fig. 1b and these Co304 nanocubes show the
size of 60 nm. Interestingly, the thickness of the Co(OH), nanosheet
can also be determined by AFM. According to the analysis of the height
profile in Fig. 1c¢, the thickness of the Co(OH), nanosheet is observed to
be 22 nm. To evaluate the thickness of Co(OH), nanosheet directly,
high magnification SEM images from the lateral view of the nanosheet
have been recorded as supplied in Fig. S2. It is estimated that the
thickness of Co(OH)», nanosheet is also about 20 nm from the SEM
images. Furthermore, the hybrid structure is further confirmed by TEM
as shown in Fig. 1d-f. Co304 nanocubes are uniformly distributed on
the Co(OH), nanosheet with nearly no aggregations as shown in
Fig. 1d. The HRTEM images of the surface-interfaces of the Co304/
Co(OH)> hybrid are shown in Fig. 1e and f. The measured distance of
neighboring lattice fringes in the left of Fig. 1f is 0.28 nm, correspond-
ing well to the (220) lattice spacing of Co304. Furthermore, the other
neighboring lattice fringe distance in the right of Fig. 1f is 0.24 nm,
according well with the (011) lattice spacing of Co(OH)». Moreover, the
good crystalline characteristics of Co304 and Co(OH), are further
confirmed by the selected area electron diffraction (SAED) pattern as
shown in the up-right-inset of Fig. 1f. Because Co(OH), is very
sensitive to the reaction temperature, Co(OH), nanosheets are easily,

instantaneously transformed into CoOy with increasing the tempera-
ture or prolonging the reaction time. In our trials, we found that it was
difficult to adjust the size or content of Co304 nanocubes via changing
the hydrothermal conditions for the resulting hybrids.

For the comparison, we have synthesized Co304 nanocubes and
Co(OH), microplates (Detailed information seen in experimental
section) respectively. Intererestingly, we have also mechanical mixed
Co304 nanocubes and Co(OH), microplates together with the mass
ratio of 10:90, and the obtained mixture is named by “Co304+Co(OH),
hybrids”. The corresponding SEM images and XRD patterns are shown
in Figs. S3 and S4. The typical diffraction peaks in the XRD patterns
are also in good accordance with Co304-JCPDS cards: no. 71-0816 in
Fig. S3a, and Co(OH),-JCPDS cards: no. 74-1057 in Fig. S3b. The XRD
patterns of Co304+Co(OH), hybrids are indexed to two phases of
Co(OH), and Co304 in Fig. S3c. Interestingly, the size of Coz04
nanocubes is about 60 nm in Fig. S4ab, and that of Co(OH),
microplates is about 3.0 um in Fig. S4c,d, whose sizes are according
with those of the Co304/Co(OH), hybrid structure. It is reasonable for
the comparison in the same micro/nanoscale. However, some Co304
nanocubes have got together in Fig. S4e, while some Co(OH), micro-
plates without any Co304 nanocubes due to the mechanical mixing in
Fig. S4f.

Brunauer-Emmett-Teller (BET) measurements have been used to
obtain the pore size distribution and porous information of the
samples. The as-prepared Co304/Co(OH), hybrids, Co(OH), micro-
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Fig. 3. Electrochemical results of as-prepared flexible ASC devices (Co304/Co(OH), hybrids//activated carbons, Coz04 nanocubes//activated carbons, and Co(OH), microplates//
activated carbons, and Co30,4+Co(OH), hybrids//activated carbons): a) Charge-discharge curves at 0.5 mA cm~2 of as-prepared devices in different potential windows, b) The specific
capacitance was calculated based on the data in a, ¢) Cycling performance at 0.5 mA em ™2 for 5000 cycles, and d) As-prepared ASC devices under different bending degrees (0°, 90°, 180°

and “S”), and each bending degree with 100 cycles.

plates, and Co304+Co(OH), hybrids present a distinct hysteresis in the
range of 0.75-1.0 P/PO as shown in Fig. S5a, indicating that the
presence of pores is possibly formed by the stacking of component
nanoparticles. The BET surface area of Co304/Co(OH), hybrids
(56.8 m? g‘l) is close to that of Co(OH), microplates (69.3 m? g'l)
and Co304+Co(OH), hybrids (59.3 m? g~1), but it is larger than that of
Co304 nanocubes (22.9 m? g™). The corresponding curves of Barrett-
Joyner-Halenda (BJH) pore size distribution (Fig. S5b) suggest that the
average pore size of Co304/Co(OH), hybrids is about 15 nm, while few
pores are observed in other three samples. Generally speaking, a large
number of mesopores always play a critical role in electrochemical
processes, which can effectively facilitate guest ion/molecule transport
and electrolyte penetration, contributing to an ultra-high electroche-
mical performance.

