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Abstract:

electrical conductivity greatly hinders their practical application. We formed NiO and Co3;O4 active materials on the surface of a highly conductive

Pseudocapacitive metal oxide active materials are promising for use in high performance supercapacitors. However, their poor

NiCo nanowire membrane current collector by a simple air oxidation method to fabricate a self-supported flexible NiO/Co3O4@NiCo electrode.
This significantly improves electron transport at the interface between the current collector and the active NiO/Co304. Furthermore, the reticular
nanowire network facilitates ion transportation and releases strain caused during charge and discharge. Due to this unique structural characteristic,
the NiO/Co304@NiCo electrode delivers a high specific capacitance of 1.36 F cm™ at a current density of 5 mA cm?, and excellent cycling
stability with a capacitance retention of 96.95% after 10 000 cycles. An asymmetric supercapacitor was assembled using the NiO/Co304@NiCo as
the cathode and an activated carbon electrode as the anode, which delivered an energy density of 0.32 mWh c¢cm? at a power density of 8 mW cm?2.

Even at a high power density of 40 mW cm?, an energy density of 0.17 mWh ¢cm? was achieved, suggesting its promising use as an efficient

electrode for high performance supercapacitors.
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1 Introduction

Electrochemical energy storage (EES) devices have
attracted considerable interest in various fields over the last
few decades!'l. Supercapacitors (SCs) are one of the most
promising candidates for EES devices, which have drawn
much attention owing to their high power density, fast
charging rate and long cycle lifel?. Based on the type of
energy storage mechanisms, supercapacitors can be classified
(EDLCs) and
pseudocapacitors. In EDLCs, the energy storage is based on
the adsorption of electrolyte ions on the surface of electrodes.
are widely used in EDLC
electrodes owing to their large surface area and good
electrochemical stability. While for the pseudocapacitors, the
energy storage ability comes from the reversible faradaic

into electrical double layer capacitors

Carbon-based materials-#

redox reactions occurring at the interface between the
electrolyte and the electroactive materials®®. The active
materials for pseudocapacitors include transition metal
oxides/hydroxides (e.g. the MnQOy%, Co3047, MoO;L],
Ni(OH),)), transition metal sulfides(e.g. MoS:!'”)), and
conducting polymers (e.g. polyaniline ('l and polypyrrole [12),
etc. The high redox activities, high theoretical capacities and
great reversibility make the pseudocapacitive materials
supercapacitors!!3-14],
capability and cycle stability of

promising electrode materials in

However, the rate
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pseudocapacitive materials such as NiO and Co030s, are
usually inferior to others due to their limited electronic
conductivity® 15161, Intensive efforts have been made to solve
the problem of poor conductivity of the metal oxides. For
instance, the widely used slurry coating method, involving
conductive additives and binders is effective to improve the
conductivity of the electrode. But the introduction of
non-active materials inevitably compromises the electron/ion
transport!!7l. Another way is to combine active material with
various kinds of large surface area porous current collectors!'®]
(e.g. carbon cloth, nickel foam, graphene, etc) using multiple
methods such as vacuum filtration'”), hydrothermal®®, and

21] current collectors can

electrodeposition.| The porous
improve the ion transport to enhance electrode performance,
and the large surface area with abundant electroactive sites
can facilitate the rapid Faradic redox reactions, but the contact
resistance between the current collectors and the active
materials still needs to be improved??l. Therefore, fabricating
self-supported electrode without additives and in-situ formed
active material on the high surface area, conductive and prous
electrode is a promising approach to improve the electrical
charge transport efficiency and

electrochemical performancel??!.

conductivity, overall

In this work, we utilize NiCo nanowire membranel®¥l as
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the current collector for its high conductivity and in-situ
prepared NiO/Co304 active material by a facile oxidation
method. The in-situ formed active material on the conductive
nanowire network can significantly improve the electron
transport ability between the current collector and the active
material. Furthermore, the reticular nanowire network
structure can facilitate the ion transportation and release the
strain generated during the charge and discharge process. As a
result, the integrated electrode delivered a high specific
capacitance of 1.36 F cm™ at a current density of 5 mA cm?,
and was steadily cycled for 10,000 cycles with a capacitance
of  96.95%. asymmetric
supercapacitor consisting of the NiO/Co3;0s@NiCo positive
electrode and activated carbon negative electrode can deliver
an energy density of 0.32 mWh c¢cm at a power density of 8

mW cm. Even at a high power density of 40 mW cm?, an

retention Furthermore, the

energy density of 0.17 mWh cm was maintained. Moreover,
the asymmetric supercapacitor can be steadily cycled for 5000
cycles with a capacitance retention of 95.12%.

