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Figure
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Fig. 1 Schematic illustrating the fabrication processes of the NiCo,O,4 with three difference
morphology. (a) The functionalization process of NiCo,O, anode materials in solution; (b)
NCONNSs; (c) NCONFs; (d) NCONSs.
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Fig. 2 Representative FESEM images of the NCONNs grown on Ni foam. (a) SEM image of the
well-cleaned Ni Foam; (b) SEM image of Ni Foam after coating of NCONNSs; (c,d) High-
magnification SEM image of NCONNSs.
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Fig. 3 (a) Low-magnification and high-magnification (insets) TEM images of the
NCONNSs; (b) the corresponding SAED patterns from NiCo0,0;,.
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Fig. 4 (a) Crystal structure; (b) XRD pattern; (c) Raman spectra, and (d) XPS survey

spectra of NiC0,0;,.
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Fig. 5 Schematic diagram of NCONNs crystal face. (a) The pale green plane was (311)
crystal face; (b-d) were the parallel projection of (100), (110) and (111) crystal face.
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Fig. 6 (a) CV curves of NCONNSs at different scan rates; (b) Galvanostatic charge-discharge curves
of NCONN s at various current densities; (c) Cycling stability of the NCONNSs at progressively various
current densities. (d) Electrochemical impedance spectra after 1st and 3000th cycles of NCONNSs.
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Fig. 7 Temperature-dependent evolution of the NiCo,O, nanostructures at different
hydrothermal reaction temperature: (a, b) 120 °C; (c, d) 90 °C; (e, f) 120 °C (prepared in
the absence of Ni foam).
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Fig. 8 The electrochemical properties of three kind's materials. (a) Charge-discharge curves, (b)
Electrochemical impedance spectra, (c) specific capacitance as a function of currentdensity and
(d) cycling performance at current densities of 2 A g™ of NCONNs, NCONFs, NCONSs.
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@ on NCONNSs

Fig. 9 Schematic diagram showing the kinetic advantages of the hybrid array in
electrochemical energy storage.
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Graphical Abstract

A NCONFs 718\ NCONSs

Three types of NiCo,04 nanostructures, homogeneous NiCo,04 nanoneedle arrays,

heterogeneous NiCo,0, nanoflake arrays and NiCo,04 nanoneedle-assembled
sisal-like microspheres are synthesized via facile solution methods in combination with
thermal treatment. The NiCo,O4 nanoneedle arrays are evaluated as supercapacitor
electrodes and demonstrate excellent electrochemical performances with high specific

capacitance (923 F g at 2 A g™"), good rate capability, and superior cycling stability.
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Abstract

Three types of NiCo,04 nanostructures, homogeneous NiCo,04 nanoneedle arrays,
heterogeneous NiCo0,04 nanoflake arrays and NiCo,O4 nanoneedle-assembled
sisal-like microspheres are synthesized via facile solution methods in combination
with thermal treatment. The NiCo0,O4 nanoneedle arrays are evaluated as
supercapacitor electrodes and demonstrate excellent electrochemical performances
with high specific capacitance (923 F g™ at 2 A g™"), good rate capability, and superior
cycling stability. The superior capacitive performances are mainly due to the unique
one dimensional porous nanoneedle architecture, which provides faster ion/electron
transfer rate, improved reactivity, and enhanced structural stability. The fabrication
method presented here is facile, cost-effective and scalable, which may open a new

pathway for real device applications.

* To whom correspondence should be addressed: E-mail: ysluo@xynu.edu.cn
T These authors contribute equally to this work.

