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h i g h l i g h t s

� a-Phase NiCo double hydroxide (NiCo
DH) was successfully synthesized via
a rapid microwave heating method.

� The as-synthesized NiCo DH
presented a 3D flower-like
microsphere superstructure
composed of ultrathin nanosheets.

� NiCo DH showed a long term stability
at high current density.

� The asymmetric supercapacitor
delivered a high energy density and
good stability.
g r a p h i c a l a b s t r a c t

The 3D flower-like a-phase NiCo DH microsphere synthesized by microwave heating displayed excellent
stability. The capacitance increased to 1220 F g�1 after 2000 cycles at 10 A g�1 (122.5% of its initial value
of 996 F g�1) and still remained a high capacitance of 822 F g�1 (93.8% retention) after another 1000
cycles at 30 A g�1.
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Fast and low-cost fabrication of high performance electrode materials is of great importance for the appli-
cation of supercapacitors. Herein, in our research, three-dimensional (3D) flower-like NiCo double
hydroxide (NiCo DH) microsphere was successfully synthesized via a rapid, inexpensive and energy-
saving microwave route without using any template or surfactant under atmospheric pressure. The as-
obtained NiCo DH microsphere endowed with a-phase structure with CNO� ions intercalation in the
interlayers (7.3 Å) was composed of ultrathin nanosheets with thickness less than 10 nm.
Electrochemical test revealed the NiCo DH electrode showed a high specific capacitance of 1120 F g�1

at 1 A g�1 and remained 996 F g�1 at 10 A g�1 (88.9% retention). Moreover, after 2000 cycles, the capac-
itance reached 122.5% of its initial value at 10 A g�1 and still retained 93.8% at 30 A g�1 after another 1000
cycles, showing superb stability compared with reported a-phase hydroxides. The admirable stability
could be attributed to the synergistic effect between Ni and Co elements, the ion exchange phenomenon
between CNO� and OH� ions in the interlayer of NiCo DH during cycling test, and the coherent 3D super-
structure. Besides, the asymmetric supercapacitor, with NiCo DH as positive electrode and activated car-
bon from coal as negative electrode, delivered a superior energy density of 42.5 Wh kg�1. Consequently,
the pleasant synthesis procedure and excellent integrated performance of NiCo DH enable it to be a
promising electrode material for the energy storage devices.

� 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Supercapacitors have drawn great interest in recent years due
to their fast charge and discharge rate, high power density, long
cycle lifetime, and high reliability [1,2]. The energy is stored via
either ion adsorption (electrochemical double layer capacitors,
EDLCs) or fast surface redox reactions (pseudocapacitors) [3]. At
present, the electrode materials have been the key of energy stor-
age for supercapacitors. Carbon materials, such as activated carbon
[4], carbon nanotubes [5], or graphene [6], and their hybrid mate-
rials [7], are typical electrode materials of EDLCs, usually possess-
ing long cycle lifetime but poor capacitance [8]. Compared with
EDLCs, pseudocapacitors, using metal oxides/hydroxides and con-
ductive polymers as electrode materials, have better capacitance
performance. Nevertheless, they suffer from either high cost and
toxicity or unsatisfied cycle lifetime, which hindered their wide
applications.