2 Experimental

2.1 Fabrication of the NiCo nanowire membrane current
collector

The NiCo nanowire membrane was fabricated using a
modified template-free method. Aqueous solution A
contained 0.03 mol/L Na3CsHsO7-2H,O, 0.05 mol/L
NiCly-6H20, 0.05 mol/L CoCl,-6H,0 and 0.20 mmol/L
HoPtClg-6H20, and aqueous solution B contained 8% of
N2H4-H20. Using the 6 mol/L KOH aqueous solution, the pH
values of solution A and solution B were adjusted to 12.5 at
room temperature. After 20 mL solution A and 20 mL solution
B were preheated to 80 °C in the water bath, they were mixed
together with a glass rod in a 100 ml beaker and placed in the
water bath with a piece of magnet on the beaker. The
temperature of the water bath was maintained at 80 °C. After

reaction for 6 min, the beaker was moved out of the water bath.

The black membrane can be obtained and was washed with
deionized water and ethanol, and then compressed to a mat
using a glass rod.

2.2 Fabrication of the NiO/Co0304@NiCo nanowire electrode

The NiO/Co3;04@NiCo
through an in-situ oxidation method. The as-prepared NiCo
nanowire membranes were annealed in a muffle furnace at
250 °C (5 °C /min) in air for 1, 5, 10 and 15 h to obtain the
Co0304 and NiO metal oxides.

electrode was synthesized

2.3 Materials characterization

The crystallographic information of the samples with
different oxidation times was characterized by X-ray
diffraction (XRD) (BrukerDS RINT2000/PC, Germany). The
morphology of the NiCo current collectors and
NiO/Co3;0s@NiCo electrodes were characterized by Field

Emission  Scanning  Electron
SAPPHIRE SUPRA 55)
Microscopy (TEM, FEI-G2 Spirit, Germany, working voltage
300 kV). X-ray photoelectron spectroscopy (XPS) was
conducted using a X-ray photon-electron spectrometer (XPS,
PHI 5000 VersaProbe II).

Microscopy  (FE-SEM,
and Transmission Electron

2.4 Fabrication of activated carbon electrode

The commercial activated carbon, acetylene black and
PVDF was mixed with a mass ratio of 8:1:1 in N-Methyl
pyrrolidone (NMP) and then dispensed on Ti foil to prepare
the activated carbon electrode.

2.5 Electrochemical measurement

The cyclic voltammetry (CV)
charge-discharge (GCD) behaviours of pristine NiCo current
collector and the as-prepared NiO/Co3;O4@NiCo electrode were
investigated using an electrochemical station (VMP3, Bio-Logic,
France) by a three-electrode configuration in a 1 mol/L KOH
aqueous electrolyte at room temperature. Pt and Hg/HgO

electrode were employed as the counter and reference electrodes,

and  galvanostatic

respectively. During the electrochemical measurement, the
applied potential window was set from 0 V to 0.5 V.

The specific areal capacitances of the samples were
calculated from GCD curves according to the following
equation:

I-At
VAU
Where [ is the current density, At is the discharge time, V
is the area of the positive and negative materials, AU is the

potential range, and C is the specific areal capacitance. The
calculation of the energy density (£) and power density (P) is
based on the equations below:

Ca U?
E j—

2
E
P=—
At
Where C is the specific areal capacitance of the
asymmetric supercapacitor, AU is the potential window of the
discharge process, and At is the discharge time.

The Electrochemical Impedance Spectroscopy (EIS)
measurements were conducted in the frequency range between
100 KHz and 10 mHz with an amplitude of 5 mV.

3 Results and discussion

The fabrication of the self-supported NiCo nanowire
membrane was realized by the modified method reported
previously (Fig. 1a)?*?3]. The NiO/Co3;04@NiCo electrode
was obtained simply by annealing the NiCo nanowire at
250°C in air to in-situ convert the surface Ni and Co into NiO
and Co30g4, respectively.
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Fig. 1 (a-e) SEM images of NiCo nanowire with different oxidation times: (a) NiCo-0 h, (b) NiCo-1 h, (¢) NiCo-5 h,
(d) NiCo-10 h, (e) NiCo-15 h and (f) activated carbon.

Herein, the samples obtained after annealing for 1, 5, 10
and 15 h were denoted as NiCo-1 h, NiCo-5 h, NiCo-10 h and
NiCo-15 h, respectively. As shown in Fig. 1b-e, after
annealing at 250 °C, the structure of the nanowire remained
stable with increasing the oxidation time from 1 to 15 h,
indicating that the NiCo nanowire was robust enough to endure
the oxidation in air without severe destruction. The particle
morphology of the activated carbon is shown in Fig. 1f.