1. Introduction

With the increasing demand for clean and renewable energy, more urgent efforts have been
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advocated to develop efficient energy storage and conversion devices. Moreover, with the fast
development of portable electronic devices with lightweight and flexible designs, the research
on flexible storage devices becomes very important. Supercapacitors (SCs) can repeatedly
generate electricity from storage materials and convert electric energy into chemical energy
reversibly. Due to its outstanding properties, such as high power density, good safety, long
cycle life, use of low-cost abundant raw materials and cost-effective synthesis, SCs have been
considered as the most successful and prospective technologies for energy storage. 1-7
Previous studies have shown that excellent performance of SCs mainly decided by the type
and structure of the electrode materials. However, carbon is still the dominant electrode
material for current commercial SCs, which fail to meet the stringent requirements for future
large-scale applications.8-11 Accordingly, scientists worldwide are searching for other
materials, including transition metal oxides, conducting polymers and hybrid composites to
replace or compensate with carbon materials to acquire higher specific capacitance and
superior cycle performance. 12-24 It has been well established that nanostructured electrode
designs offer unique properties, such as increased active surface areas, short ion transport
pathways, better accommodation of the strains, resulting in enhanced power density (or rate

capability) and cycling stability of supercapacitors. 25

Recently spinal nickel cobaltite (NiCo,04), replacing one cobalt atom by nickel, has been
investigated as a high performance electrode material for SCs owing to its several inherent
advantages, including low cost, abundant resources, and good environmental benignity and
higher electrochemical activity compared to binary nickel oxide (NiO) and cobalt oxide
(Co304). 26 Thus, NiCo,O4 with a broad range of morphologies were fabricated and
investigated as the electrode material for SCs, such as nanourchins,27 microspheres, 28
nanosheets, 29 and Nanotubes, 30 the formation of nanocomposites with graphene. 31 For
example, Shen et al 27 synthesized urchin-like NiCo,O4 nanostructures through a simple
hydrothermal method with a high capacitance (1650 F g' at 1 A g") for pseudocapacitor.
Srinivasan and co-wokers 30 prepared porous NiCo,Os nanotubes by a single-spinneret
electrospinning technique and they exhibit a high specific capacitance (1647 F g at 1 A g),
excellent rate capability (77.3 % capacity retention at 25 A g”), and outstanding cycling
stability (6.4 % loss after 3000 cycles). Traditional electrodes of SCs were typically derived

from pasting a homogeneous slurry of nanosized active materials, conductive acetylene black
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and polymeric binder onto the current collector, and followed by a solid press treatment. 32
However, it is noteworthy that this kind of electrode design has obvious drawbacks including
poor electron transport, the negligence of the advantages of nanoscale size, and low specific
capacity caused by the extra weight of additives, 33 which hinder their potential application
in high-performance energy storage devices.

Eventhough, a wide variety of nanostructures have been synthesized, tested and acquired
excellent performance, it still represents a great challenge to identify the most promising
structure that dramatically enhance the supercapacitor performance relative to the high
theoretical specific capacitance of NiCo0,04. Previous studies have shown that the charge
transfer kinetics to fully utilize the redox reactions in active material can be significantly
enhanced by growing either one-dimensional (1D) nanostructures or self-oriented
microstructures composed of 1D nanostructures directly over current collectors. 34 In such
cases, each nanostructure will have its own electric contact with the substrate. This ensures all
nanostructures participate in the electrochemical reaction and avoids the tedious process of
mixing active materials with binders. Moreover, internal resistance of the electrode will be
reduced as the open space between neighboring microstructures facilitates the diffusion of
electrolyte into the inner region of the electrode. 35

Herein, we report a cost-effective and simple strategy to design and fabricate 1D NiCo,04
nanoneedles on Ni foam. In comparison, we also prepared NiCo,0O4 nanoflakes on Ni foam
and NiCo,04 nanoneedle-assembled sisal-like microspheres. NiCo,04 nanoneedle consists of
numerous highly crystalline nanoparticles, providing a large number of mesopores for fast ion
transport and alleviating the volume change during the charge/discharge process. The flexible
NiCo0,04/Ni foam can be directly use as a binder-free electrode for supercapacitors, enabling
high capacity/capacitance, good cycling stability and excellent rate performance. The
fabrication method presented here is facile, cost-effective and scalable, which may open a new

pathway for real device applications.36,37

2. Methods

2.1 Synthesis of NiC0,04nanoneedle arrays (NCONNs) on Ni foaml

All the reagents were analytical grade and directly used after purchase without further
purification. Prior to deposition, commercial Ni foam (1.5X4cm in rectangular shape) were