Recently, Ni based hydroxides and related metallic double
hydroxides have drawn increasing interest as promising electrode
materials. For example, partial substitution of Ni by some sec-
ondary metallic component could generally obtain Ni-M double
hydroxides (M = Co [1], Mn [9], Al [10], or Ti [11]) with enhanced
electrochemical performance. Among these, NiCo DH was the
mostly investigated materials by virtue of its abundant feeding
source, low toxicity, high theoretical capacitance and tunable com-
position [12–16]. Both NiCo DH and its counterpart exist in the
form of two (a and b) kinds of phase. b-phase hydroxides are com-
posed of brucite-like layers with an ordered close stack and a small
interlayer spacing of 4.6 Å [17]. For a-phase, they consist of posi-
tively charged host layers and charge-balancing anions or mole-
cules with a tunable interlayer spacing. As was reported before,
Wang et al. synthesized three types of a-Co(OH)2 with intercalated
anions of dodecyl sulphate, benzoate and nitrate, which had a
interlayer spacing of 1.6, 0.7 and 0.09 nm, respectively [18]. As a
result, the sample with a larger interlayer spacing possessed the
higher specific capacitance and better cycle life. This feature
endowed a-phase hydroxides with higher specific capacitance
than b-phase because more active sites in the interlayer can be
gained during electrochemical reaction. While the weak interac-
tion (Van der Waals force and hydrogen bonding) [19] between
host layers and interlayer species makes a-phase hydroxides a
sub-stable state and unsatisfied cycle life. So it remains a challenge
for a-phase NiCo DH to both have the high capacitance and keep
the good stability in basic solution.

Current synthesis of a-phase NiCo DH has been mainly confined
to hydrothermal, chemical precipitation [9], or electrochemical
deposition methods [20]. While these methods suffer from either
harsh conditions or a long preparation duration and low yield. Of
late, microwave synthesis of inorganic nanomaterials like transi-
tion metal oxides/hydroxides has drawn much attention owing
to its advantages such as fast and uniform volume heating, acceler-
ated nucleation and growth rate of nanomaterials [21–24], which
have been used in electrocatalyst [25], supercapacitor [26], and
lithium ion battery [27]. For example, Meher et al. synthesized
NiO under microwave heating, exhibiting a higher capacitance
than that by conventional-reflux [28]. Lei et al. have successfully
fabricated 3D hierarchical NiCo2O4 microspheres that possess a
high capacitance of 1006 F g�1 at 1 A g�1 and still retained 93.2%
after 1000 cycles [29]. Inspired by this, we developed a green, facile
and rapid microwave strategy to synthesize a-phase NiCo DH. We
firstly explored the growth process of NiCo DH under microwave
irradiation via a time-evolution experiment, and the synthesis
duration was optimized. Then, the following work focused on the
investigation of the electrochemical performance of NiCo DH. As
a result, the as-synthesized a-phase NiCo DH microsphere showed
a high specific capacitance, excellent rate capability, and especially,
outstanding cycle life even at a large current density. The reasons
for the better cycle life of NiCo DH were also explored. In addition,
the asymmetric supercapacitor (ASC) using NiCo DH as positive
electrode and activated carbon (AC) derived from coal as negative
electrode showed a promising energy density and good stability.
2. Experimental section

2.1. Material synthesis

Typically, for the synthesis of NiCo DH sample, NiCl2�6H2O
(1.5 mmol), CoCl2�6H2O (1.5 mmol), and urea (60 mmol) as precip-
itant were dissolved by deionized water (60 mL) in a 100 mL three-
necked flask and stirred for 20 min to form transparent precursor
solution. The resulting solution was placed in the microwave oven
(XH-MC-1, Xianghu Co., Beijing) and heated under the microwave
irradiation for various time (8–120 min) at 100 �C with the micro-
wave power of 300 W (it took about 2 min to reach 100 �C from
room temperature). After reaction, the mixture aged for 1 h and
the resulting precipitation was collected and washed by deionized
water thoroughly. The as-obtained product was dried in a vacuum
at 60 �C for 24 h to get the NiCo DH powder.

The AC from coal was prepared based on our previous work
[30]. In a typical procedure, the high ranked coal (3 g) was mixed
with KOH at a KOH/coal ratio of 4, then the mixture was placed
in a horizontal tubular furnace and activated at 800 �C for 2 h. After
cooling down to room temperature, the sample was washed with
5 M HCl followed by distilled water to remove residual chemicals.
Finally, the as-synthesized AC sample was dried at 110 �C
overnight.

