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A novel solid-state method has been developed for synthesizing nickel oxide (NiO)/carbon nanotubes (CNTs) composite using
an ionic liquid (IL, 1-butyl-3-methylimidazolium chloride) as the reaction medium. Ultraviolet-visible (UV-vis) absorbance
spectroscopy, infrared spectroscopy (IR), and scanning electron microscopy (SEM) were employed to investigate the structure,
morphology, and formation mechanism of the synthesized sample. The results demonstrated that the IL is effective for dispersing
CNTs, which allows the tethering of nickel (II) ions onto the surfaces of the CNTs and facilitates the subsequent chemical
deposition of NiO to obtain the NiO/CNTs composite. The electrochemical properties of the composite were determined using
cyclic voltammetry and galvanostatic charge/discharge measurements in 6M KOH. Because of its unique structure, the prepared
NiO/CNTs electrode exhibited good capacitive behavior and cyclability. The high specific capacitance (521 F g−1) and good rate
capability (91% capacity retention at 0.5 A g−1) of the NiO/CNTs composite enable its use as a practical supercapacitor electrode
material.

1. Introduction

Growing environmental concerns and the increasing deple-
tion of fossil fuels have created interest in alternative energy
technologies. Electrochemical capacitors (ECs), which are
energy storage devices with properties between those of bat-
teries and electrostatic capacitors, possess several desirable
properties, such as high power density (ten times greater
than that of batteries), rapid charging within seconds, and
excellent cycling stability [1–3]. These properties make ECs
one of the most promising candidates for next-generation
power devices [4]. With characteristics that complement
those of rechargeable batteries and fuel cells, ECs have been
used in many applications, such as backup power supplies,
pacemakers, air bags, and electric vehicles [4–6]. ECs can
generally be classified into two types depending on the charge
storagemechanism and on the active materials used.The first

type includes electrochemical double-layer capacitors based
on carbonmaterials, inwhich the charge is stored between the
electrode and the electrolyte [5–7]. The second type includes
pseudocapacitors with transition metal oxides or conductive
polymers, in which the capacitance is produced through
rapid faradaic reactions, such as intercalation, underpotential
deposition, or redox processes that occur at or near the
surface of a solid electrode at an appropriate potential [5,
7]. Among the active materials used in ECs, nickel oxide
(NiO) has received considerable attention for use in pseu-
docapacitors due to its low cost, environmentally benign
nature, easy synthesis, and high theoretical capacity value
(ca. 2573 F g−1) [8]. However, due to its inability to support
rapid electron and electrolyte ion transport, NiO suffers from
a low rate capability and capacity, which is only one-third
or one-half of the theoretical value [8]. In other words, the
capacitance is greatly limited by the surface reaction and is
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Scheme 1: Schematic diagram of the procedure for synthesizing the NiO/CNTs composite.

unable to meet the increasing demands for the development
of energy storage technologies and the application ranges
of various electrolytes. Many previous studies have shown
that combining NiO with carbon materials that possess
high specific surface areas can improve the electrochemical
performance of NiO [9, 10].

Because of their chemical stability, good conductivity, and
large surface area, carbon nanotubes (CNTs) are considered
a good carbon material for combination with NiO. Recently,
CNT-based NiO composites have been investigated. These
composites are expected to exhibit improved capacitance due
to the interaction between NiO and CNTs [9, 10]. However,
loading NiO onto the surface of the CNTs is difficult due
to the intact and smooth surface of the CNTs and the
poor solubility of the CNTs in solvents due to van der
Waals interactions. Therefore, considerable efforts have been
made towards functionalizing CNTs [9–12]. Traditionally,
CNTs were modified or functionalized with different types
of functional groups through reactions on the 𝜋-conjugated
skeleton of the CNTs. Unfortunately, this covalent binding
site primarily occurs at defect sites or at the ends of CNTs.
Consequently, the C atoms in the CNTs transform from
sp2-hybridized to sp3-hybridized C atoms. However, this
transform leads to the problem of electron transfer not
only along the two-dimensional (2D) surface of CNTs but
also transfer between the additional components during
the charge/discharge process [11]. The destruction of the
carbon bands of covalently functionalized CNTs will result
in undesirable compromises in the electronic andmechanical
properties, such as a decrease in the conductivity. Moreover,
the utilization of covalently modified CNTs may result in
inhomogeneous coverage of additional components that tend
to attach at the ends and defect sites of the CNTs, where
the concentrations of the functional moieties are the highest
[9–12]. Therefore, noncovalent functionalization of CNTs
is becoming particularly attractive because it can be used
to attach chemical handles without affecting the electronic
network of the tubes. This noncovalent interaction is based