cleaned by sonication sequentially in acetone, 1 M HCI solution, deionized water, and ethanol
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for 15 min each, drying for standby. NCONNs on Ni foam were synthesized via a simple
one-pot hydrothermal process. In brief, 4 mmol of Ni(NO;),.6H,O and 8 mmol of
Co(NOs3),.6H,0 were dissolved into 75 mL of deionized water, followed by the addition of
15 mmol of urea at room temperature and the mixture was stirred to form a clear dark red
solution. Then the mixture was transferred in to a 100 mL Teflon-lined stainless autoclave.
Then, the well-cleaned Ni foam was immersed in the mixture, and the autoclave was kept at
120 °C for 6 h. After it was cooled down to room temperature, the product on the Ni foam
was taken out and washed with deionized water and ethanol several times and cleaned by
ultrasonication to remove the loosely attached products on the surface. After that, the sample
was dried at 80 °C for characterization. Similarly, the NiCo,04 nanoflake arrays (NCONFs)
on Ni foam were also fabricated at 90 °C and a nanoneedle-assembled sisal-like NiC0,04
microspheres (NCONSs) were fabricated at 120 °C without the addition of Ni foam substrates,

respectively. Finally, the as-prepared samples were annealed at 400 °C in air for 2 h.

2.2 Characterization

The crystalline structure and phase purity of the products were identified by X-ray diffraction
(XRD) using a D8 Advance (Germany, Bruker) automated X-ray diffractometer system with
Cu-Ka (A = 1.5406 A) radiation at 40 kV and 40 mA ranging from 10° to 70° at room
temperature. Scanning electron microscopy (SEM) images were obtained using a HITACHI
S-4800 microscope (Japan). Transmission electron microscopy (TEM) observations were
carried out on a JEOL JEM-2010 instrument in bright field and on a HRTEM JEM-2010FEF
instrument (operated at 200 kV). Raman spectra were carried out using WITEC CRM200

Raman system equipped with a 532 nm laser source and a 50 X objective lens.
2.3 Electrochemical evaluation

Electrochemical measurements were carried out by electrochemical workstation (CHI 660E,
CH Instruments Inc., Shanghai) using three-electrode configuration in 2 M KOH aqueous
solution. The value of specific capacitance (F g'l) and current density (A g'l) was calculated
based on the total mass of the active materials. The reference and counter electrodes were
standard calomel electrode (SCE) and platinum foil, respectively. NCONNs and NCONFs
loaded on Ni foam were used directly as the working electrodes and the NCONSs electrode

was prepared by mixing the as-prepared samples, acetylene black, and poly-vinylidene
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fluoride (PVDF) binder with a weight ratio of 70: 20: 10, which were pasted onto a nickel
foam and the electrode was dried under infrared lamp before the electrochemical test. Cyclic
voltammetry (CV) measurements were performed at a scanning rate of 2~40 mV s from -0.1
to 0.55 V at room temperature. Galvanostatic charge-discharge measurements were carried
out from 0 to 0.5 V at a current density of 2 to 24 A g, under open circuit potential.
Electrochemical impedance spectroscopy (EIS) measurements were performed by applying
an alternate current (AC) voltage with 5 mV amplitude in a frequency range from 0.01 Hz to
100 kHz. The specific capacitances were calculated according to equation C =(1At)/(AV xm),
where I is the constant discharge current, At is the discharge time, AV is the voltage drop
upon discharging (excluding the IR drop), m is the total mass of the active substance of the

electrode material.