The crystallinity information of the samples can be
obtained from XRD. Fig. 2a shows the XRD patterns of
NiCo-0 h, NiCo-1 h, NiCo-5 h, NiCo-10 h and NiCo-15 h
samples. For the NiCo-0 h sample, the diffraction peaks
located at 47.6°, 75.9°, 44.8° can be indexed to (101), (110),
(002) planes of hexagonal Co (JCPDS No.05-0727),
respectively. The peak positions of (111), (200) and (220)
planes for fcc Ni shifted, which could be attributed to the
lattice distortion from the partially formation of fcc NiCo
alloy phase according to our previous study?¥l. After oxidized
for a series of times, the diffraction peaks located at 43.3°,
37.3°, 62.9° can be indexed to (200), (111), (220) planes of
NiO (JCPDS No.04-0835), while the peaks located at 36.9°,
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65.2°, 59.3° can be indexed to (311), (440), (511) planes of
Co304, respectively (JCPDS No.42-1467)1%%1.  Magnified
patterns of the selected areas from 20= 55°-68° are given in
Fig. 2b, the weak XRD peaks of NiO might arise from the
relatively weak crystallization of NiO composed with an
amorphous phasel?’). Fig. S1 shows the XRD pattern of the
activated carbon, which shows broad peaks at 23° and 45°,
indicating the amorphous phasel?®1.

To investigate the morphology and structure of the
NiO/Co3;04@NiCo  sample, the
microscopy (TEM) image of the NiCo-10 h sample were
conducted. As shown in Fig. 3a, the TEM image of the
NiCo-10 h shows that the the NiO/Co3;04@NiCo nanowire has
a diameter of less than 200 nm. Fig. 3b shows the HRTEM
image of the NiO/Co3;04@NiCo sample on the edge part. The
lattice fringe with a space of 0.243 nm corresponds to the (311)

transmission  electron

plane of Co30a4, while the lattice fringe with a space of 0.209
nm corresponds to the (200) plane of NiO. The Ni, Co and O
elements were found to be evenly distributed within the
nanowire via energy dispersive spectroscopy (EDS) mapping

(Fig. 3c-f).
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Fig. 2 XRD patterns of (a) NiCo-0 h, NiCo-1 h, NiCo-5 h, NiCo-10 h and NiCo-15 h and

(b) magnified patterns of selected areas from 26= 55°-68°.
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Fig. 3 (a) TEM, (b) HRTEM and (c-f) EDS mapping images of the NiO/Co304@NiCo sample (NiCo-10 h).

The chemical composition of the NiO/Co3z04@NiCo
electrode was further characterized using X-ray photoelectron
spectroscopy (XPS). The full XPS spectrum of the NiCo-10 h
sample is shown in Fig. 4a, which can demonstrate the
existence of Ni, Co and O elements in the NiO/Co3;04@NiCo
electrode. The O 1s spectrum is shown in Fig 4b and the two
peaks at the binding energy of 527.64 and 529.46 eV were due
to the oxygen in hydroxyl group and metal-oxygen bonds
respectively. Fig. 4c displays the spectrum of Ni 2p. The Ni
2p12 and Ni 2ps3.2 peaks exhibited a pair of spin-orbit doublets
at 871.25 and 853.39 eV, respectively. Another two peaks

(a) Ni 2p
Co 2p
3
&
=
[}
§ O1s
£
Cis
1 L ] L 1 1 1 . ] L
1000 800 600 400 200 0
Binding energy (eV)
|
&
2
i)
c
2o
£
. 1 L 1 L 1 . ]
890 880 870 860 850

Binding energy (eV)

located at 859.50 and 878.37 eV assigned their respective
shake-up satellite peaks (denoted as Sat.), which are
characteristics of Ni?* 24, Similarly, the fine-scanned Co 2p
spectrum can be deconvoluted into a pair of spin-orbit
doublets, as shown in Fig. 4d. The peaks located at 777.75,
793.21, 779.02 and 794.48 ¢V were attributed to Co*" 2psp,
Co* 2pi, Co?" 2p3p» and Co?* 2pis, peaks, respectively. Two
satellite peaks were observed at 785.30 eV (Co 2ps») and
802.42 eV (Co 2pi2). The Co 2p spectrum further confirmed
the existence of Co304 in the samplel”.
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Fig. 4. (a) Full XPS spectrum, (b) O 1s spectrum, (c) Ni 2p spectrum and (d) Co 2p spectrum of the NiO/Co3;04@NiCo sample (NiCo-10 h).
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Fig. 5. (a) CV curves of the NiCo membrane with different oxidation times, (b) GCD curves of the NiCo membrane with different oxidation times,
(c) CV curves of the NiO/Co304@NiCo electrode with different scan rates, (d) GCD curves of the NiO/Co304@NiCo electrode at different
current densities, (e) cycle stability of the NiCo-10 h electrode and (f) CV curve of the activated carbon.

