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ABSTRACT

High power density, high energy density and excellent cycling stability are the main requirements for
high-performance supercapacitors (SCs) that will be widely used for portable consumer electronics and
hybrid electric vehicles. Here we investigate a novel type of hybrid Co(OH),/reduced graphene oxide
(RGO)/NiO sandwich-structured nanotube arrays (SNTAs) as positive electrodes for asymmetric
supercapacitors (ASCs). The synthesized Co(OH),/RGO/NiO SNTAs exhibit significantly improved
specific capacity (~1470 F'g'1 at 5mV's") and excellent cycling stability with ~98% C, retention after
10,000 cycles because of the fast transport and short diffusion paths for electroactive species, high
utilization rate of electrode materials, and special synergistic effects among Co(OH),, RGO, and NiO.
The high-performance ASCs are assembled basing on Co(OH),/RGO/NiO SNTAs as positive electrodes
and active carbon (AC) as negative electrodes, and they exhibit high energy density (115 Wh-kg™), high
power density (27.5 kW-kg™) and excellent cycling stability (less 5% Csp loss after 10,000 cycles). This
study shows an important breakthrough in the design and fabrication of mulit-walled hybird nanotube

arrays as positive electrodes for ASCs.
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1. INTRODUCTION

The ever-growing energy demand has greatly stimulated recent research on exploiting high performance
energy-storage devices.' Supercapacitors (SCs), also known as electrochemical capacitors or
ultracapacitors, have been considered as one of the most promising energy-storage devices and they can
offer a number of potentially high-impact characteristics including fast charging and discharging within
seconds (i.e., fast response time), high power density (1~2 orders of magnitude higher than that of
batteries), superior cycle lifetime (2~3 orders of magnitude better than that of batteries), and high
reliability.® SCs can be utilized in a variety of applications ranging from portable consumer electronics
to hybrid electric vehicles and to large industrial scale power and energy management.”'® Unfortunately,
the practical applications of SCs are largely hindered by the low energy density and mediocre cycling
stability because of the lack of high-performance electrode materials at a reasonable cost.''"* For
example, the specific capacitance (Cs,) of carbon-based electrode materials is generally low." The
cycling stability of transition metal oxide and conducting polymer electrodes is usually less
satisfactory.”'® Therefore, the development of SCs with high energy density and superior cycling
durability is urgent and important.

Transition metal oxides, hydroxides, and their composites are being widely explored for SCs with

increased capacity and energy density because of their high capacitance, low cost and low toxicity."”'

Among various metal oxides, NiO is a good candidate owing to its high Cp, low cost, natural abundance,
and different oxidation states of Ni.*> Metal hydroxide Co(OH), is also a good pseudocapacitive
candidate and it has attracted much interest in recent years because of their layered structure with large
interlayer spacing, good reversibility, low cost, high capacitance and well-defined electrochemical redox
activity.”> However, the electrode composed of above single material usually can not fulfill the
requirements of future electrical energy storage devices due to the inherent material limitations such as
low conductivity, low energy density and poor cycle stability during charge/discharge processes.’*>°

Recently, the hybrid electrode materials have attracted great attention for electrochemical energy storage

because of the combining unique properties of individual materials with synergistic effects, realizing the
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full potential of electrode materials in terms of performance.”’>' In order to realize the practical
applications of high-performance SCs, tremendous efforts have been devoted to rational synthesis of
orderly hybrid materials, such as hybrid nanotube arrays (NTAs), because of their fascinating synergetic
properties, multifunctionalities and fast electron and ion transmissions.’>>® However, the fabrication of
multi-layered hybrid NTAs electrodes still remains a huge challenge for SCs.

Here we realize the design and synthesis of Co(OH),/reduced graphene oxide (RGO)/NiO sandwich-
structured nanotube arrays (SNTAs). Combining NiO and Co(OH), with RGO that has extraordinary
electrical property and unusual mechanical strength to form multi-layered nanotube arrays will be an
efficient route for the performance enhancement of SCs. Such unique SNTAs architecture will provide
numerous channels for the access of electrolyte, high utilization rate of electrode material, high electrical
conductivity of electrode, and synergistic effects among Co(OH),, NiO and RGO. Electrochemical
measurements demonstrate that the Co(OH),/RGO/NiO SNTAs exhibit high Cy, (~1470 F g'1 at5 mV's'l),
superior rate capability, and excellent cycling stability. Furthermore, the high-performance asymmetric
supercapacitors (ASCs) were assembled by using Co(OH),/RGO/NiO SNTAs as positive electrodes and
active carbon (AC) as negative electrodes and the devices exhibited high energy density (115 Wh'kg'l),

high power density (27.5 kW-kg™), and excellent cycling stability (less 5% Csp loss after 10, 000 cycles).