3. Results and discussion

3.1 Morphology and Structural Analysis

The fabrication processes and the resulting novel electrode architectures developed in this
work are schematically illustrated in Fig. 1. Ni foam substrates were made by metallic nickel
with high flexibility and high conductivity, making them as the unique supporting backbones
for controlled growth of NiCo,04 nonmaterial for electrochemical energy storage. NiCo,04
precursor can be easily grown on the highly flexible Ni foam under hydrothermal condition,

as described by the following three equations: 8

CO(NH,), - C;H N, +6NH, +3CO, (1)
NH,+H,0 — NH; +OH~ )
Ni** +2Co* +60H~ — NiCo, (OH ), 3)

An annealing treatment at 400 °C with a ramping rate of 2 °C min™ is utilized to convert
the precursor into spinel NiCo0,04 supported on the Ni foam, as described by the simple

oxidation reaction as follows:
NiCo, (OH)6 +1/20, = NiCo,O, +3H,0 4)

It can be seen that the whole process involves two steps: First, the formation process of

NiCoy(OH)s in solution, t a proper pH level realized by controlling the mass of urea and urea
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hydrolysis to produce OH™ under the condition of high temperatures. Ni*" and Co*" combined
with the OH™ in the solution and through hydrothermal reaction to form NiCo,0,4 precursors.
Second, the obtained precursors were subsequent annealed in air atmosphere. Under various
reaction conditions, three kinds of nanostructures were synthesized, 1D nanoneedle arrays
(NCONNSs) at 120 °C for 6h, 2D nanoflake arrays (NCONFs) at 90 °C for 6h and 3D
nanoneedle-assembled sisal-like microspheres (NCONSs) at 120 °C for 6h without of Ni
foam (Fig. 1b-d).

The optical images of the NCONNSs at different stage are provided in Fig. Sla. Typically,
the NiCo,(OH)g precursors were grown directly on substrate and further annealing enabled
the formation of micropores. At the same time, the color of the Ni foam substrate changed
from silver to amaranth, and black in turns. Fig. S1b and ¢ shows the digital photograph of
NCONNS/Ni electrode that can be folded and flexed, demonstrating the good flexibility,
which is necessary for flexible device applications.

The morphology of the different products was examined with scanning electron
microscopy (SEM). Fig. 2a shows a SEM image of the well-cleaned Ni foam, we can see that
the Ni foam has a porous three-dimensional network structure and smooth surface. After the
nanoneedle growth, the surface of the whole Ni foam becomes rough as shown in Fig. 2b.
After conversion into spinel NiCo,0O4, the NCONNs/Ni foam composite still keeps the
ordered porous three-dimensional network structure of the Ni foam substrate. Fig. 2c and d
demonstrate the higher magnification SEM images of NCONNs at two different
magnifications, indicating the large amount loading of the target materials and the
homogeneous coverage.. The enlarged view provides the evidence that both the nanoneedle
morphology and the array feature of the active materials are perfectly retained after the
annealing process. As the samples were ultrasonicated for several minutes before the SEM
examination, the uniform coverage of NCONNs on Ni foam confirms that the good adhesion
of them on Ni foam. The as-synthesized NCONNSs are homogeneously aligned and separated
apart adequately. It is expect that this unique structure might have a high surface area and
high morphology stability, and this feature could provide high specific capacitance due to the
easy access of the active materials in the redox process to their interface, which are highly
desirable for high-performance energy storage devices. Typical NCONNs have uniform
diameter of about 50 nm and length up to several micrometers.

More detailed information about the morphological and structural features of the
as-synthesized NCONNs were studied by TEM, HRTEM and selected-area electron

diffraction (SAED). From the dispersed nanoneedles as shown in Fig. 3a, it can be seen that
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the NCONNSs are consisted of porous structures, which results from the release of gas during
the decomposition of NCONAs precursor. The porous structures enable facile transport of the
electrolyte to the surfaces of NiCo,04, resulting in rapid charge transfer reactions due to the
shortened ions diffusion paths. HRTEM images taken from a single nanocrystal within a
nanoneedle are depicted in the inset of Fig. 3a, confirming the polycrystalline nature of the
nanoneedles. The clearly resolved lattice fringes were calculated to be about 0.47 nm, 0.28
nm and 0.24 nm, corresponding to the (111), (220) and (311) planes of spinel structured
NiCo,04, respectively. The SAED pattern depicted in Fig. 3b further confirms the
polycrystalline nature of the as-obtained NCONNS.