2.2. Characterization

The crystalline structure of NiCo DH samples was characterized
by X-ray diffraction on a diffractometer (XRD, Haoyuan, DX-2700,
China) using Cu Ka1 (k = 1.5406 Å) radiation at 40 kV and 30 mA.
The Fourier transform infrared (FT-IR) spectra were recorded with
a FT-IR spectrometer (Bruker, Tensor, Germany) in the range of
400–4000 cm�1. The specific surface area and pore structure of
the materials were measured by N2 adsorption/desorption using
an automated surface area & pore size analyser (Quantachrome
NOVA 1000e apparatus). The morphology and detailed structure
of product were measured with a field emission scanning electron
microscopy (FESEM, Hitachi, S3400, Japan) and a high-resolution
transmission electron microscopy (HRTEM, JEOL, JEM-2010, Japan).
The X-ray photoelectron spectra (XPS) were measured on a spec-
trometer (AXIS Ultra DLD) and corrected by the C 1s line at
284.6 eV.

2.3. Electrochemical tests

All the electrochemical tests of the as-obtained hydroxides and
AC samples were conducted on a CHI 660E electrochemical work-
station (Shanghai Chenhua Instrument Co., China) under a three-
electrode configuration with a saturated Hg/HgO electrode as the
reference electrode, a graphite sheet as the counter electrode in
6 M KOH aqueous solution. The working electrode was fabricated
by mixing 80 wt.% NiCo DH powder, 10 wt.% acetylene black, and
10 wt.% poly (vinyldifluoride) in N-methylpyrrolidinone. The mix-
ture was loaded on the Ni foam substrate (1 cm � 1 cm) and dried
at 60 �C for 24 h. Then, the electrode was pressed under 10 MPa for
1 min. Generally, the mass loading of active material was around
3.2 mg.
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The specific capacitance (SC) was calculated from the galvanos-
tatic charge-discharge curves as follows:

Cs ¼ I� Dt=ðDV�mÞ ð1Þ
where Cs, I, Dt, DV and m are the SC (F g�1), the discharge current
(A), the discharge time (s), the discharge potential range (V), and the
mass of the active material (g), respectively. The electrochemical
impedance spectroscopy (EIS) measurement was performed at open
circuit potential with a frequency range from 0.01 kHz to 100 kHz,
and an alternating current voltage of 5 mv amplitude.

The electrochemical performance of ASC device was tested
under a two-electrode configuration with NiCo DH as positive elec-
trode and AC as negative electrode in 6 M KOH electrolyte. To bal-
ance the charges stored on two electrodes, the mass loading ratio
of active materials on two electrodes was calculated by following
equation:

mþ=m� ¼ ðC� � DV�Þ=ðCþ � DVþÞ ð2Þ
where m, C, and DV are the mass of the active material, SC, and
potential window of the electrode, respectively. ‘‘+” and ‘‘�” repre-
sent the positive and negative electrode, respectively. The SC value
of ASC device was calculated from Eq. (1) based on the total mass
loading of two electrodes. Here, the mass loading were 3.12 and
8.48 mg for NiCo DH and AC electrodes, respectively. The energy
density and power density were calculated by equation as follow:

E ¼ ðC� DV2Þ=7:2 ð3Þ

P ¼ E� 3600=t ð4Þ
where E (Wh kg�1) and P (W kg�1) are the energy density and
power density, respectively.

3. Result discussion

3.1. Physicochemical characterization

The FT-IR spectra can reflect the functional groups of as-
synthesized samples. As can be seen from Fig. 1, the narrow band
at 3644 cm�1 ascribes to the O-H stretching vibration of non-
hydrogen-bonded hydroxyl groups [31]. The band at 3441 cm�1

corresponds to the O-H stretching vibration of the hydrogen-
bonded hydroxyl groups and the interlayer water molecules. The
band at 1631 cm�1 belongs to the bending mode of the interlayer
Fig. 1. FT-IR spectra of as-prepared samples for Ni(OH)2, NiCo DH and Co(OH)2.
water molecules [32]. Peak around 640 cm�1 is due to the M-OH
bending mode of Ni and Co, and the band below 500 cm�1 can be
attributed to the M-O stretching vibration [33]. It is noteworthy
that an intense band at about 2241 cm�1 can be observed, which
is the typical stretching vibration of C„N bonds in CNO� anions,
indicating the incomplete decomposition of urea [11,34]. Accord-
ing to the above information and other researchers’ reports, the
main reactions in the system can be deduced below [28,35].

