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ABSTRACT: The performances of pseudocapacitors usually
depend heavily on their hierarchical architectures and
composition. Herein, we report a three-dimensional hierarchical
NiAl layered double hydroxide/multiwalled carbon nanotube/
nickel foam (NiAl−LDH/MWCNT/NF) electrode prepared
by a facile three-step fabrication method: in situ hydrothermal
growth of NiAl−LDH film on a Ni foam, followed by direct
chemical vapor deposition growth of dense MWCNTs onto the
NiAl−LDH film, and finally the growth of NiAl−LDH onto the
surface of the MWCNTs via an in situ hydrothermal process in
the presence of surfactant sodium dodecyl sulfate. The
MWCNT surface was fully covered by NiAl−LDH hexagonal platelets, and this hierarchical architecture led to a much
enhanced capacitance. The NiAl−LDH/MWCNT/NF electrode has an areal loading mass of 5.8 mg of LDH per cm2 of
MWCNT/NF surface. It also possesses exceptional areal capacitance (7.5 F cm−2), specific capacitance (1293 F g−1), and cycling
stability (83% of its initial value was preserved after 1000 charge−discharge cycles). The NiAl−LDH/MWCNT/NF material is
thus a highly promising electrode with potential applications in electrochemical energy storage.
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1. INTRODUCTON

High−capacitance electrochemical energy storage devices
(including supercapacitors and lithium-ion batteries) have
been heavily explored and continue to attract very significant
research interest, particularly in light of growing requirements
for renewable clean energy. Supercapacitors, also called
electrochemical capacitors, have high energy density, rapid
charge/discharge rates, and long cycle lives compared to
conventional dielectric capacitors and traditional secondary
batteries.1−4 Supercapacitors are considered to be very potent
potential energy storage devices due to their high power
densities and long lifespan.5−7 At present, commercial super-
capacitors are most commonly symmetric electric double-layer
capacitors (EDLCs) derived from high surface area carbon
materials.4 However, carbon-based materials suffer from the
limitation of low energy density. This is because they store
charges electrostatically at their surfaces, which leads to
inherently low specific areal capacitance (Ca; around 20 μF
cm−2).8 Transition-metal oxides and hydroxides store charges
differently, through surface Faradaic redox reactions. This
feature endows them with higher energy density than carbon
materials. For example, NiO,9 Co3O4,

10−12 MnO2,
13 RuO2,

14

Co(OH)2,
15 and Ni(OH)2

16−18 have recently been considered
as candidates for pseudocapacitor electrode materials. However,

the relatively low specific capacitance of NiO, Co3O4, and
MnO2 and the high cost of RuO2 greatly limit their
applications.19−22 As a result, mixed-metal oxides/hydroxides
attracted much attention in the design of high energy density
charge storage materials. Significant work has been devoted to
the rational synthesis of advanced heterostructures, with
fascinating synergetic properties offered by composite nano-
structures. For example, Co3O4@Ni(OH)2,

23 Co3O4@MnO2,
24

Co3O4/NiO, and ZnO/NiO25 exhibit excellent specific
capacitance and good cycling stability and show great potential
for electrochemical energy storage applications.
Layered double hydroxides (LDHs), also known as hydro-

talcite-like materials, are two-dimensional materials comprising
mixed metal hydroxide layers with charge-balancing anions
located in the interlayer space. They are generally expressed by
the generic formula [M2+