Fig. 4 shows the crystallographic structure, crystallographic phase and the chemical
compositions and metal oxidation states of the NCONNSs. As depicted in Fig. 4a, the Ni
species occupy the octahedral sites and the Co is distributed over both octahedral and
tetrahedral sites. Due to the presence of mixed valences of the same cation in such spinel
cobaltite, the NiC0,Os possesses at least two orders of magnitude higher electrical
conductivity than that of monometallic nickel and cobalt oxides only by electron transfer
taking placing with relatively low activation energy between cations. 38 The crystallographic
phase of the as-fabricated NCONNs sample was studied by the XRD technique, and the
typical wide-angle diffraction pattern is shown in Fig. 4b. In order to reduce the strong
impact of the substrate on the XRD results, the NCONNs were scratched from Ni foam for
XRD analysis. Seven well-defined diffraction peaks, including not only the peak positions
but also their relative intensities, can be indexed as the cubic spinel NiCo,04 crystalline
structure. As the (311) peak has the highest intensity in the XRD patterns, it could infer that
NCONNs were grew along the (311) crystal face and the pale green plane in the
crystallographic structure is (311) crystal face as shown in Fig. 5a. Fig. 5b-d show the parallel
projection of (100), (110) and (111) crystal faces. In order to further understand the
composition and structure of these NCONNs samples, Raman analysis was performed and
the typical Raman spectra of the products are shown in Fig. 4c. Four peaks of the NCONNs
at 187, 477, 523, and 671 cm™ correspond to the Fag, Eg, Fag, and Aj, models of NiC0,04,
respectively. These results are consistent with those documented in previous reports. 39-40
The chemical compositions and metal oxidation states of the NCONNSs are analyzed by X-ray
photoelectron spectroscopy (XPS). A full-survey-scan spectrum in Fig. 4d indicates the
presence of Ni, Co, and O, as well as C from the reference and the absence of other

impurities. 28,41
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3.2 Electrochemical properties

The electrochemical storage application of as-prepared NCONNs was evaluated by testing
them as binder-free electrodes for supercapacitors. The pseudocapacitive properties of the
NCONNSs are investigated by cyclic voltammetry (CV) and galvanostatic charge-discharge
measurements in three electrode configurations with 2 M KOH aqueous solution as the
electrolyte. Fig. 6a shows the typical cyclic voltammetry (CV) curves of the NCONNs
electrode with various sweep rates ranging from 2 to 40 mV s, The shape of the CV curves
clearly confirms the pseudocapacitive behavior, which is distinct from electric double-layer
capacitance characterized by nearly rectangular CV curves. Specifically, the redox peaks can
be observed within the potential range from -0.1 to 0.55 V (vs. SCE) for all sweep rates,
which is mainly related to the faradaic redox reactions related to M—O/M—-O—-OH (M=Co and

Ni ions) in the alkaline electrolyte, as shown in the following equations: 42-44

NiCo,O,+ OH™ + H,O0 = NiOOH + 2CoOOH + e 5)

CoOOH +0OH™ — CoO,+ H,0 + e (6)

The peaks are located at around 0.05 and 0.15 V (vs. SCE) when the scan rate is 2 mV s™.
With the 20-fold increase in the sweep rate from 2 to 40 mV s™, the position of the cathodic
peak shifts from 0.05 to -0.15 V (vs. SCE). This indicates the low resistance of the electrode
because of the conductive Ni foam substrate. 45 Furthermore, the peak current increases
when increase the scan rate, but the shape of these CV curves does not significantly change as
the scan rate increases from 2 to 40 mV s, revealing that this electrode architectures enable
fast redox reactions for electrochemical energy storage.

Galvanostatic charge-discharge measurements were conducted at various current densities
ranging from 2 to 24 A g'1 to further evaluate the pseudocapacitive properties of the
as-synthesized self-supported electrode of NCONNSs, and the results are shown in Fig. 6b.

Specific and areal capacitances were calculated using equation (7).