This work constitutes the first demonstration of using Co(OH),/RGO/NiO SNTAs as high-performance

positive electrodes for ASCs.

2. EXPERIMENTAL SECTION

Synthesis of Co(OH),/RGO/NiO sandwich-structured nanotube arrays (SNTAs). All chemical reagents
were analytical (AR) grade. Electrochemical synthesis was performed in a simple three-electrode electrolytic
cell via galvanostatic electrodeposition, and a graphite electrode was used as the counter electrode (spectral
grade, 1.8 cm?). The saturated calomel electrode (SCE) was used as the reference electrode, which was
connected to the cell with a double salt bridge system. The NiO/RGO/Co(OH), SNTAs were fabricated using
the following procedures:

1) ZnO nanorod array template was electrodeposited in a solution of 0.01 mol-L" Zn(NOs),+0.05 mol-L™
3
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NH,NO; at a current density of 0.5 mA-cm™ at 70 "C for 90 min. Ti plates (99.99%, 1.5 cm?) were used as
the substrate for electrodeposition, which were prepared using the following steps before each experiment:
first, they were polished by SiC abrasive paper with coarseness ranging from 300 to 800 grits; then, they
were dipped in HCI solution (5%) for 10 min, rinsed with acetone in an ultrasonic bath for 5 min, and
finally washed with distilled water.

2) ZnO/Co(OH), core-shell nanorod arrays (NRAs) were prepared by the electrodeposition of Co(OH), onto
the surfaces of ZnO nanorods in a solution of 0.002 mol-L" Co(NOs), at a current density of 0.5 mA-cm™
at 70 "C for 1.0 min.

3) RGO layers were electrodeposited on the surfaces of ZnO/Co(OH), NRAs to form ZnO/Co(OH),/RGO
NRAs in a solution of 0.01 g-L™ graphere oxide + 0.5 mol-L" Na,SO, by galvanostatic electrolysis at 2.0
mA-cm™ for 1.5 min at 25 °C.

4) The NiO layers were further electrodeposited onto the surfaces of ZnO/Co(OH),/RGO NRAs to form
Zn0O/Co(OH),/RGO/NiO NRAs in a solution of 0.01 mol-L™ Mn(CH;COO), +0.02 mol-L™' NH,NO;+ 10%

DMSO at a current density of 0.2 mA-cm™ at 70 C for 8 min.

5) The synthesized ZnO/Co(OH),/RGO/NiO NRAs were immersed in a 5% NH;3-H,O solution for 2 h to
completely remove the ZnO nanorod array template, and accordingly the Co(OH),/RGO/NiO SNTAs were
finally fabricated. The fabricated Co(OH),/RGO/NiO SNTAs were washed with doubly deionized H,O
several times.

Characterizations of Co(OH),/RGO/NiO SNTAs. The morphologies of the synthesized Co(OH),/RGO/

NiO SNTAs were characterized using a field emission scanning electron microscope (SEM, FEI, Quanta 400),

a transmission electron microscope (TEM, JEM-2010HR) and a high-angle annular dark-field scanning TEM

(HAADF-STEM, FEI Tecnai G2 F30). The chemical composition of the Co(OH),/RGO/NiO SNTAs was

characterized by energy-dispersive X-ray spectroscopy (EDS, INCA 300) and X-ray photoelectron

spectroscopy (XPS, ESCALAB 250). All XPS spectra were corrected using the C 1s line at 284.6 eV. Curve
fitting and background subtraction were used. The samples were also characterized by Brunauer, Emmett,
and Teller (BET) nitrogen sorption surface area measurements (Micromeritics ASAP 2010). Specific

surface areas of the samples were calculated by the Brunauer-Emmett- Teller (BET) method.