NH2CONH2 ! NHþ
4 þ CNO�
CNO� þ 3H2O ! HCO�
3 þ NHþ

4 þ OH�
NH2CONH2 þH2O ! 2NH3 þ CO2
NH3 þH2O ! NHþ
4 þ 2OH�

The results of FT-IR provided the evidence for the formation of
a-phase NiCo DH mainly intercalated with CNO�, OH�, and H2O in
the interlayer since there were not any interlayer ions in the b
phase structure [35].

XRD was used to analyse the phase and crystallinity of the NiCo
DH samples. The XRD patterns of NiCo DH prepared in various time
are shown in Fig. 2a, where well-defined diffraction peaks located
at 2h value of 12.1, 24.5, 33.1, and 59.0� can be observed, which
corresponds to the a-phase NiCo DH [32]. Interlayer spacing along
the c-axis calculated by Bragg equation (d = nk/2sinh) from the
(003) peak were all similar and equal to around 7.3 Å, which
was relatively lower than generally reported LDHs (�7.8 Å). The
decrease of interlayer spacing resulted by the intercalation of
CNO� was due to the variation, arrangement and orientation of dif-
ferent intercalation anions [19,34]. Additionally, it was found that
the intensity of (003) peak was gradually enhanced with the pro-
longed reaction time, while no obvious enhancement of other
peaks was observed, suggesting a preferred orientation growth
process of the crystal as reaction time went by [29]. The asymme-
try of the (101) reflection demonstrated a random stack of the lay-
ers along the c-axis, leading to a formation of a turbostratic phase
and the elimination of the (hkl) reflection [34]. In Fig. 2b, the peak
intensity of NiCo DH became lower with respect to Ni(OH)2, and
the (110) peaks shifted to the low angle with the introduction of
Co ions, leading to a change in d-spacing [12]. While the Co doping
did not change the location of (003) peaks, with a interlayer spac-
ing of 7.3 Å along the c-axis when assembling into the unit cell
under microwave heating.

XPS measurement was conducted to determine the chemical
composition and valence of NiCo DH. As presented in Fig. 3a, the
main elements including Ni, Co, C, N, O were detected. For O 1s
spectrum in Fig. 3b, the peak can be fitted by three parts at
530.5 eV, 531.3 eV and 532.4 eV that are assigned to M-O, M-OH,
and absorbed water, respectively. In Ni 2p spectrum (Fig. 3c),
two shakeup satellites (marked as ‘‘Sat.”) close to two spin-orbit
doublets at 873.4 eV (Ni 2p1/2) and 855.8 eV (Ni 2p3/2) with a
spin-energy separation of 17.6 eV are the typical signals of Ni2+

[36]. In Co 2p spectrum (Fig. 3d), the two fitting peaks at 782.1
and 797.7 eV are attributed to Co2+, while another fitting peaks
at 780.4 and 796.4 eV are ascribed to Co3+, suggesting the co-
existence of Co2+ and Co3+ in NiCo DH [37]. It was reported that
trivalent cations (such as Co3+) substitution for Ni2+ could create
a positive charge in the sheet, and the interlayer anions could com-
pensate this extra charge, thus stabilizing the a-phase hydroxide,
which would be beneficial to the electrochemical stability for NiCo
DH [34,38]. The quantitative calculation of Ni/Co molar ratio on
NiCo DH surface is approximately 1:1.1, which is consistent with
its feeding ratio (1:1).