1−xM
3+

x(OH)2]A
n−

x/n·yH2O (M2+ and
M3+ represent divalent and trivalent cations, respectively; An− is
the interlayer anion).26−28 Recently, much attention has been
paid to the use of LDHs containing transition-metal elements
as supercapacitor electrode materials. This interest arises as a
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result of their possessing relatively high redox activity and being
environmentally friendly and because the layered structure of
the LDHs provides for a homogeneous dispersion of transition-
metal ions, allowing them to be effectively exploited in
electrochemical processes.29 For example, a continuous
CoAl−LDH thin film electrode has been fabricated by drying
an almost-transparent colloidal solution of CoAl−LDH nano-
sheets on an indium tin oxide-coated glass plate substrate. The
resultant composite has a large specific capacitance of 833 F
g−1.30 Wang’s group has found that electrodes consisting of
petal-like NiAl−LDH coated on the surface of nickel foam and
NiAl−LDH/graphene composites have specific capacitances of
795 and 781.5 F g−1, respectively.31,32 However, the preparation
methods required to prepare the above materials are two-step
processes requiring the formation of LDH aggregates in
aqueous solution, followed by their deposition or coating
onto substrates. The films thereby obtained adhere poorly to
the substrate surface and tend to be low-density with many
defects. These issues limit their application in supercapacitors.
Although LDHs have been investigated widely and have great

potential use as supercapacitors, their electrochemical behavior
is usually not sufficient to meet the demands of new energy
storage devices, because their electrical conductivity is very
poor. Moreover, before LDH powders are used as electrode
materials, they must be glued using a binder such as
polytetrafluoroethylene (PTFE) and then pressed onto
conductive substrates.31,32 If active LDH materials are grown
on the conductive substrate, the as-obtained materials can be
directly used as electrodes. This greatly simplifies the
manufacturing process. In our group, NiTi−LDH has been
synthesized on the surface of Ni foam, and the resultant
composite possesses a high areal capacitance of 10.37 F cm−2 at
5 mA cm−2.33 In another study, β-Ni(OH)2 has been
constructed into a 3D mesoporous film on Ni foam; this
material shows an ultrahigh specific capacitance of 2675 F
g−1.34 Hierarchical Ni0.25Co0.75(OH)2 nanostructured arrays
display a high areal capacitance of 9.59 F cm−2 and a high
specific capacitance of 928.4 F g−1 at 5 mA cm−2.35 In another
example, hierarchical Co3O4 nanosheet@nanowire arrays
provide an elevated specific capacitance of 715 F g−1.36

NiAl−LDH and carbon nanoparticle composites also demon-
strate a large specific capacitance of up to 1146 F g−1.37

The association of low-dimensional nanomaterials with two
or more levels can result in 3D hierarchical nanocomposites.
The combination of carbon materials and LDH flakes leads to
the formation of hierarchical composites that can combine the
advantages of double-layer and pseudocapacitance. Further,
some transition-metal ions, such as Ni, Co, Mn, etc., can be
evenly distributed in the LDH layers on the atomic level. This
results in high activity in Faradaic redox reactions.38 Nano-
composites derived from carbon nanotubes and LDHs have
exhibited outstanding performance in energy storage.39

On the basis of the above considerations, here, we report a
hierarchical electrode built from NiAl−LDH, multiwalled
carbon nanotubes (MWCNTs), and Ni foam. The electrode
was prepared by a three-step method. First, a NiAl−LDH film
was grown on the surface of Ni foam. This was then used to
catalyze MWCNT production, and subsequently, a NiAl−LDH
film was deposited on these tubes. The structural, morpho-
logical, and supercapacitive properties of the composite are
investigated. This composite has a high specific capacitance and
good cycling stability, and the presence of carbon nanotubes
enhanced the capacitance and electroactivity of the composite

material synthesized. The obtained results will help to amend
and construct NiAl−LDH/MWCNT/NF electrodes according
to energy storage applications.

2. EXPERIMENTAL SECTION
Materials. Nickel foams (purity: >99.5%) with a size of ca. 30 mm

× 20 mm × 1.0 mm were obtained from the Kunshan Desi Electronic
Technology Co., Ltd. They were cleaned ultrasonically in a 37 wt %
HCl solution for 5 min and washed with deionized water and absolute
ethanol, before being dried in an oven at 60 °C. All other reagents
were analytical grade and purchased from the Beijing Chemical
Reagent Company.

Preparation of NiAl−LDH Film. A piece of treated Ni foam was
used as the substrate for NiAl−LDH film formation. Ni(NO3)2·6H2O
(0.0045 mol) and Al(NO3)3·9H2O (0.0015 mol) were dissolved in
deionized water (40 mL) and 0.02 mol of urea. The solution was then
transferred to a 50 mL Teflon-lined autoclave and heated at 120 °C for
10 h. The resultant product (NiAl−LDH/NF) was washed with
deionized water three times and dried at 60 °C for 12 h in air.

