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One-dimensional nanostructure of ultrathin standing a-Ni(OH), nanosheets@halloysite nanotubes is synthesized through one-
step facile precipitation method. The nanocomposites exhibit high capacitance (1677 F g™) and excellent cycling stability (100 %
capacity retention after 2000 cycles) due to their ultrathin and standing nanosheets and intense cation/anion exchange
performance of halloysite nanotubes. The remarkable electrochemical performance will undoubtedly make the hybrid

structures attractive for high-performance supercapacitors.

1. Introduction

The ever-growing demand for environmental protection and
energy-intensive applications has stimulated reinforced
research interest in energy storage and conversion from
alternative energy sources.'™ So far, as one of the most ideal
candidates for green energy storage devices, supercapacitors
have been wildely studied on account of their long and stable
cycle life, short charging time, high power density, low
maintenance cost and minimal safety concerns.®® On account
of their intriguing electrochemical properties, supercapacitors
can be used for momentary energy smoothing load services
such as emergency power supplies and peak power assistance
for batteries in electric vehicles.” However, the practical
applications of supercapacitors have been intensively
hampered by the inherent drawbacks of the existing electrode
materials, such as the high cost of the RuO, based materials,
relatively low specific capacitance of the carbon based
materials and the poor cycling stability of the
pseudocapacitive materials.'"® Nickel hydroxide has been
studied as a high performance electrode materail for
supercapacitors owning to its low fabraction cost, well
defined electrochemical behaviors, flexible synthesis method
and high theoretical capacity (3750 F g' at the voltage
window of 0 and 0.5 V).“"20 However, nickel hydroxide based
materials rely on Faradic redox reactions and thus can not
support fast transport of electrons. The energy storing
mechanisms for nickel hydroxide is described by the redox
reaction (1),

a — Ni(OH), + OH &y — NiOOH + H,0 + e~ (1)

Clearly, the reaction represents a compromise of rate
capability and reversibility. It is known that the rate capability
of electrode materials is determined mainly by the rate of ion
diffusion and the electronic conductivity. The latter is often
accomplished by using conductive substrate (such as carbon
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nanofibers and nanotubes, Ni foam et al ) to enhance the
conductivity of the active materials.”> 2 According to
reaction (1), the hydroxyl ion plays an important role and
hence the rate capability of the supercapacitors can be
enhanced through the increase of the ionic conductivity.

Halloysite (HA), a kind of one-dimensional tubular clay
minerals, has versatile features, such as high porosity, tunable
surface chemistry and low cost.?*?% In addition, it possesses
excellent cation/anion exchange capacity and abundant OH
on the surface, which is highly possible to enhance the
diffusion rate of OH’, thus enhancing the rate capability of
nickel hydroxide based materials.

In this work, we employ a one-step facile low-temperature
precipitation  method to construct 1D  a-Ni(OH),
nanosheets@HA nanotubes hybrid nanostructures.”’” The as-
prepared o-Ni(OH),@HA composites are unusually suitable
as the electrode materials for supercapacitors for at least three
i) These hierarchical and ultrathin o-Ni(OH),
nanosheets could offer rich accessible electroactive sites,
short ion transport pathways, superior electron collection
efficiency and buffer the large volume change during the fast
charging—discharging process;*® ii) t

he standing structure may help to the separation of
neighboring nanosheets, thus restraining the active material
from aggregating; iii) the remarkable cation/anion exchange
capacity of HA nanotubes can offer quick and sustainable
supply or removal of participant ions during the charge-
discharge process, which can be considered as fascinating
synergetic properties, thus enormously enhancing the rate
capability of a-Ni(OH), nanosheets@HA nanotubes. In terms
of the above-mentioned advantages, the integrated hybrid
electrodes exhibit an excellent specific capacitance and
cycling stability even at a high charge/discharge current
density.
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2. Experimental
2.1 Materials

The halloysite (HA) nanotubes were purchased from Imerys
Tableware Asia Limited. The chemicals, polyvinylidene fluoride
(PVDF) and N-methyl-2-pyrrolidone (NMP), were purchased
from Sigma-Aldrich. All reagents were analytical grade and used
without further purification.

2.2 The synthesis of a-Ni(OH), aggregates and o-Ni(OH),
nanosheets@HA nanotubes

5 mg of halloysite (HA) nanotubes was well dispersed in 40 mL
of deionized water by sonication treatment. Then, 0.25 mmol of
Ni(NOs),-6H,0, 0.25 mmol of hexamethylenetetramine and
0.025 mmol of citric acid trisodium salt dehydrate were dissolved
into the above dispersion to form a light green solution. The
resulting solution was then heated to 90 °C in an oil bath for 6 h
with slow stirring. After the solution was cooled down to room
temperature naturally, the product was collected by centrifugation
and washed with deionized water and ethanol several times. o-
Ni(OH),@HA was finally obtained after being dried in a vacuum
at 60 °C for 12 h. o-Ni(OH), aggregates were prepared via a
similar procedure without halloysite. The synthetic process is
illustrated in Scheme 1.