To explore the electrochemical performance of the
composite electrode, CV and GCD were conducted in a
three-electrode configuration using as-prepared samples as the
IM KOH aqueous solution as the
electrolyte, a platinum foil as the counter electrode and a
Hg/HgO electrode as the reference electrode. Fig. 5a shows
the CV curves of the electrode with different oxidation times
(NiCo-0 h, NiCo-1 h, NiCo-5 h, NiCo-10 h, NiCo-15 h) at a
scan rate of 10 mV s’l. The NiCo-10 h curve showed a larger
enclosed area than the other samples, indicating that NiCo-10
h had the highest specific areal capacitance. Fig. 5b shows the
GCD curves of the electrodes with different oxidation times at
the current density of 10 mA ¢cm?. The NiCo-10 h electrode
exhibited the highest charge-discharge time compared to the
other samples, which is in accordance with the CV curves.
The areal capacitance of the samples were estimated based on
the discharge times and the measured values were 0.396 F
cm? for NiCo-1 h, 0.57 F cm? for NiCo-5 h, 1.25 F cm? for
NiCo-10 h and 0.989 F cm? for NiCo-15 h. Therefore, we
considered the NiCo-10 h an optimum sample and further

working electrode,

examined the electrochemical properties. The amount of
active material in the NiCo-10 h electrode is estimated in the
range of 2.91-3.61 mg cm? (Details shown in the supporting
information). Fig. 5c displays the CV curves of the NiCo-10 h
electrode at various scan rates ranging from 5 to 50 mV s’
The couple of redox peaks observed in each CV curve
indicated the existence of reversible Faradaic redox process in
the electrode. The redox reactions of the NiO/Co3Os@NiCo
electrode are given as below!>!:

NiO + OH = NiOOH + e (1)
Co,0,+ OH + H,0 = 3CoOOH + e (2)
CoOOH + OH = Co00,+ H,0 + ¢ (3)

The CV curves represented an excellent reversible
behavior under increased scan rates, suggesting the lower
contact resistance and fast electron/ion transport. The GCD
curves at different current densities ranging from 5 to 30 mA
cm? were also measured to estimate the capacitance behavior
and rate capability of the material as shown in Fig. 5d. The
quasi-triangular shape with a plateau at about 0.15 to 0.25 V
confirmed the pseudocapacitance of the electrode. The areal
capacitance of the NiCo-10 h electrode was measured to be
1.36, 1.24, 1.11, 1 and 0.84 F cm at the current density of 5,
10, 15, 20 and 30 mA cm?, respectively, showing a good rate
capability (as shown in Fig S2). Fig. 5e¢ shows the cycling
stability of the electrode at a scan rate of 30 mV s, the
electrode showed a capacitance retention of 96.95% after
10 000 cycles. The superior performance of the
NiO/Co304@NiCo electrode is due to the sufficient and large
surface area active materials and the high conductivity of the
NiCo current collector, facilitating the access of electrolyte
ions to the electrode surface, and improving the electron
transport efficiency. Fig. 5f shows the CV curve of the
activated carbon at a scan rate of 10 mV s, and the specific
capacitance was measured to be 193.5 mF cm™.

The NiCo-10 h exhibited the best
electrochemical performance among all the samples, which
can be attributed to a trade-off between the loading amount of
active material and electronic conductance of the electrode.
With the increase of the oxidation time, the amount of the
active material increases (as shown in Fig. S3). However, the
conductivity of the electrode is reduced due to the increased
amount of the metal oxides (Fig. S4). The prolonging the

electrode

oxidation time increased the amount of active materials but
reduced the conductivity of the electrode. The active material
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thus cannot be fully utilized due to the less conductive current
collector. With a moderate amount of active material and an
appropriate conductivity, the electrode oxidized for 10 h,
therefore, exhibited the best electrochemical performance.