Electrochemical characterizations: Electrochemical measurements of Co(OH),/RGO/NiO SNTAs were
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carried out in a standard three-electrode electrolytic cell in 1.0 mol-L"' KOH aqueous solution. A graphite
electrode was used as a counter electrode. A saturated calomel electrode (SCE) was used as the reference
electrode. The working electrode was impregnated with the electrolyte for 30 min to ensure the composite
electrode was thoroughly wet and then actived in small current with chronopotentiometric. Cyclic
voltammometry and chronopotentiometric measurements were performed on a CHI 760 D electrochemical
work-station (CH instruments, Inc.) to determine the electrochemical properties. The average specific

capacitance (Csp) determined from the cyclic voltammograms (CVs) were calculated according to Eq. (1):

1 .
Cop = v )y, 1t (1)
Where i, AV and w were the current (mA), the voltage range of one scanning segment (V), and weight of

electrode material (mg) (the mass loading is 0.20 mg), respectively. The Cy, was also calculated from the

chronopotentiometric curves according to Eq. (2).

IAt

Csp = WAV

2
Where [ was the charge/discharge current, At was the time for a full charge or discharge, w was the mass of

the active electrode material, and AV was the voltage change after a full charge/discharge.

Asymmetric supercapacitors (ASCs): ASCs were assembled using Co(OH),/RGO/NiO SNTAs (0.20 mg)
as positive electrodes, the active carbon (AC) (0.86 mg) as negative electrodes. The mass ratio between the
positive and negative electrode is obtained via following equation: m,/m =C_V_/C,V. (C; and C_is the Cy, of
Co(OH)»/RGO/NiO SNTAs and AC electrodes, respectively. V., and V_ is the voltage range of one scanning
segment of Co(OH),/RGO/NiO SNTAs and AC electrodes, respectively). The TF45 (NKK) membrane was
used as separators. The negative electrode was prepared as follows: firstly, the AC, acetylene black and poly-
tetrafluoroethylene (PTFE) powers with mass proportions (%) of 80:10:10 were dispersed in 1-Methyl-2-
pyrrolidinone (NMP) to produce a homogeneous paste by magnetic stirring. Then the resulting mixture was
coated onto nickel foam substrate (1.0 cm % 3.0 cm) by a spatula. Finally, the fabricated electrode was pressed
and then dried at 120 °C for 24 h. The assembled ASCs were measured with a two-electrode system in 1.0
mol-L' KOH aqueous solution. Cyclic voltammometry and chronopotentiometric measurements were
performed in a two-electrode electrolytic cell on a CHI 760 D electrochemical workstation (CH instruments,
Inc.) to determine the electrochemical performance of ASCs. The energy density and power density is

calculated via Eqs. (3) and (4), respectively.
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de=7 Csp(AV)? 3)
de
d,= it 4)

3. RESULTS AND DISCUSSION

The details of the fabrication of Co(OH),/RGO/NiO SNTAs are described in the Experimental Section.
SEM image of the fabricated Co(OH),/RGO/NiO SNTAs is shown in Figure 1a, which shows the
nanotube arrays are successfully fabricated and the nanotubes are separate from each other. The
diameters of Co(OH),/RGO/NiO nanotubes are about 500 nm as shown in Figure 1a and their lengths are
about 6.0 um as shown in the sectional view in the inset in Figure la. The advantages of
Co(OH),/RGO/NiO SNTAs as electrode materials for SCs are illustrated in Figure 1b. Firstly, the hollow
structures of nanotubes and large open space among the neighboring nanotubes in Co(OH),/RGO/NiO
SNTAs will provide three-dimensional (3D) space for transmission of ions throughout electrode, and
accordingly the electroactive species can easily diffuse into the inside of electrode and the inner material
of electrode can efficiently participate in the electrochemical reactions. Secondly, the Co(OH),/RGO/NiO
SNTAs will provide rich heterogeneous interfaces, which is highly propitious to enhance the synergistic
effects among Co(OH);, NiO, and RGO and subsequently can promote supercapacitive performance.
Thirdly, as high conductivity of RGO, the Co(OH),/RGO/NiO SNTAs can overcome the poor electrical
conductivity of Co(OH), and NiO and accordingly will own advisable electrical conductivity to promote
electrochemical reactions and electron transmission. In addition, the fabricated Co(OH),/RGO/NiO
SNTAs own strong frame construction and can effectively resist Ostwald ripening and coalescence of
electrode materials and will well promote elecrochemical performance and cycle stability. To investigate
the distribution states of Co(OH),, NiO, and RGO, EDS mappings are carried out the surface of
Co(OH)2/RGO/NiO SNTAs. The typical partical surface of Co(OH),/RGO/NiO SNTAs is shown in
Figure Ic, and accordingly EDS mappings were measured in this area. The elements of Co, Ni and C
were uniformly dispersed as shown in Figure 1d, le, and 1f, respectively, indicating high dispersive

Co(OH),, NiO and RGO. The Co: C: Ni atomic ratio in Co(OH),/RGO/NiO SNTAs is determined to be
6
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48:6:46 by ICP-AES.