2.3 Materials characterization

X-ray diffraction (XRD) patterns were collected on a
SHIMADZU Lab X X-6000 Advanced X-Ray Diffractometer. IR
spectra were obtained on a Bruker RENSOR27 Fourier transform
infrared (FT-IR) spectrometer ranged from 4000 to 400 cm™'. The
samples and KBr crystal were ground together, and then the
mixture was pressed into a flake for IR spectroscopy. The
chemical states of the products were studied using the X-ray
photoelectron spectroscopy (XPS) measurement performed on an
Axis Ultra, Kratos (UK) at monochromatic Al K a radiation (150
W, 15 kV and 1486.6 ¢V). The vacuum in the spectrometer was
10-9 Torr. Binding energies were calibrated relative to the C 1s
peak (284.6 eV). Field-emission scanning electron microscope
(FESEM) images were obtained on a HITACHI SU-8010
microscope. Transmission electron microscope (TEM) images
taken on a JEOL JEM-2100 microscope.
Thermogravimetric analysis (Perkin-Elmer TGA 7) was carried
out under a flow of air with a temperature ramp of 10 °C min™'
from room temperature to 800 °C.

were

Precipitation method
-

a-Ni(OH), nar

heets@ HA S

Scheme 1. Schematic illustration of the synthetic procedure of Ni(OH),
nanosheets@HA nanotubes hybrid nanostructures.
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2.4 Electrochemical measurements

For electrochemical measurements, the working electrode was
consisted of an active material, carbon black (TIMICAL SUPER
C65), and a polymer binder in a weight ratio of 70:20:10. The
polymer binder was self-prepared by dissolving commercial
PVDF powder into NMP solvent with a weight ratio of 7:93. The
as-prepared slurry was then pasted onto graphite paper and dried
at 60 °C at oven for 8 h and following at 120 °C overnight under
vacuum. The electrochemical test was conducted with a
electrochemical workstation (CHI 660D) in an aqueous KOH
electrolyte (2.0 M) with a three-electrode cell where Pt foil serves
as the counter electrode and a saturated calomel electrode (SCE)
as the reference electrode.

3. Result and discussion
3.1 Material characterizations

A commercial halloysite nanotubes are selected as substrate
for preparing the 1D o-Ni(OH), nanosheets@HA hybrid
nanostructure. Morphology and structure of HA nanotubes
have been characterized with SEM and TEM. As shown in
Fig. 1A, the halloysites predominately consiste of cylindrical
nanotubes 50-150 nm in diameter and 1-2 pm in length.” The
empty limen structure of HA is revealed by TEM image. As
shown in Fig. 1B, the average inner diameter of the HA is in
the range of 40-60 nm. The aggregates of o-Ni(OH), without
HA supportting is also prepared as compared sample in the
similar procedure, and the morphology was shown in Fig. 1C
and 1D. It is apparent that a-Ni(OH), aggregates possess a
chain morphology composed of irregular spheres with a
diameter of ~lum. After further careful observation, the
irregular spheres are composed of thin nanosheets. The
morphology of a-Ni(OH), nanosheets@HA nanotubes has
been confirmed with SEM and TEM images (Fig. 2). As seen
in Fig. 2A, a large amount of uniform 1D nanostructures are
obtained with a hierarchical architecture. From an enlarged
view of the FESEM image (Fig. 2B), these 1D nanostructures
are composed of uniform a-Ni(OH), nanosheets grown
L~ g

Fig. 1 SEM (A) and TEM (B) images of the halloysite (HA) nanotubes; SEM
(C) and TEM (D) images of a-Ni(OH),.
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Fig. 2 SEM images (A, B) and TEM images (C, D) of the ultrathin
standing a-Ni(OH), nanosheets@HA nanotubes.