Fig. 2. XRD patterns of (a) NiCo DH collected at different microwave heating duration, (b) samples synthesized in 30 min for Ni(OH)2, NiCo DH and Co(OH)2.

Fig. 3. XPS spectra of (a) survey spectrum, (b) O 1s, (c) Ni 2p, and (d) Co 2p for a-phase NiCo DH microsphere.
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3.2. Proposed growth process of flower-like NiCo DH under microwave
heating

The structure and morphology of NiCo DH was characterized by
SEM, TEM and HRTEM. Fig. 4 and Fig. S1 showed the SEM images of
NiCo DH synthesized at different reaction time under microwave
heating. At 8 min (Fig. 4a and d), highly dispersed tiny submicro-
spheres can be observed. The average diameter of NiCo DH
microsphere gradually increased with time and finally reached
about 2.5 lm at 120 min (Fig. 4c and f). To have a clear insight of
the detail structure of NiCo DH, TEM and HRTEM were conducted.
The TEM image in Fig. 5a and b demonstrated the NiCo DH dis-
played the 3D flower-like superstructure and were composed of
numerous petal-like nanosheets. The N2 adsorption/desorption
experiment revealed that this kind of 3D microspheres owned
specific surface area of 9.2–26.4 cm2 g�1, and presented a pore size



Fig. 4. SEM images of NiCo DH samples collected at different reaction time: (a, d) 8 min, (b, e) 30 min, (c, f) 120 min.
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distribution in the range of 10–30 nm (Fig. S2). The thickness of the
nanosheets from TEM image shown in Fig. 5b were measured to be
less than 10 nm. The ultrathin feature may endowed NiCo DH with
more accessible active sites and superior electrochemical perfor-
mance. The detail structure of ultrathin nanosheet was further
characterized by HRTEM. Fig. 5c showed flowerlike petal on the
edge of the microsphere. In Fig. 5d, the HRTEM image along the
c-axis of NiCo DH in vertical direction confirmed the (003) plane.
The selected-area electron diffraction (SAED) patterns displayed
three weak diffraction rings, corresponding to the (003), (101),
(110) planes as identified by XRD.

The growth process of NiCo DH microsphere under microwave
irradiation was proposed according to the above analysis and char-
acterization (Fig. 6). It was reported that dipolar polarization and
ionic conduction mechanisms involved in microwave heating con-
tributed to the rapid synthesis of NiCo DH samples. As illustrated
in Fig. 6a, polar molecules such as H2O try to orientate with the
rapidly changing alternating electric field, thus heat is generated
by the rotation, friction, and collision of molecules. In the case of
ions, Ni2+, Co2+, OH�, Cl�, CNO� present in solution will move in
the constantly changing directions through the solution based on
the orientation of the electric field, causing a local temperature rise
due to friction and collision [24]. In this procedure, the assembly of
positively charged host layers, and interlayer ions/molecules into
NiCo DH unit cell (Fig. 6b) was accelerated in the presence of elec-
tric field, and this assembly process may involve the electrostatic
interaction, Van der Waals force and hydrogen-bond interaction
[39].



Fig. 5. TEM (a, b) and HRTEM (c, d) images of NiCo DH (inset: SAED patterns) synthesized in 30 min.
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It should be pointed out that at the first reaction duration of
4 min, we did not collected the precipitate, indicating the concen-
tration of the precursor monomer solution had not reached the
point of equilibrium concentration when the nucleation began.
When the ‘‘burst nucleation” point was reached around 8 min, the
number of primary nuclei (Fig. 6c) increased sharply accompanied
by the gradual reduction of the monomers concentration [40]. As
Fig. 6. Proposed growth process of NiCo DH m
the initially formed tiny crystals were thermodynamically unstable,
they aggregated together to minimize the interfacial energy and
formed the aggregated sub-microsphere as revelled in Fig. 6d.
And then, the precursor reactant orientedly attached to the specific
plane, forming the ultrathin nanosheets (Fig. 6e and f). This oriented
attachment growth process was in good accordance with the XRD
result (Fig. 2a). The further oriented growth and self-assemble with
icrosphere under microwave irradiation.
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the increased time led to the formation of final 3D flower-like NiCo
DH microsphere (Fig. 6g).