To evaluate the performance of the NiO/Co;04@NiCo
electrode at the device level, asymmetric supercapacitors were
assembled by employing the NiO/Co304@NiCo electrode as
the positive electrode, the activated carbon as the negative
electrode, 1 M KOH aqueous solution as the electrolyte and
glass fiber as the separator. As shown in Fig. 6a, a series of
CV tests in different potential regions were conducted at a
scan rate of 10 mV s, suggesting that the potential window of
the device could be expected to to 1.6 V. As shown in Fig. 6b,
the well of the
supercapacitor explored at different scan rates ranging from
5-100 mV s! demonstrated the good reversibility of the
asymmetric supercapacitor. Fig. 6¢ shows the GCD curves of
the asymmetric supercapacitor at different current densities
from 10 to 50 mA cm?. The calculated areal capacitance of

maintained CV curves asymmetric

the asymmetric supercapacitor was 0.90, 0.82, 0.74, 0.64 and
0.47 F cm? at the current densities of 10, 15, 20, 30 and 50
mA cm?, respectively. Fig. 6d shows the cycling stability of
the asymmetric supercapacitor at a scan rate of 30 mV s-'. The
asymmetric supercapacitor was stably cycled for 5 000 cycles
with a capacitance retention of 95.12%, revealing its
remarkable cycling stability. The EIS measurement of the

asymmetric supercapacitor is shown in Fig. 6e, the simulated
Re/Ret of the asymmetric supercapacitor before and after
cycles were 1.413 Q/1.339 Q and 1.359 /1.238 Q,
respectively,
excellent

low contact resistance and
of the asymmetric
supercapacitor. Moreover, at the current density of 10 mA cm2,
the asymmetric supercapacitor delivered a high energy density
of 0.32 mWh cm™? with a power density of 8 mW cm?2. Even
at a high power density of 40 mW cm?, an energy density of
0.17 mWh cm? was still maintained. Fig. 6f shows the
Ragone plot of the asymmetric supercapacitor, and the

indicating the

charge transfer ability

performance was superior or comparable to many reported
asymmetric/hybrid supercapacitors such as the
Cu,O/Cu/GCP//CPBY, CC@CuHCF-3//ACBY, NSA@CO304-
NiO//ACU) and PPy/RGO/CNT/BCy supercapacitors 32,

The performance of the
supercapacitor can be assigned to the structure design of the

excellent asymmetric
electrode. Using the simple in-situ oxidation method, the
active material NiO/Co304 were in-situ formed on the surface
of the high conductivity NiCo current collector, rending low
contact resistance between the current collector and the metal
oxides. The large surface area of the nanowire can provide
sufficient electrochemical active sites and facilitate the ion
transportation. Furthermore, the stable nanowire can release
stress during redox reactions, thus improving the performance
of the integrated electrode.
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Fig. 6. (a) CV curves of the asymmetric supercapacitor measured in the different potential regions, (b) CV curves of the asymmetric

supercapacitor measured at different scan rates, (c) GCD curves of the asymmetric supercapacitor measured at different current densities,

(d) Cycle stability of the NiO/Co304@NiCo//AC asymmetric supercapacitor, (¢) Nyquist plots of the NiO/Co304@NiCo//AC

asymmetric supercapacitor before and after cycles, the inset showing the Nyquist plot in high-frequency and (f) Ragone plots

of the NiO/C0304@NiCo//AC asymmetric supercapacitors.
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4 Conclusions and outlook

In summary, we have fabricated the self-supported
NiO/Co304@NiCo integrated electrodes by a facile in-situ
oxidation method. The integrated electrode exhibited a high
areal capacitance of 1.36 F cm™ at a current density of 5 mA
cm? and a high cycle stability with a capacitance retention of
96.95% after 10 000cycles. The asymmetric supercapacitor
consisting of the NiO/Co304@NiCo cathode electrode
coupled with the activated carbon anode can deliver a high
energy density of 0.32 mWh c¢cm™ at a power density of 8 mW
cm?, Even at a high power density of 40 mWcem™2, an energy
density of 0.17 mWh cm? was achieved. The excellent
performance of the integrated electrode could be attributed to
the high conductivity NiCo current collector and the in-situ
formed NiO/Co3O4 active materials, which can largely
decrease the contact resistance and sufficiently improve the
electron transport efficiency. Furthermore, the reticular
nanowire network structure can also improve the transport of
ions and release the strain caused during charge and discharge
process.

Besides in-situ oxidation, other types of active materials
can also be fabricated by e.g. nitridation, phosporization and
sulfidation, which may show even better performance, and can
be further explored in future works. We expect that our current
study can inspire future development of electrode materials
and energy storage systems.
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