surrounding the surface of HA nanotubes. In addition, the
nanosheets show a hierarchical array feature with empty space
among adjacent nanosheets. This feature could benefit the
penetration of the electrolyte, which may contribute to
improve electrochemical performance. It can be clearly
observed (Fig. 2C) that o-Ni(OH), nanosheets are grown
rather uniformly and surroundding the HA nanotubes to form
the 1D structure. An enlarged view (Fig. 2D) provides the
evidence that the standing a-Ni(OH), nanosheets are
chemically grown on the HA nanotubes, which could be derived
from the self-seeded growth process. The length of nanosheets is
about 200 nm and the thicknessis approximate 4 nm (the inset in
Fig. 2D). The nanosheets would promote more ions to participate
in the reaction and increase the availability of the nanomaterials
to enhance the energy density. All above, the well defined o-
Ni(OH),@HA nanostructures can be prepared by this low-cost
effective precipitation route. The thermal behavior is estimated
by the thermogravimetric analysis (TGA) (Fig. 3a). Curve (I)
shows that adsorbed water and interlayer water are removed in
the first stage of this process (up to 60 °C), the thermal
decomposition of HA is completed at 450 °C. This weight loss
can be vested as a continuous thermal depletion of deep-trapped
hydroxyl groups and inherent moisture. Curve (III) indicates that
while trapped moisture can be removed in the early stage of this
process (up to 100 °C), the thermal decomposition of a-Ni(OH),
is intensively completed at 300 °C. The weight loss over 300 to
800 °C can be assigned to a continuous thermal depletion of
deep-trapped hydroxyl groups and removal of chemisorbed
carbonate anions. Curve (II) displays the thermal decomposition
of o-Ni(OH),@HA hybrid nanostructures with two apparent
weight loss. Using Energy Dispersive X-ray Spectrom (EDS)
(Fig. 3b), we calculate that the mass fraction of a-Ni(OH), is
esimated to be about 45% in the hybrid nanostructures.

The X-ray diffraction (XRD) is used to further confirm the
crystal structure and composition of the hybrid structure. Fig. 4
shows the patterns of HA, o-Ni(OH),@HA and o-Ni(OH),.
Curve (a) apparently reveals the main four characteristic
diffraction peaks at 24.6°, 33.4°, 34.9° and 59.7° corrensponding
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to the (006), (101), (012) and (110) of a-Ni(OH),, which is in
good agreement with standard power diffraction patterns of a-
Ni(OH), (JCPDS No. 38-0715).% *° The diffraction peaks
confirm the high crystallinity of the as-prepared material.
Meanwhile, some crystal face of halloysite nanotubes, such as
(002), (110), (003), (211) at 24.84°, 35.02°, 37.98° and 54.34°
appear (curve c). Curve (b) indicates that the hybrid materials
synchronously possess the characteristic diffraction peaks of HA
and 0a-Ni(OH),, confirming the composition of the hybrid
materials.

The chemical structure of as-prepared composites is further
characterized by Fourier transform IR (FT-IR). Curve a in Fig. 5a
shows the characteristic bands of halloysite, such as the stretching
vibration of the inner-surface hydroxyl groups of Al,OH at 3695
and 3620 cm™', the deformation vibration of the above hydroxyl
groups at 910 cm’', and the deformation vibration of Al-O-Si
and Si-O-Si at 538 and 469 cm™ > 3" 32 The reactions of the FT-
IR spectra (Fig. 6b, Curve b) indicate that the structure of
halloysite nanotubes remaine unaffected by the Ni(OH),-
treatment except the Si—O broad stretching band at about 1029
em’!, which shifted to 1031 cm™ for a-Ni(OH),@HA. The
shifting of the Si—O broad stretching band indicates the formation
of hydrogen bonding between the outer surface of the halloysite
nanotubes and a-Ni(OH),. The new bands at 3490 and 1624 cm’!
are most likely due to the stretching vibration and the
corresponding deformation vibration of the hydroxyl groups
involve in hydrogen bonding, which come from absorbed H,O
and hydroxyl groups interacting with adsorbed species. Two
strong bonds at 1369 and 632cm™ are observed, which can be
attributed to the vibration of the interbedded NOs- groups of a-
Ni(OH), and Ni—O-H bending vibrations, respectively.

More detailed elemental composition and the oxidation state of
the as-prepared composites are further investigated using X-ray
photoelectron spectroscopy (XPS) and the corresponding results
are presented in Fig. 6. The survey spectrum (0-1200 eV) (Fig.
6a) of a-Ni(OH),@HA nanosheets shows mainly carbon (C 1s),
oxygen (O 1s) and nickel species.® The binding energies for Si
2p, Al 2p, O 1s, and C 1s are 104.4, 70.4, 529, and 282 eV,
respectively.® In the Ni 2p binding energies at 853.3 and 870.9
eV, corresponding to Ni 2p3/2 and Ni 2p1/2, respectively, with a
spin-energy separationls are 104.4, 70.4, 529, and 282 eV,
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are two shake-up type peaks of nickel at the high binding
o b o0 energy side of the Ni 2p3/2 and Ni 2p1/2 edge.**

N N 3.2 Electrochemical characterizations

B A i It will be interesting to evaluate the electrochemical performance
of the synthesized materials as electrodes for supercapacitors.
The CV curves of a-Ni(OH),@HA nanostructure electrode with