Growth of MWCNT/NF Film. A multiwalled carbon nanotube
(MWCNT)/Ni foam (NF) film was synthesized in a quartz tube
mounted in a horizontal tube furnace. The furnace is equipped with a
mass controller and temperature-programmed controller. The
MWCNT/NF film was generated via catalytic chemical vapor
deposition (CCVD) of acetylene (C2H2). The NiAl−LDH film
samples were loaded into a ceramic boat, and the furnace temperature
was raised to 500 °C at 5 °C min−1 under a nitrogen flow (flow rate:
60 standard-state cm3 min−1 (sccm)). Upon reaching 500 °C, H2 gas
(6 sccm) was introduced to the system, and the temperature was
maintained at 500 °C for 40 min. The H2 gas flow was then switched
off, and the furnace was heated to 700 °C, before C2H2 gas was
supplied at a flow rate of 6 sccm. The sample was held at 700 °C for 60
min. After the reaction, the flow of N2 gas continued while the furnace
was cooled to room temperature. The resultant black film was
collected from the ceramic boat (and is denoted WMCNT/NF).

Synthesis of NiAl−LDH/WMCNT/NF Electrode. A 0.0045 mol
portion of Ni(NO3)2·6H2O and 0.0015 mol of Al(NO3)3·9H2O were
dissolved in 40 mL of H2O and 0.02 mol of urea. The solution was
magnetically stirred for 10 min in air at room temperature. The
surfactant sodium dodecyl sulfate (SDS; 10 mg) was added to the
solution, and vigorous stirring continued until the solution was
homogeneous. The WMCNT/NF sample and this solution were
transferred to a 50 mL Teflon-lined autoclave before being heated at
120 °C for 10 h. After the reaction, the WMCNT/NF film covered
with NiAl−LDH was removed from the autoclave, washed with H2O,
and dried at 60 °C for 12 h. This yielded the final electrode (denoted
NiAl−LDH/WMCNT/NF).

Characterization. X-ray powder diffraction (XRD) patterns were
obtained on a Shimadzu XRD-6000 diffractometer. The instrument is
supplied with Cu Kα radiation (λ = 1.5418 Å), and data were collected
with a scan speed of 10°/min over the 2θ range from 3° to 70°. The
morphologies of samples were analyzed using a field-emission
scanning electron microscope (FESEM; Zeiss SUPRA 55) that was
operated at 20 kV. Energy-dispersive X-ray spectroscopy (EDX)
mapping of the samples was undertaken using an Oxford Link-ISIS
300 EDX attachment. High-resolution transmission electron micro-
scope (HRTEM) observations were carried out on a JEOL JEM-2100
instrument operated at 100 or 200 kV. Fourier transform infrared (FT-
IR) spectra were collected with the aid of a Bruker Vector 22 FT-IR
spectrometer at a resolution of 4 cm−1. Prior to spectral acquisition,
samples were pressed into KBr discs with (weight ratio of sample to
KBr: 1:100). Inductively coupled plasma - optical emission spectros-
copy (ICP) was undertaken using a Shimadzu ICPS-7500 instrument.
Samples were prepared by dissolving the NiAl−LDH in a nitric acid
solution (mass fraction: 1%). Raman spectra were obtained at room
temperature on a confocal Raman spectrometer (Jobin-Yvon Horiba
HR800). This instrument uses an Ar+ laser of 532 nm wavelength as
an excitation source. The laser (output power: 10 mW) was focused
on the sample surface. Electrochemical measurements were carried out
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at 298 K in a three-electrode glass cell connected to an electrochemical
workstation. The electrode (NiAl−LDH/WMCNT/NF, MWCNT/
NF, or NiAl−LDH/NF; 1 cm2) was used as the working electrode. A
platinum electrode (1 cm2) and a saturated calomel electrode were
employed, respectively, as counter and reference electrodes. The
electrolyte comprised a 1 mol L−1 aqueous KOH solution. The
workstation was a CHI660D (Chen Hua, Shang Hai) instrument,
which can be used for cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), galvanostatic charge−discharge, and
chronopotentiometry (CP) tests. The Nyquist plots of the electrodes
were measured at 0.3 V in the frequency range of 0.01−105 Hz.