The structures of the Co(OH),/RGO/NiO SNTAs were further characterized by TEM, and the typical
TEM image of Co(OH),/RGO/NiO SNTAs is shown in Figure 2a, which shows the Co(OH),/RGO/NiO
SNTAs have diameters of about 500 nm and homogeneous wall thickness of about 50 nm. In order to
prove the sandwich-like structures in the Co(OH),/RGO/NiO SNTAs, a magnified TEM image of the
nanotube wall is shown in Figure 2b, which clearly shows the sandwich-like structures. The thicknesses
of Co(OH), layer, RGO layer, and NiO layer is ~23, ~17, and ~10 nm, respectively. HRTEM image of
Co(OH)/RGO interface is shown in Figure 2d, which indicates that the Co(OH), layer is polycrystalline
structure and RGO layer is amorphous. HRTEM image of RGO/NiO interface is shown in Figure 2e,
which indicates that the RGO layer is also amorphous and NiO layer is polycrystalline structure. SAED
pattern shown in Figure 2¢ demonstrates the polycrystalline structures of Co(OH),/RGO/NiO SNTAs.
The specific surface area was calculated by BET method on the basis of desorption branch of nitrogen
sorption isotherms (Figure S4), and the Co(OH),/RGO/NiO SNTAs show a high BET specific surface
area of 91.82 m” g"'. The unique sandwich-like structure and highly void volume of Co(OH),/RGO/NiO
SNTAs will allow that the electroactive species fully touch electrodes and the Co(OH), and NiO layers
will efficiently participate in the capacitive reactions.

XRD pattern of the Co(OH),/RGO/NiO SNTAs is shown in Figure 3a and it confirms the presence of
crystalline Co(OH), and NiO. The peak of RGO is not seen, and it also indicates that the RGO layer is
amorphous. Raman spectroscopy is widely used for the characterization of electronic structure of carbon
products, and here it is also used for RGO. Figure 3b shows Raman spectrum of Co(OH),/RGO/NiO
SNTAs, and it shows the characteristic D and G bands at 1357 cm ' and 1643 cm™. The D band is a
common feature for sp> defects in carbon, and the G band provides information in plane vibrations of
sp2 bonded carbons. Compared with GO, the Co(OH),/RGO/NiO SNTAs show two differences in the
Raman spectra. Firstly, the ratio Ip/Ig of the Co(OH),/RGO/NiO SNTAs was much lower than that of GO,
indicating a lower density of defects present in RGO.?” Secondly, the G band shifts by ~31cm™' as shown

in Figure 3b. The blue-shifts of D and G bands can be attributed to the conversion of GO to RGO or the
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resonance of isolated double bonds at higher frequencies.’” Therefore, both the change in Raman band
intensity and blue shift of G band provide clear evidence for the presence of RGO in the composites.

XPS spectra of the Co(OH),/RGO/NiO SNTAs in C 1s region is shown in Figure 4a. The symmetric
C 1s peak at 284.78 eV is clearly seen for C-C bond, and it also demonstrates the existence of RGO.
Additionally, the oxygen functionalities attached to the carbons show a small deconvoluted peak of C-O
(285.3 eV) at a higher binding energy, indicating the existence of small amounts of oxygenated carbon
species in the RGO. This means that the oxygen functionalities can act as a special node to covalently
bond Co atoms and Ni atoms, greatly improving the binding power between Co(OH),, NiO and RGO.

To investigate the effects of RGO on electron structures of Co(OH), and NiO, XPS spectra of the
Co(OH),»/RGO/NiO SNTAs in Co 2p and Ni 2p regions were measured. Figure 4b shows XPS spectrum
of Co 2p of Co(OH),/RGO/NiO SNTAs. There are two main Co 2p peaks that locate at binding energy
0f 797.0 eV (Co 2p;5) and 781.1 eV (Co 2psp2), respectively, with satellite peaks. The positions of Co 2p
peaks and the distance between two Co 2p peaks (AEx=15.9 eV) indicate that the element Co exists as
Co(OH), state.”® In addition, we find that the binding energy of Co 2p for Co(OH),/RGO/NiO SNTAs
shows a positive shift of ~0.70 eV in relative to that of Co(OH), NTAs (Figure S5a), indicating the
change of electronic states of Co atoms in the Co(OH),/RGO/NiO SNTAs. The Ni 2p XPS spectrum in
Figure 4c also exhibits two characteristic peaks at 855.9 and 873.6 eV, corresponding to Ni 2p;, and Ni
2p12 spin-orbit peaks of NiO,” respectively, confirming the presence of NiO in the composite. The Ni
2p peaks of Co(OH),/RGO/NiO SNTAs shift ~0.50 eV to higher binding energy relative to those of NiO
NTAs (Figure S5b), indicating the change of electronic state of Ni atoms in Co(OH),/RGO/NiO SNTAs.
Therefore, the above shifts of Co 2p and Ni 2p in binding energies confirm the electron interactions
among the Co(OH),, NiO and RGO in Co(OH),/RGO/NiO SNTAs.