To confirm the formation of the Co304/Co(OH)> hybrids, X-ray
photoelectron spectroscopy (XPS) analysis of Co304/Co(OH), hybrids,
Co304 nanocubes, Co(OH), microplates, and Co304+Co(OH), hybrids
was conducted (Fig. S6a). The peak at around 781.2 eV is attributed to
Co 2p3/2 for Co(OH), microplates, indicating the only valence state of
Co is Co(II). What is more, the peaks of Co304/Co(OH), hybrids,
Co304 nanocubes, and Co3z04+Co(OH), hybrids are also observed at
around 780.1 eV, which means that Co(II) and Co(III) co-exist in this
system. In the Co 2p spectra as shown in Fig. S6b,c, two major peaks
were recorded with a spin-energy separation of 16.1 eV for Coz04/
Co(OH), hybrids and 15.7 eV for Co304+Co(OH), hybrids, which
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suggests that the density of the electron cloud around Co is different.
What's more, this different electron cloud density is likely to affect the
electron transfer in the electrochemical process. The XPS analysis has
indirectly confirmed the formation of the Co30,4/Co(OH), hybrid, and
the hybrid shows synergistic effect between the respective features of
the constituents.

In a three-electrode system, cyclic voltammogram (CV) curves of
the as-prepared Co304/Co(OH), hybrid, Co304; nanocube, Co(OH),
microplate, and Co304+Co(OH), hybrid electrodes at a scan rate of
10mV s~ in the potential range of 0-0.41V (vs. Hg-HgO) were
obtained as shown in Fig. 2a. The electrolyte was 3.0 M KOH solution.
From the shapes of these curves, the as-prepared electrodes mainly
offer pseudocapacitive behavior which differs from the electric double-
layer behavior. Obviously, the surrounding area from the CV curve of
Co304/Co(OH), hybrid electrode is larger than that of Co304 nanocube
electrode, Co(OH)», microplate electrode, and Co304+Co(OH), hybrid
electrode. The charge-discharge curves of the as-prepared electrodes
are measured at 1.2 A g™, It was also found the charge-discharge curve
of the Co304/Co(OH)> hybrid electrode shows the longest charge-
discharge time as shown in Fig. 2b. By means of changing the current
density from 1.2 to 15.0 A g™}, the corresponding specific capacitance
was still 478 Fg~! at 15.0 A g™! as shown in Fig. 2¢ (The calculation is
shown in the calculation section of the Supporting Information). The
corresponding specific capacitance was as high as 1104 Fg~! when
recovering to 1.2 A g™, demonstrating the outstanding rate capability
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of the Co304/Co(OH), hybrid electrode. Furthermore, the cycle life
stability of as-prepared electrodes has also been investigated as shown
in Fig. 2d. After 6000 cycles at 1.2 A g%, the Co304/Co(OH), hybrid
electrode shows a long-term cycle ability and the corresponding specific
capacitance is 1134 F g1, offering only 2.6% decay compared with its
initial performance. On the contrary, large decay were found for Co304
nanocube electrode (13.1%), Co(OH), microplate electrode (25.4%),
and Co304+Co(OH), hybrid electrode (14.1%) as depicted in Fig. 2d.
The stable specific capacitance can be attributed to the specific
nanostructure of the Co304/Co(OH), hybrids, providing effective ion
diffusion and charge transfer on the resulting unique surface-interface
structures.

The activated carbon was purchased from Fuzhou Yihuan carbon
company (Fuzhou, China), and the morphology of the activated carbon
is shown in Fig. S7. It is seen the activated carbon materials are
amorphous particles in ten micrometers. The galvanostatic charge-
discharge curves of the activated carbon electrode and corresponding
specific capacitances are shown in Fig. S8. The specific capacitance of
purchased activated carbon electrode was 262 F g™ when the current
density was 1.2 A g71. Thus, the mass ratio between the positive and
negative electrode was set at 1:6.5 in the as-assembled device.

Flexible ASC devices were fabricated based on the as-prepared
product and activated carbon as electrode materials (Co30,4/Co(OH),
hybrids// activated carbons, CozO,4 nanocubes//activated carbons,
Co(OH), microplates//activated carbons, and Co304+Co(OH), hy-
brids//activated carbons) according to our previously reported method
[25] (See more details in experimental section, and a simple structure
of as-prepared flexible ASC devices is shown in Fig. S9). Fig. S10 shows
CV curves of the as-prepared flexible ASC devices at different voltages
ranging from 0.0 to 0.97V to 0.0-1.40V with the scan rate of
10 mV s™'. When increasing the operating potential to 1.40V, the
largest surrounding area is from the CV curve of Co304/Co(OH)»
hybrids//activated carbons, and it elucidates the potential at which
most Faradic reactions has occurred.

