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by electrostatic attraction
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A facile strategy for the preparation of composites with homogeneous distribution of multi-walled carbon nanotubes (MWCNTs) in Ni(OH),
was proposed. The electrostatic attraction between positively charged Ni(OH), monolayer nanosheets and negatively charged MWCNTSs
was utilised to self-assemble the composites. The results of electrochemical measurement on the composite containing 30 wt% MWCNTs
indicated that the homogeneous composition of MWCNTs in composite significantly reduced the electrical resistance and promoted the
electrochemical utilisation of Ni(OH),. As a result, the composite presented high electrochemical performance: having specific capacitance
of 1568.8 Fg™' at low current density of 2.4 A g' and keeping a relatively high specific capacitance of 781.8 F g~' at high current
density of 81.7 A g'. Based on the results in this works, it is hoped that the adopted strategy could provide a promising idea for the

preparation of composites with homogeneous distribution of individual components.

1. Introduction: As a redox-type electrode material, Ni(OH), is
attractive for its application in supercapacitors due to its advantages
of high theoretical capacity, abundant sources, low cost, and well-
defined redox behaviour [1, 2]. Among the two polymorphs
of layer-structured Ni(OH), [3], 0-Ni(OH), has larger interlayer
space than B-Ni(OH),, which results in its larger accessible
surface for electrolyte ions. Therefore, o-Ni(OH), could present
higher capacity than B-Ni(OH), in most cases. However, it should
be noted that o-Ni(OH), usually could not present the presumed
electrochemical performance because of its low electrical conduct-
ivity that is close to insulator.

The appropriate solution of this issue is to composite Ni(OH),
homogeneously with electrically conductive materials such as gra-
phene and carbon nanotubes (CNTs) or grow nanostructured
Ni(OH), on the surface of current collectors such as nickel foam
[4-7]. CNTs is an optional material for compositing Ni(OH),
because of its outstanding electrical conductivity. An additional
advantage for the usage of CNTs in the electrodes of supercapacitors
is that it could efficiently buffer the cycling volume change of electro-
active materials in favour of their capacitance retention [8, 9].
However, the difficulty in the homogeneous composition of
CNTs with Ni(OH), lies in the incompatibility of surface properties
between the hydrophobic CNTs and hydrophilic Ni(OH),. The
simple mixing of pristine CNTs with Ni(OH), would produce inhomo-
geneous composites. As a result, the composites would show limited
promotion of electrochemical performance [10]. The basic coping
strategy is based on the transformation of CNTs’ surface properties
from hydrophobicity to hydrophilicity by introducing oxygenated
groups [6, 11-18]. The following composition of hydrophilisation-
modified CNTs with Ni(OH), includes two strategies: (i) random
mixing of modified CNTs with Ni(OH), in aqueous suspension;
(i1) growth of Ni(OH), on the surface of CNTs forming hierarchical
nanostructure. However, an issue of microscopic inhomogeneity
in composites could arise from these strategies due to the lack of
driving force for the ordered assembly of CNTs and Ni(OH),. In
the composites prepared by the second strategy, some part of
Ni(OH), three-dimensionally grown on CNTs does not maintain
intimate contact with the surface of individual CNTs. As a result,
these part of Ni(OH), would not attribute significant capacitance to
supercapacitors due to its low electrical conductivity.

In this work, we adopted an effective chemical synthetic strategy
to build Ni(OH),/CNTs composites with intimate contact between
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individual components. During the synthesis, we utilised the
electrostatic attraction between the positively charged o-Ni(OH),
monolayer nanosheets and negatively charged CNTs. Due to the
intimate contact between components, the as-prepared composite
presented significant synergy effect on its electrochemical
performance.

2. Experimental: Multi-walled CNTs (MWCNTs, 40-60 nm,
>97%) were purchased from Shenzhen Nanotech Port Co. Nitric
acid (HNO;, 65.0-68.0%), ethanol (C,HsOH, >99.0%), nickel
nitrate hexahydrate (Ni(NOs),"6H,0O, >98.0%), formamide
(CH3NO, >99.5%), and morpholine (C4HoNO, >98.5%) were
purchased from Aladdin. All raw materials were used as received.