The role of RGO for the conductibility enhancement of Co(OH),/RGO/NiO SNTAs is studied by EIS
measurement. The Nyquist plot of Co(OH),@RGO@NiO SNTAs between 1 Hz and 10 kHz is shown in
Figure 5a, and the equivalent circuit of Nyquist plot is shown in Figure S6, where R; is the solution

resistance, Cq is a double-layer capacitor, R is the charge transfer resistance, R,, is the Warburg

Page 8 of 24
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impedance, and Cp is the limit pseudocapacitor. Based on the results shown in Figure 5a, the
Co(OH),/RGO/NiO SNTAs show much smaller R, compared with Co(OH),/NiO NTAs, indicating that
the RGO layers can obviously reduce charge transfer resistance, thus improving the transport and
collection of electrons in electrode. The enhanced conductibility of the Co(OH),/RGO/NiO SNTAs will
favor rate capability for high power performance and fast charge-discharge. The utilization rate of
electrode will also be largely enhanced by the high conductibility of electrode because of slight
polarization. In addition, the Co(OH),/RGO/NiO SNTAs show steeper slop than the Co(OH),/NiO
NTAs in Warburg area, indicating faster ion diffusion through the Co(OH),/RGO/NiO SNTAs. This can
be attributed to larger surface area of Co(OH),/ RGO/NiO SNTAs than that of Co(OH),/NiO NTAs.

The supercapacitive performance of the Co(OH),/RGO/NiO SNTAs was firstly evaluated by cyclic
voltammetry measurement in 1.0 mol-L™ KOH aqueous solution using the half-cell test (a three-electrode
configuration). Figure 5b shows cyclic voltammograms (CVs) of Co(OH), NTAs, NiO NTAs, RGO NTAs,
and Co(OH),/RGO/NiO SNTAs among the different window potentials at scan rate of 100 mV-s”. For
Co(OH); NTAs, NiO NTAs and Co(OH),/RGO/NiO SNTAs, the CVs all show symmetrical cathodic and
anodic peaks. The results reflect good pseudocapacitance behaviors of Co(OH),, NiO and Co(OH),/NiO
composite. The Cy, of Co(OH),/RGO/NiO SNTAs at 100 mV-s' is calculated to be 1093 F'g'l, which i1s
much larger than 332 F-g” of Co(OH), NTAs, 221 F-g” of NiO NTAs and 155 F-g"' of RGO NTAs at
the same scan rate. When the scan rate is 5 mV's”, the Csp of Co(OH)./RGO/NiO SNTAs can achieve
1470 F-g™'. Various CVs of Co(OH)o/RGO/NiO SNTAs among -0.4~0.6 V at scan rates of 5~100 mV s’
are shown in Figure 5c and the dependence of Cy, of Co(OH),/RGO/NiO SNTAs on scan rate is shown
in Figure 5d. With scan rate increasing from 5 to 100mV-s™, the Co(OH),/RGO/NiO SNTAs only show
Cs, decay of about 25.6%, which is much smaller than 50.2% of C, decay of Co(OH), NTAs and 48.3%
of Cyp decay of NiO NTAs and is also much smaller than 57.3% of Cs, decay of RGO NTAs. Therefore,
the above results show that the Co(OH),/RGO/NiO SNTAs own a much larger Cs, and a much better rate
capability than Co(OH), NTAs, NiO NTAs and RGO NTAs because of the special synergistic effects in