3. RESULTS AND DISCUSSION
Structure and Morphology. After hydrothermal treat-

ment in the autoclave, a dense and continuous film of NiAl−
LDH crystallites with their [00l] direction (or ab plane)
perpendicular to the surface of the Ni foam substrate is
obtained (Figure 1A,B). NiAl−LDH sheets were precipitated

from homogeneous solutions by dint of the temperature-
controlled hydrolysis of urea. This process leads to a gentle
increase in the concentration of carbonate ions and, because of
concomitant ammonia formation, solution pH as the reaction
proceeds. The result is well-crystallized LDH sheets with large
particle sizes in the range of 200−400 nm forming on the
substrate. The inset in Figure 1B shows the EDX pattern of the
NiAl−LDH film. The Ni/Al molar ratio was determined to be
around 2.46. Elemental analysis by ICP showed that the Ni/Al
molar ratio in the film was approximately 2.38, in agreement
with the EDX measurements.
In XRD, weak, but distinctive, LDH reflections can be seen

to be superimposed on the pattern of the Ni foam substrate
(Figure 2A). Comparison of the XRD pattern of the film with
the powder scraped from the substrate reveals that the peaks
can be indexed as the (003), (006), (012), (015), (018), (110),
and (113) reflections of a NiAl−LDH phase.31,32 The FT-IR
spectrum of the powder scraped from the NiAl−LDH films
(Figure 2B) showed a characteristic intense peak due to the
interlayer carbonate ion [v3(CO3)] at 1358 cm−1. The
combined results from XRD, IR, SEM, and EDX thus clearly
demonstrate that a NiAl−LDH film was formed on the surface
of the Ni foam.

Panels (C) and (D) in Figure 3 are FESEM micrographs of
the MWCNT/NF sample. The MWCNT/NF film has a 3D
network structure, the surface of which is rather rough (Figure
3C). If the nickel foam is directly used as the support for in situ
growth of carbon nanotubes, the Ni foam substrate would be
destroyed because of the very high density of active catalytic Ni
atoms and hydrogen embrittlement. In the temperature range
of 500−700 °C, the preformed NiAl−LDH film is decomposed
and Ni2+ ions can be reduced to metallic Ni. It should be noted
that the formation of small metallic Ni nanoparticles dispersed
in a spinel matrix is possible under these conditions.40 When
these Ni nanoparticles are used as a catalyst for in situ growth
of MWCNTs, they can facilitate the growth of an MWCNT
film with suitable density. At the same time, the hydrogen
embrittlement of Ni foam is prevented and the mechanical
performance of Ni foam is changed a little. It is because of
oxides and spinel covered on the surface of nickel foam. Black
products formed on the surface of Ni foam, as shown in Figure
3A,B. Since the Ni foam is flexible, the MWCNT/NF film can
be folded in and out. Panels (A) and (B) in Figure 3 show that
the mechanical performance of the Ni foam is not changed.
Especially, even repeated folding did not disrupt the black
surface of the Ni foam (Figure 3B), indicating the existence of
strong interaction between the MWCNTs and the substrate.
The FESEM micrographs depict the micrograph of part of one
as-grown MWCNT. The nanotube wall is made of more than
10 graphite sheets, typical of multiwalled nanotubes with
hollow centers. The graphite sheets are well substrate without
any evident damage (Figure 3E). Figure 3D shows that the
length of the MWCNTs is several tens of microns. Figure 3E

Figure 1. FESEM images (A, B) of the NiAl−LDH film sample. The
inset in (B) is the EDX pattern of the film.