3.3. Electrochemical performance

The SC of NiCo DH samples synthesized at different timewas cal-
culated from CD curves shown in Fig. 7a. The results revelled that
the sample owned the SC of 1314, 1120, 1044 F g�1 at the different
reaction time of 8, 30 and 120 min, respectively. It was believed
that the accessible active surface area of electrode materials
exposed in electrolyte played an important role in the capacitance
performance [41]. So the highest SC of NiCo DH prepared in 8 min
can be attributed to the high dispersion and the less aggregation
of the NiCo DH microsphere. Fig. 7b showed the EIS results. The
semicircle in high frequency region is an indicative of charge trans-
fer resistance (Rct) and the slope of the Warburg impedance plot in
low frequency region is related to the ion or electrolyte diffusion
resistance [42]. The Rct of NiCo DH synthesized in 8 min was esti-
mated to be 0.48X, which was lower than that in 30 min
(0.50X) and 120 min (0.65X), suggesting the smallest charge
transfer resistance caused by Faradaic reaction. Due to the continu-
ous assembly and growth, the NiCo DH superstructure showed the
largest diameter up to about 2.5 lm (Fig. 5c) at 120 min, which
could obviously lengthen the diffusion pass of electrolyte ions, thus
theWarburg impedancewas the highest comparedwith the sample
synthesized in shorter duration. The above results indicated that
the overgrowth of the NiCo DH microsphere may result in the dead
volume that could not be utilized efficiently, thus reducing the
accessible active surface area and increasing the diffusion pass of
electrolyte ions. Therefore, we optimized the reaction time at
30 min considering the product yield and performance of NiCo DH.

The electrochemical properties of NiCo DH and its unitary
hydroxides were firstly investigated by cyclic voltammetry (CV)
(Fig. S3). Fig. 8a shows typical CV curves at a scan rate of
10 mV s�1. The average areas of CV curves indicated the as-
obtained NiCo DH possessed a significant higher specific capaci-
tance than Ni(OH)2 or Co(OH)2. The well-defined redox peaks
within 0.0–0.6 V indicated the nature of the Faradaic reaction of
the active phase on the interface of the electrode materials by
the following equations:

NiðOHÞ2 þ OH� $ NiOOHþH2Oþ e� ð5Þ

CoðOHÞ2 þ OH� $ CoOOHþH2Oþ e� ð6Þ

CoOOHþ OH� $ CoO2 þH2Oþ e� ð7Þ
Fig. 7. (a) CD curves, (b) EIS spectra of NiCo DH samples collected at differen
The galvanostatic charge-discharge (GCD) curves of NiCo DH
samples at different current densities are shown in Fig. 8b, the
platform revealed in the discharge curves demonstrated the typical
pseudocapacitor behaviour of NiCo DH. To evaluate the rate capa-
bility, specific capacitance was tested in the current density from 1
to 20 A g�1. As can be seen from Fig. 8c, NiCo DH possessed a high
specific capacitance of 1120 F g�1 at 1 A g�1, and 1117, 1075, 996,
948 F g�1 at 2, 5, 10, 15 A g�1, and even remained 892 F g�1 at
20 A g�1 (79.6% retention), showing excellent rate capability com-
pared to the unitary nickel hydroxide or cobalt hydroxide, which
only retained 40.0% and 62.4% when current density increased
from 1 to 20 A g�1, respectively. The enhanced rate capability
was attributed to the following reasons. Firstly, recent work inves-
tigated by the density functional theory has demonstrated that Co
doping can effectively reduce the band gap to increase the conduc-
tivity of NiCo DH because a smaller band gap means a larger prob-
ability for electrons jumping from the valence band to the
conduction band [43]. Secondly, the more conductive CoOOH spe-
cies formed in the electrochemical oxidation of Co(OH)2 as
described in the Eq. (6) [15,44,45].