the hybrid multi-layered Co(OH),/RGO/NiO SNTAs.
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The influence of the composition on the electrochemical performance of Co(OH),/RGO/NiO SNTAs
was evaluated. Firstly, the influence of RGO content on the electrochemical performance of Co(OH),/
RGO/NiO SNTAs was studied as shown in Figure S7. With RGO content increasing from 2 at% to 12
at%, the Cy, of Co(OH),/RGO/NiO SNTAs first increases from 921 to 1470 F- g'1 at 5 mV-s™! and then
decreasesto 1123 F-g'. The low content of RGO in hybrid SNTAs causes the decrease of Cspand this can
be attributed to the poor conductivity of electrode. When the RGO content is 6 at%, the Co(OH),/RGO/
NiO SNTAs show the largest Cg, of 1470 F-g"'at 5 mV's™. However, when the RGO content increases to
12 at%, the Cg of Co(OH),/RGO/NiO SNTAs decreases to 1103 F- g, This can be attributed to the
electrochemical double layer behavior of RGO and the Cg, of RGO is smaller than those of Co(OH),
and NiO. In addition, the influence of Co(OH), : NiO ratio in the SNTAs on electrochemical
performance was evaluated as shown in Figure S8 (1:1, 1:2, 1:3, 2:1, and 3:1 mole ratios of
Co(OH),/NiO and the content of RGO is fixed to 6 at%). The 1:1 mole ratio of Co(OH), : NiO in the
Co(OH),/RGO/NiO SNTAs shows the largest Csp,, indicating the favorable mole ratio of Co(OH), : NiO
in the SNTAs is 1:1.

Galvanostatic charge-discharge curves of the Co(OH),/RGO/NiO SNTAs (the mole ratio of Co(OH);:
RGO :NiO is 47:6:47 and it is fixed for all following studies) in the half-cell system at various current
densities are shown in Figure 6a, which shows a symmetric nature in the charging/discharging curves,
indicating good supercapacitive characteristic and superior reversible redox reactions. When the current
density is 2.0 A-g”, the Co(OH),/RGO/NiO SNTAs achieve a Csp of 1507 F- g, Figure 6b shows the
summary plot of C, vs current density, which also demonstrates that the Co(OH),/RGO/NiO SNTAs
exhibit significantly enhanced supercapacitive performance compared with Co(OH), NTAs, NiO NTAs
and RGO NTAs. With charging/discharging rate increasing from 2.0 to 32 Ag”, the Co(OH),/RGO/NiO
SNTAs only show ~33.6% Cjp loss, which is much smaller than 52.4% of Co(OH), NTAs, 64.5% of
NiO NTAs, and 68.1% of RGO NTAs. So the above result also demonstrates that the Co(OH),/RGO/NiO
SNTAs have a much higher Cy, and a much better rate capability than Co(OH), NTAs, NiO NTAs and

RGO NTAs at different current densities.
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The Co(OH),/RGO/NiO SNTAs show excellent long-term cycling stability in the half-cell system,
and this is very important for the practical operations. The C;, variation of Co(OH),/RGO/NiO SNTAs
as a function of cycle number at 4.5 A'g'1 is shown in Figure 6¢, which shows the Co(OH),/RGO/NiO
SNTAs almost can withstand over 10,000 cycles without any significant decrease in Cs,. After 10,000
cycles, the Cy, retention of Co(OH),/RGO/Ni1O SNTAs still keep ~98%. However, after 10,000 cycles,
the Co(OH), NTAs, NiO NTAs and RGO NTAs only show C;, retention of ~68%, 66% and 42%,
respectively. The above results demonstrate that the Co(OH),/RGO/NiO SNTAs as electrodes own
much higher cycling stability than Co(OH), NTAs, NiO NTAs and RGO NTAs. The cycling
performance of the Co(OH),/RGO/NiO SNTAs at progressively increased and decreased current density
is also studied and it is shown in Figure 6d, which shows the Co(OH),/RGO/NiO SNTAs still own high
cycling stability after the electrode suffered from sudden current density change. Therefore, the
combination of Co(OH),, RGO, and NiO into the unique SNTAs not only enhance Cg, but also highly
improve the long-term cycling stability.