C,=1 xAt/(m x AV) ™

where I (A) represents the constant discharge current, m (mg), AV (V) and At (s) designate
the mass of active materials, potential drop during discharge (excluding the IR drop) and total
discharge time, respectively. The calculated specific capacitance as a function of the
discharge current density is plotted in Fig. S2. On the basis of the above results, the discharge
specific capacitance of the NCONNSs at 2, 4, 6, 8, 10, 12, 16, 20 and 24 A g'1 are 932, 816,
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720, 672, 620, 528, 448, 360 and 288 F g'l, respectively. About 31 % of specific capacity was
retained when the current density increased from 2 to 24 A g”'. And NCONNSs have similarly
behavior on the charge specific capacitance.

The cycle stability of SCs is a crucial parameter for their practical application. In order to
understand the synergistic effect in this electrode design, the cycling performance of the
NCONN:Ss at progressively increased current density was recorded in Fig. 6¢c. During the first
100 cycles with a charge discharge density of 2 A g, the NCONNs show stable cycle
performance and specific capacity as high as 934.6 F g'. In the following cycles, the
charge/discharge rate changes successively. While, the NCONNs materials always
demonstrate stable capacitance. With the current rate changing back to 2 A g for the rest of
cycles, a capacitance of ~931 F g can be recovered without noticeable decrease,
demonstrating excellent rate performance and cycle stability of the electrodes. The loss of
specific capacitance may result from ineffective contacts between part of the unstable
NCONNs and the substrate, followed by deterioration of the electron transfer and ion
diffusion.

To further show the merits of the NCONNs and Ni foam composite material as the
electrode material, electrochemical impedance spectra (EIS) were conducted to reveal the
electronic conductivity during the redox process. Impedance spectra of the NCONNs
electrode material were measured at open circuit potential with an AC perturbation of 5 mV
at the frequency range from 0.01 Hz to 100 KHz. Nyquist plots in Fig. 6d are composed of an
arc in the high frequency region and a nearly straight line in the low frequency region. Herein,
the high-frequency intercept with the X-axis represented the equivalent series resistance (Rs),
associated with the sum of the electrolyte solution resistance, the intrinsic resistance of the
active material and the contact resistance at the electrode-electrolyte interface. The charge
transfer resistance of the electrode (Rct) was calculated from the diameter of the semicircle in
the high frequency region, while the straight line at lower frequencies presented the diffusion
behavior of ions in the electrode pores. The steeper shape of the sloped line represented an
ideal capacitive behavior with the faster diffusion of ions in electrolyte. 40 The measured
impedance spectra were analyzed using the complex nonlinear least-squares fitting method
on the basis of the equivalent circuit, which is given in the inset of Fig. 6d, Fig. 6d shows the
charge transfer resistances (R) of the NCONNSs electrode after 1st and 3000th cycle ,
respectively. The R value increases only slightly from the 1st to 3000th cycle owing to good
contact between the current-collector and nanoneedle arrays. These analyses revealed that the

good electrical conductivity and ion diffusion behavior of the NCONNSs resulted in the high
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performance for SCs.

As a comparison, NCONFs and NCONSs were also been prepared under different reaction
conditions. Fig.7a and ¢ show the SEM images of NCONFs at different magnifications,
indicating the large area coverage of the target materials and the homogeneous distribution.
And the SEM images of the NiCo,0O4 nanoneedle-assembled sisal-like microspheres

(NCONSs) are shown in Fig. 7d and f. To evaluate the capacitive performances of the

as-prepared products, the as prepared samples were tested as the anode materials for SCs. Fig.

S3 a and ¢ show the CV curves of the NCONSs and NCONFs, and Fig. S3b and d show the
galvanostatic charge-discharge curves of them, respectively.

Fig. 8a displays the typical charge-discharge curves of the three electrodes at a current
density of 2 A g"'. Evidently, the NCONNs possess much longer discharge time and thus
higher capacitance than the NCONFs and NCONSs. Note that these curves have
approximately symmetrical shape, which suggest the good electrochemical capacitive
characteristic and the superior reversibility of the redox reactions of these electrodes. It can
be seen from Fig. 8a that all the discharge curves consist of two sections: a rapid potential
drop due to the internal resistance and a sluggish potential decay stemming from the Faradic
redox reaction. The nonlinear feature of such charge-discharge curves further verifies the
pseudocapacitive behavior of these electrodes. Notably, a smaller IR drop for the NCONNs
nanostructures is observed at the beginning of the discharge curve, suggesting a low internal
resistance of this morphology.