Figure 2. XRD patterns of the Ni foam substrate, NiAl−LDH film,
and LDH powder scraped from film samples (A), and the FT-IR
spectrum of the powder scraped from the NiAl−LDH films (B).

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am504530e | ACS Appl. Mater. Interfaces 2014, 6, 16304−1631116306



displays a HRTEM aligned along the axis of the tube. The outer
and inner diameters of the MWCNT are ca. 30 and 4 nm,
respectively (Figure 3E). Note that the MWCNTs have
amorphous carbon on their wall surfaces, but no independent
amorphous carbon nanoparticles can be seen in the SEM image
(Figure 3D), indicating that the as-grown MWCNTs have high
purity.
Further structural studies on the MWCN/NF material have

been undertaken with the aid of Raman spectroscopy. Given
the lack of homogeneity of MWCNTs, spectra were collected
from 10 different parts of the sample to obtain an average of the
spectra. Figure 3F shows a representative Raman spectrum of
the MWCNT/NF sample. Two major bands are observed,
corresponding to the D and G bands of carbon. The G band is
found at 1585 cm−1 and is related to the vibrations of sp2-
bonded carbon atoms contained in a two-dimensional
hexagonal lattice. The observation of this peak thus confirms
the formation of the crystalline graphite phase. The D band
appears at 1345 cm−1 and is demonstrative of carbon atoms
with dangling bonds; these arise at the plane terminations of
disordered graphite, or in the presence of amorphous
carbon.41,42

In order to improve the capacitive performance, NiAl−LDH
was deposited onto the surface of the MWCNT/NF material.
Because MWCNTs are hydrophobic and NiAl−LDH is difficult
to grow on hydrophobic surfaces, SDS was added into the
reaction solution. NiAl−LDH is formed as hexagonal platelets
when urea is slowly hydrolyzed by heating in a Ni2+ and Al3+

solution.43,44 When this process was carried out at 120 °C in
the presence of MWCNT/NF, the FESEM images (Figure 4)
of the resulting material (NiAl−LDH/MWCNT/NF) show

that a densely packed film of hexagonal LDH platelets covered
the tubular MWCNTs. The packing of LDH particles on the
surface of the MWCNTs was uniform and close-grained. No
uncoated regions of the MWCNTs can be observed. The
unique NiAl−LDH/MWCNT core−shell heterostructure is
evidenced by HRTEM images (Figure 4D), in which the gauze-
like NiAl−LDH sheets are densely grafted throughout the
longitudinal axis of the nanotube. Light green NiAl−LDH
formed on the surface of MWCNT/NF; even ultrasonication
for 2 h did not dislodge it from the MWCNT/NF, also
indicating the strong interaction between the NiAl−LDH and
the substrate. The load of NiAl−LDH on the film was about 5.8
mg cm−2, calculated by the difference between the weight of
NiAl−LDH/MWCNT/NF and MWCNT/NF.
The XRD pattern of the NiAl−LDH/MWCNT/NF

electrode is given in Figure 5A. The diffraction peak at about
26.1° can be indexed as the (002) reflection of graphite. The
characteristic (003), (006), (012), (015), (018), (110), and
(113) reflections of NiAl−LDH45,46 are also present in the
XRD pattern. Two strong diffraction peaks from the Ni foam
can be seen at 44.9° and 52.4° (marked “#” in Figure 5A). The
Raman spectrum (Figure 5B) of the NiAl−LDH/MWCNT/
NF sample conatains peaks at 479, 547, and 1043 cm−1 from
the NiAl−LDH (cf. Figure 2B) and two signals at 1345 and
1585 cm−1 that arise from the MWCNTs. The data presented
thus far hence confirm that a 3D hierarchical NiAl−LDH/
MWCNT/NF architecture has been generated.