To investigate the practical application of Co(OH),/RGO/NiO SNTAs, here the asymmetric
supercapacitors (ASCs) were assembled by using Co(OH),/RGO/NiO SNTAs as positive electrode and
active carbon (AC) as negative electrode (the AC electrode was evaluated as shown in Figure S9 in
Supporting Information, and it is a good candicate as negative electrode). To determine the best
operating potential of ASCs, the CVs of Co(OH),/RGO/NiO SNTAs (green curve) and AC electrode
(black curve) were measured in 1.0 mol-L™' KOH solution, respectively, and they are shown in Figure
S10. The voltage windows of Co(OH),/RGO/NiO SNTAs and AC electrodes were complementarity,
and they are good candidates for the ASCs. Here we found the operating potentials of the ASCs device
could been chosen from 0 to 1.6 V. CVs of the ASCs device at 100 mV's™ were measured in 1.0 mol-L!
KOH solution as shown in Figure S11. It should be noted that the calculated Cy, of ASCs was based on
the total weight of positive and negative electrodes because it is not meaningful to deduce the Cy, of a
single electrode. The Cs, of Co(OH),/RGO/NiO SNTAs//AC ASCs at 100 mV-s" is calculated to be 130

F-g”, which is much larger than those of Ni,Co3.<04//AC ASCs (<50 F-g™),* RGO/PPy//AC ASCs (<65

11
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F-g™"),*! Co(OH)»//VN ASCs (<95 F'g™"),* CNT-CM//ACNF ASCs (<35 F-g")* and Bi,03//AC ASCs
(<30 F-g")* at the same scan rate. Galvanostatic charge-discharge curves of the Co(OH),/RGO/NiO
SNTAs//AC ASCs at various current densities are shown in Figure 7a. The Cg, of Co(OH),/RGO/NiO
SNTAs//AC ASCs at current density of 2.5 A"g” is calculated to be 321 F-g™, which is larger than those
of RGO/PPy//AC ASCs (58 F-g"),*! PEDOT/A-CNT//graphene (42 F-g™),* CFP/PPy//RGO/MWCNT
ASCs (70 F-g"),* Co3;04/RGO//AC ASCs (108 F'g"),*” GH/MnO,-NF ASCs (<40 F-g™),*® Ni,Co,.
LDH-ZTO//AC ASCs (<100 F-g™),* UPMNFs//FMCNTs ASCs (<20 F-g"),”® and Bi,03//AC ASCs
(<30 F-g™)* at the same current density. With charging/discharging rate increasing from 2.5 to 36 A-g™,
the Co(OH),/RGO/NiO SNTAs//AC ASCs only show ~31.4% Cs, loss as shown in Figure 7b, indicating
a good rate performance.

Another important requirement for supercapacitor application is cycling stability. The Cg, variation of
the Co(OH),/RGO/NiO SNTAs//AC ASCs as a function of cycle number at a current density of 2.5 A-g”
is shown in Figure 7c, which shows the Co(OH),/RGO/NiO SNTAs//AC ASCs almost can withstand
over 10,000 cycles without significant decrease in Cy, value. After 10,000 cycles, the C, retention of the
Co(OH)»/RGO/NiO SNTAs//AC ASCs keeps about 95%. The above results well demonstrate that the
Co(OH),/RGO/NiO SNTAs//AC ASCs own superior cycling stability.

The energy and power densities of Co(OH),/RGO/NiO SNTAs//AC ASCs are also studied because
they are highly important for electrochemical devices. The Ragone plot (power density vs energy density)
at various current densities is shown in Figure 7d, which shows the Co(OH),/RGO/NiO SNTAs//AC
ASCs can deliver a maximum energy density of ~115 Wh'kg" at 2.5 A-g” and the maximum power
density of ~27.5 kW-kg™" at 36 A-g”, which are much superior to those of Co(OH), NTAs//AC ASCs
(46 Wh'kg" and 15kW-kg ") and NiO NTAs//AC ASCs (32 Wh'kg™" and 11 kW-kg™). More importantly,
the obtained maximum energy density is considerably larger than those of recently reported many ASCs
at the same current density, such as sGNS/cMWCNT/PANI/aGNS ASCs (<45 Whkg"),”
Ni(OH),/graphene//porous graphene ASCs (<13.5 Whkg™),”> MnO,//graphene hydrogel ASCs (<14.9

Whkg™),” MnO,//mesoporous carbon nanotubes ASCs (<10.4 Wh-kg™),”* graphene/MnO,//activated
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carbon nanofiber ASCs (<8.2 Wh'kg'l),55 activated carbon//K¢7MnO,-0.6H,O ASCs (<17.6 Wh'kg'l),56
GH//MnO,-NF ASCs (<23.2 Whkg"),* MnO,//AC ASCs (<30.0 Whkg™),”” and Ni(OH),/CNT-AC
ASCs (<50.6 Wh'kg'l).58 Furthermore, the maximum power density of Co(OH),/RGO/NiO SNTAs//AC
ASCs also is higher than those of above mentioned ASCs as shown in Figure 7d. Here the highest power
density, 27.5 kW-kg", can adequately meet the power demand of PNGV (Partnership for a New
Generation of Vehicles), 15 kW'kg'I, demonstrating the excellent capability of the Co(OH),/RGO/NiO

SNTAs//AC ASCs as power supply components in hybrid vehicle systems.