As shown in Fig. 3a, galvanostatic charge-discharge curves of the
flexible ASC devices at 0.5 mA em 2 suggest that the Co304/Co(OH)»
hybrids//activated carbons have the highest charge-discharge potential
(1.40 V), which are higher than that of Co304 nanocubes//activated
carbons (1.07 V), Co(OH), microplates//activated carbons (0.97 V)
and Co304+Co(OH), hybrids//activated carbons (1.28 V). According
to the equation E=0.5 CxV? (Where E is the stored energy, C is the
specific capacitance and V is the operating voltage. Detailed informa-
tion is shown in calculation section in Supporting Information), the
amount of the stored energy of the flexible ASC device (The operating
voltage is 0—1.40 V) can be enhanced by at least 2.08-fold compared
with those of Co(OH), microplates//activated carbons with the oper-
ating voltage of 0—0.97 V. Subsequently, specific capacitances of as-
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prepared devices with different current densities are shown in Fig. 3b
(The calculation is shown in calculation section in Supporting
Information). The specific capacitance of the Co0304/Co(OH)> hy-
brids//activated carbons can reach 210 mF cm™ when the current
density is 0.3 mA ecm™2, much better than that of Co304 nanocubes//
activated carbons (111 mF cm™2), Co(OH), microplates//activated
carbons (43 mF cm~2) and Co304+Co(OH), hybrids//activated carbons
(133 mF cm™2). Interestingly, at the current density of 10 mA cm ™2, the
flexible Co304/Co(OH), hybrids//activated carbons ASC device offers
good rate capability by maintaining the capacitance of 159 mF cm 2.

Cycling life of the ASC device is crucial in practical application.
Therefore, cycling tests of as-prepared ASC devices after 5000 cycles
are performed as shown in Fig. 3c. Obviously, the capacitance of the
Co304 nanocubes//activated carbons device and Co(OH), micro-
plates//activated carbons devices decreased after 5000 cycles, while
the Co304/Co(OH), hybrids//activated carbons device showed little
decay (2.4%). Coulombic efficiency of as-prepared flexible ASC devices
is shown in Fig. S11. The flexible Co304/Co(OH), hybrids//activated
carbons ASC device offers a good coulombic efficiency (94%) even after
5000 cycles. To measure the flexibility of the as-prepared ASC devices,
the as-prepared ASC devices were tested under different bending
degrees (0°, 90°, 180° and “S”) for each 100 cycles. It is clear that
as-prepared ASC devices showed good flexibility, enabling the as-
prepared ASC devices to work well under flexible conditions.

Power density and energy density of the as-prepared ASC devices
are depicted in Fig. 4, in comparison with recent results of super-
capacitor devices [26—37]. The Co304/Co(OH)» hybrids//activated
carbons device exhibited a peak volumetric energy density of
9.4 mW h cm™3. Additionally, the peak power density of the flexible
ASC device was 354 mW cm ™2 at 10.0 mA cm 2. The maximum energy
density ‘of Co304/Co(OH), hybrids//activated carbons device was
larger than those shown in Fig. 4. Furthermore, the as-prepared
flexible Co304/Co(OH), hybrids//activated carbons device in this work
outperforms most recent results in terms of the maximum power
density including Ni@NiO//Graphene [26], Graphene// Graphene
[29], TiN//TiN [30], VN//VN [31], ZnO@MnO,//Zn0@MnO, [32],
ZnO@MnO,// Graphene [33], MnO,//Fe,03 [34], NiO//C [35], and
PANI//WO,@MoOy [37], while it is lower than those of some other
devices, such as (Ni(OH),//FDU15 [27], MnO,/Au [28], and Co304//
Graphene [36]) as shown in Fig. 4. More importantly, the weight of
Co030,4@Co(OH), hybrids//activated carbons device is so light that it
can be held by the dandelion flower as shown in Fig. S12. A red light-
emitting diode (LED) can be powered for 5 min after the Co30,/
Co(OH), hybrids// activated carbons device was only charged for 30 s
as illustrated by Fig. S13.