Pseudocapacitive Properties of the NiAl−LDH/
MWCNT/NF Electrode. Figure 6A depicts the cyclic
voltammogram (CV) of the NiAl−LDH/MWCNT/NF
electrode in 1 mol L−1 KOH electrolyte at scan rates of 5
and 10 mV s−1. While EDLC electrodes display linear curves,
the discharge curves of the NiAl−LDH/MWCNT/NF
electrode exhibit typical pseudocapacitive behavior. A pair of
redox peaks is observed as a result of the conversion between
different oxidation states of Ni:

+ ↔ + +− −Ni(OH) OH NiOOH H O e2 2 (1)

This involves the intercalation and deintercalation of protons.47

The discharge curves of the NiAl−LDH/MWCNT/NF
electrode at charge/discharge currents densities ranging from
0.0 to 0.48 V are shown in Figure 6B. The specific capacitance
was calculated from galvanostatic discharge curves as follows:

Figure 3. Images of an MWCNT/NF sample after fold in (A) and
after fold out (B), FESEM images of MWCNT/NF (C, D), and
HRTEM of MWCNT on MWCNT/NF (E), together with a typical
Raman spectrum (F).

Figure 4. FESEM images of the NiAl−LDH/MWCNT/NF electrode
at different magnifications and areas (A−C), and HRTEM image of
NiAl−LDH/MWCNT (D).
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The specific capacitance is calculated as

= × Δ
Δ ×
I t
V m

C
(2)

and areal capacitance as

= × Δ
Δ ×
I t

V S
Ca (3)

where I, Δt, ΔV, m, and S are the discharge current, discharge
time, voltage drop upon discharging (excluding the sudden
potential drop), the mass of the active material (LDH), and the
geometrical area of the electrode, respectively. The areal
capacitance (Ca) of the NiAl−LDH/MWCNT/NF electrode
was calculated to be 7.5, 5.2, 3.4, and 2.3 F cm−2 at charge and
discharge current densities of 5, 10, 20, and 30 mA cm−2,
respectively (Figure 6B). The mass specific capacitance (C) was
determined to be approximately 1293 F g−1 (based on the mass
of NiAl−LDH) at 5 mA cm−2. The Nyquist plot of the NiAl−
LDH/MWCNT/NF electrode measured at 0.3 V in the
frequency range of 0.01−105 Hz is presented in Figure 6C. The
Nyquist plot is composed of three regions. In the high
frequency region, a depressed semicircle may be seen. This
arises because of two concomitantly occurring processes:
charge-transfer resistance and the double-layer capacitance.
The internal resistance of the electrode under open circuit
conditions is found to be approximately 1.85 Ω (Rs). The
crossover point where the highest frequency meets the real part
of the impedance reflects the amalgamation of the electrolyte
resistance, the substrate’s intrinsic resistance of substrate, and
contact resistance that exists between the active material and
the current collector. In the high frequency region, a semicircle
reflecting the charge-transfer resistance (Rct) can be seen
(∼0.13 Ω), which is attributed to the charge-transfer resistance
at the electrode/electrolyte interface.48−51 At the intermediate
frequency range, a straight line with a gradient close to 45° is
observed. This is symptomatic of ion diffusion into the
electrode. In the low frequency range, the straight line is tilted
toward the imaginary axis: this shows that the electrolyte has
good capacitance. This can be explained because the large pores
in the material lead to high ionic mobility.49 The NiAl−LDH/
MWCNT/NF electrode demonstrates not only a high specific
capacitance and low resistance but also remarkable cycling
stability. The results of repeated charge−discharge cycling at 30
mA cm−2 are given in Figure 6D. After 1000 cycles, the
capacitance remained at 83% of its initial value. This clearly
indicates that the NiAl−LDH/MWCNT/NF electrode can
provide highly reliable capacitive performance at elevated
charge/discharge rates for power-hungry applications.
The electrochemical characterization data for the NiAl−LDH

film deposited directly on Ni foam are included in Figure 7.
The Ca was 5.6 F cm−2 and C was 938 F g−1 at 5 mA cm−2