The Nyquist plots of NCONNs, NCONFs and NCONSs are compared, as shown in Fig.
8(b). A straight oblique line in the low-frequency range can be observed for all the three
electrodes. However, in the high-frequency range, the NCONNs nanostructures based
electrode has smaller depressed semicircle compared to NCONSs, which corresponds to the
charge transfer resistance resulting from the electron diffusion. This is due to the direct
growth of NCONNs on a conductive substrate, which could ensure good mechanical
adhesion, and more importantly, good electrical connection with the conductive substrate.
And the decreased ion diffusion and charge-transfer resistances lead to the improved specific
capacitance. Besides this, the real axis intercept of the NCONNs nanostructures is smaller
than that of the NCONSs, indicating a much smaller bulk resistance of the NCONSs
nanostructures, and it is in agreement with the small IR drop shown in Fig. 8a.

The capacitance of the NCONNSs electrodes at various current densities is calculated and
depicted in Fig. 8c, and the results were compared with the NCONSs and NCONFs
electrodes. Clearly, the NCONNSs electrode exhibits higher specific capacitance values than
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NCONSs and NCONFs at the same current density. A good cycling stability is crucial for
real SCs operation. Thus, following the above tests, the long-term cycling performances of
the three different electrodes are recorded as shown in Fig. 8d at a current density of 2 A g™
A significant specific capacitance lose can be seen for NCONSs electrode, only 93.8 % of the
initial capacitance be maintained after 3000 cycles. While for NCONNs electrode, the
specific capacitance is perfectly retained with negligible decay, demonstrating its superior
cyclic stability performance. The good long-term electrochemical stability of the NCONNs
electrode can further be proved from the very stable charge-discharge curves of the last 20
cycles (insert of Fig. 8d). The results showed that the charge curves are still very symmetric
to their corresponding discharge counterparts, indicating no significant structural change of
the NCONN:Ss electrode during the charge/discharge processes.

Based on abundant electrochemical analysis, the flexible NCONNs and Ni foam composite
electrode was proved to exhibit excellent performance for SCs. The greatly enhanced specific
capacitance and long-term cycling stability of NCONNSs electrode can be attributed to its
unique morphology and architecture. As the NCONNs are composed of nanocrystallites and
possess mesopores, the transportation of electrolytes through their nanochannels is possibly
more feasible for efficient redox reactions during Faradaic charge storage process. And the
electronic conductivity of NCONNS electrode is significantly improved by directly connected
to the growth substrate, which ensures every nanoneedle participates in the ultrafast
electrochemical reaction as shown in Fig. 9. The above results evidently suggest that it is
appealing to use configuration of the NCONNSs as self-supported electrodes for advanced

high performance supercapacitors.

Conclusions

In summary, mesoporous NCONNs were successfully grown on Ni foam substrates with
robust adhesion through a general hydrothermal method combined with a simple
post-annealing treatment, and they directly served as a binder-free electrode for high
performance energy storage devices. The electrode design concept presented here allows each
NCONN to have its own electrical contact with the Ni foam substrate and provide facile ion
diffusion path by the mesoporous structures in the nanoneedle and the large open space
between the neighbor nanodeedle, which ensures every nanoneedle participates in the
ultrafast electrochemical reaction. Thus, high specific capacitance of 932 F g at 2 A g and

remarkable cycling stability (negligible specific capacitance decay after 3000 cycles at 2 A
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g'l) were achieved by using the as synthesized material as electrochemical capacitor
electrodes. As a comparison, we also synthesized NCONFs and NCONSs under difference
reaction conditions, and they possess worse performance than NCONNs. More importantly,
the electrode design concept here can be easily generalized to grow other mesoporous metal
oxides nanostructure on substrates for the fabrication of high-performance energy storage

devices.
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