on van der Waals forces or 𝜋-𝜋 stacking and is thermo-
dynamically controlled. The dispersion and homogeneity of
electroactive materials improve when they are loaded in high
amounts on CNTs [10].

Therefore, we developed a general strategy for synthe-
sizing two-dimensional (2D) NiO/CNTs nanotubular elec-
trode materials using an imidazolium ionic liquid (IL) as
the reaction medium. The IL plays a dual role during
(2D) NiO/CNTs synthesis. First, the dispersion of CNTs
is improved through 𝜋-𝜋 conjugate actions between the 𝜋
electrons on the surface of the CNTs and the IL [13]. Second,
the intramolecular hydrogen bond between the anion and
cation of the IL ensures that the NiO is uniformly dispersed
on the surface of the CNTs. Electrochemical tests show that
the NiO/CNTs composites prepared using this method have
enhanced specific capacitance and rate performance.

2. Experimental Details

2.1. Synthesis of the NiO/CNTs Composite. NiCl
2

⋅6H
2

O and
solid potassium hydroxide (KOH) were used as analytical
reagents. In addition, the 1-methylimidazole (98.0%), 1-butyl
chloride, and dehydrated solvents (H

2

O < 50 ppm) were
purchased from WAKO Pure Chemical Industries, Ltd. The
CNTs were purchased from Nanotech Port Co., Ltd. (Shen-
zhen, China) and were purified by refluxing in concentrated
hydrochloric acid (HCl) at 313 K for 6 h prior to use (denoted
as CNTs) [14, 15].

The synthetic route for obtaining the NiO/CNTs com-
posite is shown in Scheme 1. In the first step of this method
[15], a mixture of 3-methylimidazole and 1-butyl chloride was
degassed using three freeze-pump-thaw cycles followed by
purging with nitrogen. The salt [Bmim]Cl (1) was obtained
by reacting 3-methylimidazole and 1-butyl chloride. Salt 1 was
purified by recrystallization from an acetonitrile solution at
263K to remove the yellow color of the initial crude product.
In the next step, 1 was reacted with the metal chloride
NiCl
2

⋅6H
2

O without solvent at 298 and 373K for 24 h and
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then reacted in acetonitrile at 363K, which afforded themetal
oxide precursor Bmim[NiCl

3

]. After the desired precursors
were obtained, the CNTs were introduced using a solid-state
strategy. First, the CNTs and Bmim[NiCl

3

] were mixed at
a certain mass ratio by ball milling. Next, the mixture was
transferred to a ball mill containing a certain amount of
KOH. After ball milling for 2 h, the product was naturally
cooled to room temperature. The black precipitate, which
had a NiO mass loading of 10 wt.% based on the calculated
weight of the CNTs, was collected after centrifugal filtration
by washing with deionized water and ethanol and drying
under vacuum for 24 h at 378K. Then, the samples were
placed in a muffle furnace and calcined at 573K for 2 h at
a ramp rate of 1 Kmin−1, which transformed the samples
into the NiO/CNTs composite. For comparison, NiO was
prepared using Bmim[NiCl

3

] and KOH under the same
reaction conditions.