The Co304/Co(OH), hybrids//activated carbons device was further
assembled either in series or in parallel to meet specific energy needs
for different applications. Charge-discharge curves of a single device
and four flexible ASC devices (Co304/Co(OH), hybrids//activated
carbons in series at 0.5mAcm > are plotted in Fig. Sl4.
Interestingly, the charge-discharge voltage window for the four devices
connected in series is approximate four times that of a single device.
What's more, The charge-discharge time is four times as long as that
for a single device as illustrated in Fig. S15 that shows the galvanostatic
charge-discharge curves for a single device and four flexible ASC
devices (Co304/Co(OH), hybrids//activated carbons) in parallel at
2.0 mA cm™2.

It is obvious that the as-prepared Coz04/Co(OH),> hybrid demon-
strated good energy-density as an electrode material for flexible ASCs.
The electrochemical impedance spectrum of as-prepared devices were
in the frequency of 0.01-10° Hz under the open-circuit circumstances
at room temperature, as shown in Fig. S16. The high region part of EIS
(100000-100 Hz) is shown in Fig. S16a and the equivalent circuit for
the electrochemical impedance spectrum is shown in the inset of Fig.
S16a. Besides, the charge-transfer resistance (R.,) of this device was
calculated by the ZsimpWin software. The Coz04/Co(OH)» hybrids//
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activated carbons exhibited a low value of R.,~-75 Q similar to that of
Co304 nanocubes//activated carbons device (R.-71Q), Co(OH),
microplates//activated carbons device (Ro~105 Q) and
C0304+Co(OH)> hybrids//activated carbons device (R.-83 Q). The
probable reasons are as follows: 1) Due to the coexistence of Co304
nanocubes, the Co304/Co(OH), hybrids//activated carbon device has
smaller charge-transfer resistance than the single Co(OH), micro-
plates//activated carbon device. 2) The Co304/Co(OH), hybrids can
offer larger specific capacitance than that of Co304 at the same weight.
The possible charge-discharge mechanism for Co30,4 and Co(OH), is as
following:

C0304+0H =H,0+3CoO0H+e" €h)
Co(OH),+0H =CoOO0H+H,0+e~ )
CoOOH+OH =Co00,+H,0+e" 3)
C030,4+40H"=3C00,+2H,0+4e" Q)
Co(OH)»+20H =C00,+2H,0+2e~ 5)

Egs. (4) and (5) are full electrochemical charge-discharge mechan-
ism equations of Co304 and Co(OH),, respectively. When the potential
window is 0.45 V, the maximum theoretical capacitance of Co(OH), is
4613 F g™!, which is much better than that of the maximum theoretical
capacitance of Co304 (3561 F g™1). Clearly, when the weight of the
activated materials is the same, Co(OH), can offer larger specific
capacitance than that of Co3;04. Interestingly, although both Coz04
nanocubes and Co(OH), microplates were noticed for the
Co0304+Co(OH)> hybrid, the conductivity of the Co304+Co(OH)s
hybrid electrode has not been much improved as depicted in Fig.
S16. The hybrid obtained from the mechanical mixing is not stable
which also offers a low coulombic efficiency as shown in Fig. S11. In
contrast, the Co30,4/Co(OH), hybrid structure can largely increase the
electrode conductive ability and its electrochemical capacitance.

4. Conclusions

In summary, a heterogeneous Co304/Co(OH), hybrid was success-
fully prepared by a controllable facile one-pot hydrothermal reaction.
The results show that the Coz04 nanocubes are highly uniform in
morphology, and are distributed uniformly on the individual Co(OH)»
nanosheets. Such unique nanostructural features show significant
advantages for applications as flexible supercapacitor electrodes in
terms of enhanced durability and capacitance. The as-prepared elec-
trode has offered a large capacitance of 1164 Fg™! at 1.2 A g~'. When
being paired with activated carbon, the resulting flexible all-solid-state
device exhibited a maximum energy density of 9.4 mWh cm™>,
manifesting superior performance over those of Co304 nanocubes//
activated carbon ASC device and Co(OH), microplates//activated
carbon ASC device, which resulted from the novel surface-interface
structure of the Co304/Co(OH), hybrid. It is worthwhile to mention
that this as-assembled device offered little capacitance decay after over
5000 cycles. The retention of specific capacitance was 97.4%. In
addition, the Co304/Co(OH)> hybrids//activated carbon ASC device
showed excellent bending stability from 0° to 180°. Owing to the
benefits of a simple synthetic process, facile fabrication and excellent
performance, the Co0304/Co(OH), hybrids//activated carbon ASC
device shows promising features for flexible, portable and lightweight
electronic applications. By virtue of the versatility of metal oxide and
hydroxide, the synthesis methodology presented here can be extended
to the preparation of other metal oxide and hydroxide derived
functional materials toward energy storage and conversion.
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