Cycling stability is another important performance index for
supercapacitor in practical application. As a-phase hydroxide is
usually metastable and quickly transforms into b phase in strong
alkali solution, resulting in a rapid decline in specific capacitance,
thus a hydroxides owning high specific capacitance and excellent
stability in strong alkali are desired. The cycling tests results are
shown in Fig. 8d, and the as-obtained samples were firstly tested
by continuous charge-discharge at a current density of 10 A g�1.
Surprisingly, the specific capacitance of NiCo DH did not decline
but increased to 122.5% of the initial SC after 2000 cycling test
(from 996 to 1220 F g�1), while Co(OH)2 remained 81.7% after
2000 cycles and Ni(OH)2 only remained 16.7% after 1000 cycles.
What’s more, another 1000 CD cycles of NiCo DH conducted at
30 A g�1 revealed that the capacitance could still remain 93.8% at
such a large current density, displaying superb stability compared
to some previous reports (Table S1) [46–57].
3.4. Reasons for the high stability of NiCo DH

The reasons for the increase of specific capacitance for NiCo DH
after cycle test compared with Ni(OH)2 and Co(OH)2 were
explored.

Firstly, an important factor of maintaining the good stability
was due to the Co doping because the introduction of Co3+ could
compensate the interlayer anions, which could stabilize the
t reaction time (inset: enlarged high frequency region of Nyquist plot).



Fig. 8. (a) Comparison of CV curves of NiCo DH with its unitary hydroxides at a scan rate of 10 mV s�1, (b) CD curves of NiCo DH at various current densities, specific
capacitance (c) and cycling stability (d) of NiCo DH and its unitary hydroxides.

Fig. 9. EIS spectra (inset: enlarged high frequency region of Nyquist plot) (a), and CD curves (b) of NiCo DH at the first and the 2000th cycling test at 10 A g�1.
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a-phase hydroxides as analysed in previous XPS result. As indi-
cated by TEM in Fig. S4, the morphology of NiCo DH after cycling
remained nearly unchanged. While for Ni(OH)2 and Co(OH)2, the
nanosheets on the microsphere exfoliated or destroyed. Therefore,
the synergistic effect between Ni and Co make sure that NiCo DH
can keep a more stable state than unitary Ni(OH)2 or Co(OH)2 in
KOH electrolyte.

Secondly, the coherent superstructure of NiCo DH microsphere
could not be fully wetted and accessed by OH� at the first several
CD cycles, and the further permeation of electrolyte ions to the
electrode surface in the inner region led to the capacitance promo-
tion. This increase trend can be also observed for close-connected
Ni(OH)2 microspheres shown in Fig. S5d at initial CD cycles
(Fig. 8d). While for Co(OH)2 with open structure, ion transport
become easier as identified by EIS results (Fig. S5), which may
result to the disappearance of initial activation.

Thirdly, in an attempt to better understand the capacitance pro-
motion stage of NiCo DH in cycling of this work, the impedance
measurement was conducted before and after cycling. As can be
seen from Fig. 9a, the width of semicircle in the high frequency
region became smaller after cycling, which indicated the more
rapid electron transfer to the electrode material. In the low fre-
quency region, the slope of impedance plot is larger than that
before the cycling test, suggesting a more rapid ions diffusion rate
to the interface of the electrode material. The smaller IR drop after
cycling from CD result also demonstrated it (Fig. 9b). Subsequently,