2.2. Material Characterizations. Fourier transform infrared
(FTIR) spectra of the CNTs, Bmim[NiCl

3

], and CNTs/
Bmim[NiCl

3

] suspensions were recorded between 3750
and 500 cm−1 using a Bruker FTIR spectrophotometer. In
addition, UV-vis spectra were recorded between 400 and
650 cm−1 using a Cary 5G UV/vis-NIR spectrometer (Var-
ian). Prior to measurement, each sample was diluted to one-
fifth of its initial concentration using distilled water. X-ray
diffraction (XRD) measurements were performed using a
Bruker D8 Advance-X diffractometer with a Cu K𝛼 source.
Scanning electron microscopy (SEM) was performed using a
Zeiss Supra 55.

2.3. Electrode Preparation and Electrochemical Measure-
ments. The sample electrodes were fabricated by mixing
and grinding 80wt.% sample with 15 wt.% carbon black and
5wt.% polytetrafluoroethylene (PTFE) before pressing onto
a graphite substrate. The graphite support was first abraded
with ultrafine SiC paper, rinsed in an ultrasonicwater bath for
15min, etched in a 1M H

2

SO
4

solution at room temperature
for 10min, and rinsed in an ultrasonic water bath for 30min.
The exposed geometric area of the treated graphite support
was 1 cm × 1 cm. The mass of the active material on each
electrode was 5mg. All electrochemical measurements were
conducted using a three-electrode system, with a NiO/CNTs
or NiO electrode, platinum foil, and a standard calomel
electrode (SCE) as the working, counter, and reference elec-
trodes, respectively. A 6M KOH aqueous electrolyte solution
was used. The cyclic voltammetry (CV) and galvanostatic
charge/discharge tests were performed using a CHI660B
electrochemical workstation (Chenhua, China).

3. Results and Discussion

Scheme 1 illustrates the potential mechanisms for the syn-
thesis of the NiO/CNTs composite. The IL [Bmim]Cl was
selected as the reaction medium because the imidazolium
ions likely interact with the 𝜋-electron network of the CNTs
through a “cation-𝜋” interaction [10]. The following steps
were used: first, the IL salt Bmim[NiCl

3

] was dispersed

and absorbed onto the surface of the CNTs through 𝜋-
𝜋 interactions during the milling process. Simultaneously,
Ni2+ was concentrated on the surface of the CNTs using
static electricity between the anion, cation, and hydrogen
bonds of the ILmolecules, thereby facilitating a uniformNi2+
distribution. Second, KOH could react with Bmim[NiCl

3

] to
generate Ni(OH)

2

on the surface of the CNTs. After washing,
drying and calcining, the NiO/CNTs composite was obtained
via in situ coating induced by the strong electron interactions
between the electron-deficient benzene ring of the CNTs and
the electron-rich imidazole ring of the IL. Generally, ILs act
as not only “bridges” to connect Ni2+ ions onto the surfaces
of CNTs but also as “hosts” to accommodate and stabilize the
NiO generated in situ [15].

The obtained CNTs/Bmim[NiCl
3

] liquid was stored at
room temperature for 1 week to test its stability. Photographs
of the dispersions are shown in Figure 1(a) (I II III IV).
Based onour investigations the color and concentration of the
CNTs/Bmim[NiCl

3

] sols (IV) remain consistent regardless of
the storage time [16–20]. The unmodified or noncovalently
functionalized CNTs have fewer functional groups, which
could prevent chain entanglement and agglomeration in the
ILs. Thus, better dispersion of the CNTs/Bmim[NiCl

3

] sols
occurs when fewer functional groups are present on theCNTs
[16, 17]. However, due to the tight 𝜋-stacking interactions
between the relatively electron-rich imidazole ring of the IL
and the electron-deficient benzene ring of the CNTs, the IL
is strongly adsorbed on the surface of the CNTs. Simulta-
neously, the surfaces of the CNTs were enriched with Cl−
anions due to the intramolecular hydrogen bonding of the
IL.TheCNTs repelled each other through electrostatic forces.
Consequently, the CNTs were well dispersed in the IL [16, 17,
21], as indicated by the FTIR spectra. As shown in Figure 1(b),
the spectra from the CNTs were normalized with respect to
the C–H bands at 2800–3000 cm−1. This normalization was
attributed to the symmetric and antisymmetric stretching
vibrations of CH