Modification of MWCNTs: 0.5 g MWCNTs were modified by
50 ml nitric acid at 140 °C for 1 h. The obtained suspension was
mixed with 11 distilled water. Then, the modified MWCNTSs was
separated from the suspension by vacuum filtration and washed
with distilled water. In the final step, the separated MWCNTs
were freeze-dried.

Synthesis of o-Ni(OH), monolayer nanosheets: The o-Ni(OH),
monolayer nanosheets were prepared using exactly the same
method used in our previous work [19] as shown in the following
procedure. A mixture of 0.5 g Ni(NOs),-6H,0 and 1 ml morpho-
line was ground at room temperature in a mortar for 5 min. The
obtained sticky paste was aged for 4 h at room temperature. Then,
the aged paste was dispersed in 25 ml formamide under ultrasonifi-
cation for 5 min, forming a transparent colloidal solution.

Synthesis of Ni(OH),/MWCNTs composites: 15.0 mg modified
MWCNTSs were dispersed in 100 ml distilled water under ultra-
sonification for 1 h, forming a brownish colloidal solution. Then,
several colloidal solutions of modified MWCNTs were, respec-
tively, mixed with different amount of o-Ni(OH), colloidal sol-
utions. Precipitation occurred immediately after the mixing of
colloidal solutions. The precipitate was separated from the produced
suspension by vacuum filtration, and then washed with distilled
water and freeze-dried.
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Characterisation: The structure of composites was measured
with a Rigaku SmartLab III diffractometer using Cu Ko radiation
(A=1.5406 A). The Micro-Raman spectroscopy of samples was
measured by Fuheng K-Sens Raman spectrometer. JEOL
JEM-1400 transmission electron microscope (TEM) and Hitachi
S-4800 cold-cathode field-emission scanning electron microscope
(FE-SEM) were used to observe the morphology of samples. The
elemental analysis on the samples was carried out with a Bruker
XFlash 6|60 detector. The TEM sample of o-Ni(OH), was prepared
by the following procedure: 0.5 ml o-Ni(OH), colloidal solution
was mixed with 5 ml formamide; then, the 0-Ni(OH), monolayer
nanosheets were deposited on the surface of a 400-mesh carbon-
coated copper grid for 15s; in the next step, the o-Ni(OH),-
deposited copper grid was washed with ethanol to remove the
residual formamide. The SEM samples were prepared by the depos-
ition of gold nanoparticles on the surface of materials with an ion
sputtering method.

An IVIUMSTAT electrochemical workstation in a three-
electrode cell having a working electrode, a platinum plate
counter electrode, and a Hg/HgO reference electrode was used to
carry out the electrochemical measurements on electrode materials.

Preparation of working electrodes and electrochemical measure-
ment: The working electrodes for electrochemical measurement
were assembled by the combination of electro-active material
with nickel foam. In the first step, a paste was formed by grinding
a mixture of 80 wt% MWCNTSs/Ni(OH), composite and 20 wt%
acetylene black with a few drops of ethanol. In the second step, a
working electrode containing ~4 mg electro-active material and
having 1 cm? geometric surface area was obtained by the brief
evaporation of ethanol in paste and the following compression of
paste at 10 MPa onto a nickel foam connected with a nickel wire.
Then, the electrode was electro-activated by 100 cycles of cyclic
voltammetry from —0.1 to 0.55 V versus Hg/HgO at 100 mV s™"
in 3 M KOH aqueous solution. All electrochemical tests on the acti-
vated electrodes were performed in 3 M KOH aqueous solution.
The specific capacitance calculation of electro-active material was
based on the method described in literature [20] using the weight
of composites as basis.