Fig. 10. (a) CV curves of the NiCo DH//AC ASC at different scan rates, (b) CD curves of the NiCo DH//AC ASC at different current densities, (c) Ragone plot of NiCo DH and its
unitary hydroxides, (d) cycling performance of NiCo DH//AC ASC at a current density of 5 A g�1.
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XRD was carried out to identify the component and phase transfor-
mation after 2000 CD cycles displayed in Fig. S6. It was found that
the (003) peak shifted a little bit to the low angle which corre-
sponded to the a-phase hydroxides intercalated with OH�, and
the interlayer spacing changed from 7.3 Å to 7.8 Å, accordingly.
The XRD result revealed that ion exchange between CNO� and
OH� happened in the interlayer of NiCo DH during electrochemical
test in 6 M KOH. In this case, continually substitution of CNO� by
OH� allowed more active redox sites gradually exposed in the elec-
trolyte directly, thus leading to the increase of specific capacitance
during the test. In addition, the interlayer could act as an ‘‘ion-
buffering reservoir”, shortening the diffusion distance of OH� to
the active sites on the host layers [58], which contributed to the
rapid ion transfer as analysed by EIS result. For example, Wang
et al. reported that a-Co(OH)2 with a larger interlayer spacing
showed much better rate capability and stability [18]. Further-
more, the comparative sample with a interlayer spacing of 7.8 Å
synthesized using NH4OH as precipitant also showed much more
rapid electrolyte diffusion rate from EIS result shown in Fig. S7, fur-
ther demonstrating OH� intercalated in the interlayer helped to
the rapid ion diffusion.
3.5. Electrochemical performance of ASC

An asymmetric supercapacitor with AC from coal as negative
electrode was fabricated to illustrate the potential application of
the NiCo DH electrode. Fig. S8a shows the CV curves of AC elec-
trode at different scan rates from 10 to 100 mV s�1. The CV curves
remain the regular rectangular shape, indicating the typical electric
double-layer capacitance property of AC. The CD curves and the
capacitance values at different current density are also shown in
Fig. S8b and c. Owing to the high specific surface area and narrow
pore size distribution as well as good conductivity [30], the AC
electrode exhibited high SC of 176 F g�1 at 1 A g�1 and 124 F g�1

at 10 A g�1. The CV and CD curves of ASCs are shown in
Fig. 10a and b, the SC based on the total mass was calculated to
be 119.5 F g�1 at 1 A g�1. From the Ragone plot shown in Fig. 10c,
NiCo DH displayed the higher energy density than monometallic
Ni(OH)2 and Co(OH)2, and delivered a high energy density of 42.5
Wh kg�1 at a power density of 400 W kg�1, which was comparable
to many other reports [13,46,48,53,59–63]. (Table S2). More
detailed performance parameters were shown in Table S3. In addi-
tion, the cycling life of as-fabricated ASC was also evaluated. As
indicated in Fig. 10d, the capacitance retention rate is 80.7% of its
initial capacitance after 3000 cycles, showing good stability. The
comprehensive performance reveals that the NiCo DH is a promis-
ing electrode material as the candidate for the energy storage
system.
4. Conclusions

In summary, we have successfully fabricated the 3D flower-like
NiCo DH microsphere superstructure via a simple, rapid and low-
price microwave assisted route. The microsphere composed of
ultrathin nanosheets followed the oriented attachment growth
process under microwave heating. The as-synthesized a-phase
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NiCo DH exhibited a high specific capacitance (1120 F g�1 at
1 A g�1), excellent rate capability (88.9% retention at 10 A g�1),
and remarkable stability (122.5% of its initial value at 10 A g�1 after
2000 cycles and 93.8% retention at 30 A g�1 after another 1000
cycles). The synergistic effect between Ni and Co dramatically
enhanced the stability of NiCo DH compared with unitary Ni
(OH)2 or Co(OH)2. The coherent superstructure of NiCo DH and
the ion-exchange phenomenon contributed to the increase of
specific capacitance in KOH. Additionally, the as-fabricated ASC
delivered a high energy density and good stability.
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