2

[16, 17, 21]. Because the CNTs do not
support a static dipole moment, a relatively weak dynamic
dipole moment was responsible for the observed infrared-
active modes of the CNTs.Thus, the characteristic IR absorp-
tion peaks of the CNTs were very weak.The observed spectra
from the CNTs/Bmim[NiCl

3

] solution only resulted from
the Bmim[NiCl

3

]. The bands in the 3011–3196 cm−1 region
are assigned to the C–H stretching vibration modes of the
imidazolium ring [16, 17]. The unresolved CH

3

–N stretching
vibration, the CH

2

–N stretching vibration, and the imida-
zolium ring in-plane asymmetric stretching bands appeared
at 926 and 1502 cm−1 [16]. Compared with the spectrum of
the CNTs, the characteristic bands for the CNTs/Bmim[Ni]3+
solution appear in the range of 700–1600 cm−1 [15–17],
showing nearly identical numbers and positions as those
of the main peaks from the CNTs. The cation-𝜋 or 𝜋-𝜋
stacking between the CNTs and Bmim[NiCl

3

] altered the
C=C and C=N bond lengths, which caused the peaks to
shift slightly from 1564 cm−1 to 1569 cm−1 [19]. To further
illustrate the cation-𝜋 and 𝜋-𝜋 conjugate force, the UV-vis
spectra are shown in Figure 1(c). Here, the curve for the CNTs
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Figure 1: Photograph of the dispersions (a), FTIR spectra (b), and UV-vis spectra (c) of CNTs, Bmim[NiCl
3

], and CNTs/Bmim[NiCl
3

].

does not exhibit any obvious absorption peak. In contrast,
Bmim[NiCl

3

] only displayed one peak at 508 nm, which
resulted from the imidazole ring. The CNTs/Bmim[NiCl

3

]
curve exhibited the same characteristics as Bmim[NiCl

3

].
However, a slight bathochromic shift of the main absorption
peak (from 508 nm to 513 nm) was observed, confirming
that a 𝜋-𝜋 conjugate force exists between the CNTs and
Bmim[NiCl

3

].
Themorphological structure of the NiO/CNTs composite

was investigated using SEM, and NiO was also investigated
for comparison. As shown in Figure 2(a), the NiO/CNTs
composite exhibited a uniform morphology, with neither
NiO aggregation nor two-phase (NiO and CNTs) separation
occurring. For comparison, the NiO synthesized under the
same reaction conditions is shown in Figure 2(b). In the
absence of CNTs, the NiO cannot grow on or attach to
any substrates; instead, the NiO adopts an aggregation state.
In addition, the more detailed observations presented in
Figure 2(a) show that the NiO nanobeads synthesized in
situ nucleated on the one-dimensional (1D) surfaces of the
CNTs and eventually grew and fused together to form a thin

shell.Theuniformly distributedNiO/CNTs composites cross-
linked and overlaid each other to form three-dimensional
(3D) porous network structures, which indicated that the IL
played an important role in the uniform coating of the NiO
nanobeads on the surface of the CNTs. The reactions of ECs
are known as an interfacial phenomenon. Thus, the magni-
tudes of the specific capacitances (SCs) primarily depend on
the capacitive properties andmicrostructures of the electrode
materials. According to recent reports, ultrahigh SCs can be
obtained when small amounts of metal oxides are uniformly
dispersed on carbonaceous substrates with high surface
areas and faradaic and carbon electrodes are associated to
increase the specific energy [16, 17, 21]. In addition, some
researchers believe that the electrochemical performance of
ECs with low metal oxide loading is better. However, the
SCs of the electroactive material/carbonaceous composites
primarily depend on the mass loading and thickness of the
electroactive material on the carbonaceous substrate, which
allow more electrolyte ions to diffuse into the electroactive
material matrix, thereby achieving higher energy storage.
Therefore, the deposition of thick electroactive materials on
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Figure 2: SEM images of the NiO/CNTs ((a) and (b)) and NiO (c).