(Figure 7A). These values are much lower than those for the
NiAl−LDH/MWCNT/NF electrode. Cycling charge−dis-
charge testing indicated that, after 1000 cycles, the capacitance
was reduced to at 69% of its initial value (Figure 7D), again a
lower value than that with the NiAl−LDH/MWCNT/NF
electrode. The Nyquist plot of the NiAl−LDH film
demonstrates a similar shape to that of the NiAl−LDH/
MWCNT/NF sample, with a semicircle at the higher frequency
region and a spike at lower frequency. The Rs and Rct of the
NiAl−LDH film electrode were calculated to be ca. 1.90 and
0.84 Ω, respectively (Figure 7C). The NiAl−LDH/MWCNT/
NF material has a much smaller Rct (∼0.13 Ω) in addition to a
similarly small Rs, indicative of its enhanced electrical
conductivity and electroactivity. An MWCNT/NF film was
also tested as electrode materials using CVs and EIS (Figure 8).
Obviously, the C of MWCNT/NF film (Figure 8A) is far less
than that of NiAl−LDH/MWCNT/NF film (Figure 6A).

Figure 5. XRD pattern of the NiAl−LDH/MWCNT/NF electrode
(A), and Raman spectra of NiAl−LDH/MWCNT/NF and the NiAl−
LDH powder (B). The reflection marked ∗ corresponds to graphite,
and those denoted with # to the Ni foam.

Figure 6. Electrochemical measurements of the NiAl−LDH/
MWCNT/NF electrode. (A) CV curves recorded at scan rates of 5
and 10 mV s−1. (B) Galvanostatic discharge curves. (C) Nyquist plots,
measured at 0.3 V, with an inset illustrating the high frequency region.
(D) Specific capacitance retention as a function of cycle number
(galvanostatic charge/discharge current densities are 30 mA cm−2).
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Therefore, the MWCNT has a very little attribution to the
capacity of NiAl−LDH/MWCNT/NF film. However, the Rct
of the MWCNT/NF film is about 0.21 Ω (Figure 8B),
indicating that MWCNT has great contributions to the
electrical conductivity and electroactivity of NiAl−LDH/
MWCNT/NF film. This demonstrates that more facile charge
transfer is achieved by integrating NiAl−LDH platelets onto
the tubular MWCNT. The higher specific capacitance of the
NiAl−LDH/MWCNT/NF electrode may be attributed to
more effective exploitation of the NiAl−LDH platelets on the
highly conductive MWCNT. The 3D hierarchical NiAl−LDH/
MWCNT/NF structure enhanced the active surface area and
improved the transport of ions, facilitating surface-dependent
Faradaic processes.52,53 The specific capacitance observed, 1293
F g−1 (7.5 F cm−2) at a current density of 5 mA cm−2, is among
the highest that has been reported for oxide/hydroxide derived
architectures. Such values have previously been seen with
NiTi−LDH/NF film (10.37 F cm−2),33 β-Ni(OH)2/NF (2675
F g−1),34 hierarchical Ni0.25Co0.75(OH)2 (928.4 F g−1 or 9.59 F
cm−2),35 hybrid nickel hydroxide/carbon nanotubes (16 F
cm−2),39 and 3D nanostructures of CoO@Ni(OH)2 (11.49 F
cm−2).8 As a result of its excellent capacitive performance and
ease of fabrication, the NiAl−LDH/MWCNT/NF film
developed in this work comprises a promising alternative to

nickel-based oxide/hydroxide materials for next-generation
supercapacitors.

4. CONCLUSIONS
In summary, a well-defined 3D hierarchical NiAl layered double
hydroxide/multiwalled carbon nanotube/Ni foam (NiAl−
LDH/MWCNT/NF) electrode with high capacitance has
been efficiently synthesized by a facile three-step method.
The NiAl−LDH was uniformly dispersed on the MWCNT
surface. A high specific capacitance of 1293 F g−1 was achieved
at a current density of 5 mA cm−2. The electrode showed good
cycling performance, with 83% of the initial specific capacitance
retained after 1000 cycles. The NiAl−LDH/MWCNT/NF
electrode had a much higher specific capacitance and better
cycling stability than a NiAl−LDH film grown directly on Ni
foam. This method of hierarchical architecture preparation can
easily be extended to other transition-metal-based oxide/
hydroxide systems to enhance their capacitance.
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