2 3 4 s s 7 ] ]

o

Element” | Weight ratior  Atomic persents < < 6 various sweep rates ranging from 3 to 30 mV s are shown in

i e a0 ‘ . Fig. 7(a), which consists of a pair of redox peaks within the

10 :: :T: _iz potential range from 0 to 0.55 V vs. SCE and reveals the
NiKe 28.660 10.900 ’ 5 pseudocapacitive characteristics. This is owing to the reversible

> ‘ reduction as described by reaction (1). Such a peak potential

foe 19000+ 70 difference can be regarded as quasi-reversible. The shape of the

CV curves was basically constant at different scan rates, which

15 resultes from the improved mass transportation within the
Fig. 3 (A) TGA analysis of HA nanotubes (I), a-Ni(OH) electrode materials.*® The Fig. 7(b) shows the galvanostatic

nanosheets@HA (II) and a-Ni(OH), nanosheets (IIT) under air flow . . .. .
with a temperature ramp of 10 °C min’; EDS (B) of a-Ni(OH), discharge profiles at different current densities ranging from 6 to

nanosheets@HA nanotubes. 75 30 A g, The specific capacitance is calculated by the formula,
Cp = 1 % At/(AV * m) (@)

Where C,, (F g) is the specific capacitance, I is the discharge
current, At is the discharge time, AV is the voltage range and m is
the mass of the active material (i.e., the total mass of the hybrid
nanostructure). The calculated specific capacitance as a function
a of the discharge current density is plotted in Fig. 7(c). It is seen
that the specific capacitance is as high as 1255, 1493, 1630, 1677
h ! Mﬂ b and 1771 F ¢ at discharge current densities of 30, 20, 15, 10 and
3 6 A g, respectively. In addition, the cycling stability is also

ss evaluated by the repeated charging-discharging measurement at a
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respectively. In the Ni 2p region (Fig. 6b), the spectrum shows 110 T T T
two major peaks with binding energies at 853.3 and 870.9 eV, 850 SBelg din Enzzo (V) 880
ss corresponding to Ni 2p3/2 and Ni 2pl/2, respectively, with a 9 %
spin-energy separation of 17.6 eV, which is characteristic of Fig. 6 (a) XPS survey spectrum of a-Ni(OH),@HA sample and
Ni(OH), phase and in good agreement with the literature.** > In (b) Ni 2p core level.

addition, The satellite peak at around 859.0 eV and 877.4 eV 115
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constant current density of 10 A g”', as shown in Fig. 7(d) (I). The
specific capacitance is around 1688 F g in the first cycle and it
gradually increases to1751 F g after cycling for 400 cycles.
Subsequently, the capacitance is keeping at 1688 F g'. This
corresponds to no any capacitance loss, which is considered a
reasonably good performance for metal hydroxide nanostructures
based electrode materials. Comparison of the cycling
performances of a-Ni(OH), aggregates and HA nanotubes are
shown in Fig. 7(d) (I and III) indicates that o-Ni(OH),@HA
hybrid nanostructure possesses the miraculously high specific
capacitance. The capacity is also higher than some Ni(OH),-
based materials, which have a capacitance of 1212 and 813 F g
at the corresponding discharge current densities of 2 and 16 A g™,
37 From the date above, the a-Ni(OH),@HA nanotubes hybrid
nanostructures show an enhanced electrochemical performance,
which is ascribed to two main factors. First, the well-defined
ultrathin standing and hierarchical nanosheets allow the materials
to be in constant contact with electrolyte. This shortens the
pathways of and incresed the availability of the
nanostructures ensuring the good electrochemical performance of
the supercapacitor. Second, the sufficient supply of hydroxyl
groups and the remarkable cation/anion exchange capacity of HA
increase the capacitance and stability of the supercapacitor from
the chemical reaction kinetic point of view.

ions
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4. Conclusion

o A new composite nanostructured material (o-Ni(OH),
nanosheets@HA) is developed to improve the electrochemical
performance of supercapacitors. The material can be prepared by
a simple, and green electrochemical process.
Measurements show that the nanosheets, combined with with HA

s nanotubes, possess excellent electrochemical performance, such
as high specific capacitance and long cycle life, and thus are
suitable as advanced electrode materials for pseudo-
supercapacitors. This demonstrated feature of o-Ni(OH),@HA
hybrid nanostructures will promote new opportunities to make

70 high—performance supercapacitors and other energy-storage
devices. Using HA as a substrate, other materials (such as cobalt
hydroxide, zinc hydroxide, nickel cobaltite and so on) may also
be grown to form hybrid nanostrures for supercapacitor
applications, which is under current study.
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Graphical Abstract

a-Ni(OH), nanosheets@HA hybrid nanostructures exhibit an excellent specific capacitance and
cycling stability at a high charge/discharge current density.
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