an electronically conductive carbonaceous substrate with a
high specific surface area provides a promising approach
for improving the SC of metal oxide electrode materials. In
addition, according to the SEM observations, this network
structure (NiO nanoparticles coated on CNTs to form a 3D
morphology) favored the diffusion of electrolyte ions inside
the electrode [9, 10, 13]. Furthermore, the electrons and ions
must diffuse through the NiO surfaces or channels rather
than through the CNTs. Consequently, the electrochemical
performance of the NiO/CNTs composite was enhanced.
It is reasonable to expect that the NiO/CNTs composite
synthesized using the noncovalent approach may have good
electrochemical properties. Furthermore, the 3D hierarchical
architecture of theNiO/CNTs composite was observed.These
results provide evidence for the successful coating of NiO on
the outer surface of the CNTs and are consistent with the IR
and SEM observations.

Figure 3 presents the XRD patterns of the NiO/CNTs
composite and NiO. The characteristic peak located at 2𝜃 =
26.4∘ corresponds to the hexagonal graphite (002) plane of
the CNTs (JCPDS card number 75-1621) [7]. Furthermore,
three other well-defined diffraction peaks are observed at
2𝜃 values of 36.6∘, 44.6∘, and 64.9∘, which were successfully
identified as the (111), (200), and (220) plane reflections of
the NiO crystalline structure of the NiO/CNTs (10wt.%).
Additionally, these peaks became broader and stronger in
the XRD pattern of the NiO/CNTs composite (as shown in
Figure 3). According to the Scherrer formula, the average
size of NiO crystals is about 18 nm. Such a small average size
is conducive to the formation of dense packing of NiO and
then fabricates a uniformly heterogeneous oxide layer on the
surfaces of CNTs even under high loading.

To evaluate the electrochemical performance, the cy-
clic voltammograms (CVs) and the galvanostatic charge/
discharge curves of the NiO/CNTs electrodes at a current
density of 0.5 A g−1 are shown in Figure 4.The NiO exhibited
redox peaks typical of a Faraday capacitor in the voltammo-
gram [9, 10]. However, the curve of the NiO/CNTs electrode
was greatly enlarged, indicating that the storage of electro-
chemical energy mainly resulted from pseudocapacitance by
faradaic redox transitions of the NiO/CNTs electrodes. With
NiO loading, the NiO/CNTs electrode exhibited a better
current and a larger SC than that of the NiO electrode.
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Figure 3: XRD patterns of the NiO/CNTs composite and NiO.

In addition, one other reason divides the electrochemical
properties of the NiO/CNTs electrode. As indicated by the
SEM image in Figure 3, NiO loading occurs through 𝜋-
𝜋 interactions between the CNTs and precipitates from
Bmim[Ni]3+ in a noncovalent synthetic process that creates
a rough surface area. This 3D hierarchical architecture of the
NiO/CNTs composite is expected to favor the insertion of
electrolytes into (or expulsion out of) the metal oxide matrix,
which can increase the contact between the electrolyte and
the electrode material and improve the utilization ratio of
the NiO. Under heavy mass loading of NiO, it is difficult
for the electrolyte ions to diffuse into and encounter the
interior of the CNTs because of the concentrated NiO layer.
Hence, NiO has been reported to generate a high SC due
to its rapid and reversible proton intercalation in the lattice
[9, 10]. Figure 4(b) shows the galvanostatic charge/discharge
curves of the NiO electrode. The curve shapes from both
electrodes present characteristics that are typical of an ideal
pseudocapacitor, which is consistent with the results of the
CV curves. The SC of the composites (𝐶

𝑚, electrode) and the
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Figure 4: Cyclic voltammograms (a) and charge/discharge curves (b) of the NiO/CNTs and NiO electrodes at potentials of 0 to 0.5 V with a
scan rate of 10mVs−1 and a current density of 0.5 A g−1.

use of NiO in the composites (𝐶
𝑚

) were calculated using,
respectively,

𝐶
𝑚

=

𝐶

𝑚

=

𝐼 × 𝑡

Δ𝑉 × 𝑚

(1)