4. CONCLUSIONS

In summary, the novel Co(OH),/RGO/NiO SNTAs were fabricated by ZnO template-assisted
electrodeposition and they exhibited significantly enhanced electrochemical performance as compared
to Co(OH), NTAs, RGO NTAs and NiO NTAs. The Co(OH),/RGO/NiO SNTAs electrode shows a high
Csp of 1470 F-g' at 5mV's” and superior rate capability with 25.6% Csp decay from 5 to 100 mv-s’.
Furthermore, the Co(OH),/RGO/NiO SNTAs electrode exhibits excellent cycling performance with 98%
Cs, retention after 10,000 cycles. The significant improvement of the electrochemical performance of
Co(OH)2/RGO/NiO SNTAs can be attributed to the special surface morphology of SNTAs and
synergistic effects among Co(OH),, RGO, and NiO. The high-performance ASCs were assembled by
using Co(OH),/RGO/NiO SNTAs as positive electrode and AC as negative electrode, and they could
operate in a wide voltage window of 1.6 V. The assembled ASCs delivered a maximum energy density
of 115 Wh'kg™, a maximum power density of 27.5 kW-kg™', and excellent cycling performance (<5%
Csp loss after 10,000 cycles). This work shows an important breakthrough in the design and fabrication

of high-performance multi-walled hybrid SNTAs for electrochemical energy storage.
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Figure 1. (a) SEM image of Co(OH),/RGO/NiO SNTAs (Inset is the sectional view); (b) Schematic
illustration of the advantages of Co(OH),/RGO/NiO SNTAs as electrodes for SCs; (¢) SEM image of
the typical partial surface of Co(OH),/RGO/NiO SNTAs; EDS mappings measured on the partial

surface: (d) Co mapping, (e¢) C mapping, and (f) Ni mapping.
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Figure 2. (a) TEM image of Co(OH),/RGO/NiO SNTAs; (b) The magnified TEM image of the wall of
a typical Co(OH),/RGO/NiO nanotube; (¢) SAED pattern of the wall of Co(OH),/RGO/NiO nanotube;

(d) HRTEM image of Co(OH),»/RGO interface; (¢) HRTEM image of RGO/NiO interface.
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Figure 3. (a) XRD of Co(OH),/RGO/NiO SNTAs; (b) Raman spectra of (1) Co(OH),/RGO/NiO SNTAs

and (2) GO films.
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Figure 4. XPS spectra of (a) C 1s, (b) Co 2p, (¢) Ni 2p, and (d) O 1s performed on Co(OH),/RGO/NiO

HNTAs.
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Figure 5. (a) Nyquist plots of (1) Co(OH),/RGO/NiO SNTAs, (2) Co(OH),/NiO NTAs; (b) CVs of (1)

Co(OH)/RGO/NiO SNTAs, (2) Co(OH), NTAs, (3) NiO NTAs and (4) RGO NTAs at 100 mV/s; (c)

CVs of Co(OH),/RGO/NiO SNTAs at different scan rates: (1) 5, (2) 10, (3) 30, (4) 60, (5) 100 mV/s; (d)

The dependence of Cg, on scan rate for of (1) Co(OH),/RGO/NiO SNTAs, (2) Co(OH), NTAs, (3) NiO

NTAs and (4) RGO NTAs.
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Figure 6. (a) Galvanostatic charge/discharge curves of Co(OH),/RGO/NiO SNTAs at different current
densities; (b) The dependence of C, on current density; (c) Cycle performance for 10,000 cycles at 4.5
A/g of (1) Co(OH),/RGO/NiO SNTAs, (2) Co(OH), NTAs, (3) NiO NTAs and (4) RGO NTAs; (d)

Cycle life of Co(OH),/RGO/NiO SNTAs at progressively changed current densities.
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Figure 7. (a) Galvanostatic charge/discharge curves of ASCs at different current densities; (b) The

dependence of C;, on current density for ASCs; (c) Cycling performance of the ASC after 10,000 cycles

at 2.5 A/g; (d) Ragone plots of the ASC devices (The maximum energy densities and power densities

reported for other ASCs are added for comparison.
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