𝐶
𝑚

 =

𝐶

𝑚


=

𝐼 × Δ𝑡

Δ𝑉 × 𝑚 × 𝑎

, (2)

where 𝐼 is the discharge current, 𝑚 is the mass of NiO or
NiO/CNTs, Δ𝑉 is the potential drop during discharging, Δ𝑡
is the total discharge time, and 𝐶 is the specific capacitance.
In addition, 𝑚 is the mass of NiO in the NiO/CNTs
nanocomposites in one electrode, and a is the wt.% of NiO
in the NiO/CNTs. The relationship between the SC and the
current density is shown in Figure 5. From these results,
we conclude that these types of NiO/CNTs composites are
characterized by a relatively high SC.

Generally, the SC gradually decreases as the discharging
current density increases. At current densities of 0.5 to
4A g−1, the NiO/CNTs electrode exhibits higher capacitance
retention. Even at a high current density of 4A g−1, the SCs of
the NiO/CNTs electrode can remain at 83% (395 F g−1) with
a capacity of 0.5 A g−1 as a reference. Under identical condi-
tions, the SCs of the NiO electrode only remain at 103 F g−1
and 51%.This good rate capability occurs for various reasons.
First, these NiO/CNTs composites were constructed with a
nanoscale NiO coating on the CNTs using a noncovalent
method, which could not destroy the functional groups on
the surfaces of the CNTs. The good electrical conductivity
of the NiO/CNTs composite provides a “superhighway” for
electron hopping in the 3D conducting matrix. In addition,
the unique 3D morphology of the NiO/CNTs composite
could reduce the distance for the diffusion of electrons and
ions (inner and outer hollow microstructure) and increase
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Figure 5: The SC values of the NiO/CNTs and NiO electrodes at
different current densities.

ion transport during rapid charge/discharge reactions [6, 7].
Furthermore, the three-dimensional (3D) network spatial
structures of such electrodes were beneficial for accommo-
dating more volume changes during charging/discharging
and could constrain more electrolytes within the electrode.
Thus, a higher capacitance retention was achieved. The
combination of the above effects improved the rate capability
at high current densities [9, 10]. Hence, even as the current
density increases, a large amount of electrolyte ions can access
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the entrances of the NiO/CNTs composite, maintaining a
high SC retention ratio.

A long cycle life is another important requirement for
practical applications. The SC of the NiO/CNTs electrode
as a function of the cycle number at a current density of
0.5 A g−1 is presented in Figure 6. As shown, the SC of
the NiO/CNTs electrode only decreased from 527 F g−1 to
480 F g−1 after 1000 charge/discharge cycles.The SC retention
of 91% indicates that theNiO/CNTs nanocomposite possesses
good electrochemical stability.

4. Conclusions

In conclusion, a nanotubular NiO/CNTs composite was
synthesized using an ionic liquid as the reactionmedium.The
NiO was loaded on the surface of the CNTs through a 𝜋-
𝜋 conjugate reaction between the imidazole rings of the IL
and the benzene rings on the surface of the CNTs [13, 15].
Because of the noncovalent synthetic process, the nanotubu-
lar NiO/CNTs composite exhibits good electronic transmis-
sion. Particularly, the unique two-dimensional (2D) hier-
archical nanotubular structure and the three-dimensional
(3D) porous mesh crossing the structures expose the high
specific surface area to the electrolyte, thereby facilitating
more electrolyte ions to spread in the electrolyte. The results
from the electrochemical tests indicated that the NiO/CNTs
composite exhibited a SC of 527 F g−1 and a rate capability
retention of 91% in 6MKOH. Our work not only extends the
current solution-based methods to solid-state reactions but
also provides the possibility of constructing advanced CNT-
based nanotubular electrodes with high SC and excellent rate
capability for high-performance electrochemical capacitors.
More importantly, the electrode design concept can be easily
generalized to other binary or ternary metal oxides with

unique nanotubular structures for a broad range of device
applications.
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