3. Results and discussion: In this work, the o-Ni(OH), monolayer
nanosheets were prepared by exactly the same method used in our
previously published articles [19, 21]. In these articles, the mono-
layer state of a-Ni(OH), was confirmed by atomic force microscopy
and TEM characterisations. Herein, we repeated the XRD and TEM
characterisations to show the phase and morphology of o-Ni(OH),
monolayer. The XRD pattern shown in Fig. la proves that the
as-prepared sample does present the typical rhombothedral structure
of a-Ni(OH), (JCPDS Card No. 38-0715). In this pattern, the great
broadening and low intensity of diffraction lines implies the charac-
teristics of thin thickness and low crystallinity of o-Ni(OH),
sample. The TEM images at different magnification shown in
Figs. 1b—d also demonstrate the monolayer and low crystallinity
state of a-Ni(OH), sample. In these images, it is observed that
the carbon-coated copper grid is covered by some fragmental sheet-
like subjects with hardly distinguishable boundary. It is considered
that this morphology of o-Ni(OH), corresponds to its low crystal-
linity characteristics as observed in XRD pattern.

In this work, we composited the as-prepared o-Ni(OH),
with MWCNTs trying to improve the electrical conductivity of
0-Ni(OH),. To determine the optimum content of MWCNTSs in
the composites, we composited o-Ni(OH), with different amount
of modified MWCNTs and investigated their electrochemical
performance. The specific capacitance of composites is shown
in Fig. 2a, which is calculated on the basis of the composites’
weight. This figure indicates that the composite containing 30 wt
% MWCNTSs has the largest capacitance at high current density,

1152
© The Institution of Engineering and Technology 2019

while the medium capacitance at low current density as compared
with other composites. Based on this result, we chose 30 wt% as
the optimum content of MWCNTs in the composites.

To investigate the effect of surface modification for MWCNTs
on the performance of composites, we also prepared the Ni(OH),/
MWCNTs composites using pristine MWCNTs by the same
procedure with the composites prepared by using modified
MWCNTs. As shown in Fig. 2b, the composites containing
different amount of pristine MWCNTs exhibit comparable

500 + a-Ni(OH);

intensity, a.u.

Fig. 1 XRD pattern and TEM images of a-Ni(OH), monolayer nanosheets
at different magnification
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Fig. 2 Specific capacitance of the composites containing different amount
of

a Modified MWCNTs

b Pristine MWCNTSs, calculated from their galvanostatic charge—discharge
plots

¢ Specific capacitance of the mixture composites prepared by the respective
grinding of modified and pristine MWCNTs with Ni(OH),, calculated from
their galvanostatic charge—discharge plots
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electrochemical performance. For the aim of a fair comparison, we
choose the composite containing 30 wt% pristine MWCNTs
for further investigation. We also prepared other two mixture com-
posites by the respective grinding of pristine and modified
MWCNTSs with Ni(OH), powder in a mortar. In Fig. 2¢, the two
mixture composites show much lower specific capacitance as com-
pared with their corresponding composites prepared by the strategy
of solution deposition (Fig. 2), especially at high current density.
Obviously, the low performance of these two mixture composites
could be attributed to the low homogeneity of MWCNTs inside
composites. To keep the conciseness of this Letter, we would not
discuss the two composites in the following text.

The electrochemical properties of the two composites, respect-
ively, prepared by the strategy of solution deposition using pristine
and modified MWCNTs are compared with the Ni(OH), sample in
Fig. 3. In the cyclic voltammogram (CV) at scan rate of 5 mV s
(Fig. 3a), all the three samples have a pair of symmetrical
redox peaks, corresponding to the reversible Faradaic reactions
of Ni(OH),~NiOOH as shown in (1) [22]. The symmetrical
non-linear shape of glavanostatic charge—discharge plots of these
samples (Fig. 3b) is another indication of Faradaic reactions.
These plots also show that the Ni(OH), sample has the longest
charge—discharge cycle duration at low current density of
~2.5A g"!, while the composite containing 30 wt% modified
MWCNTSs present the longest cycle duration at high current
density of 57.5 A g~'. This result suggests that this composite
has the best high-rate electrochemical performance among these
three samples. In Fig. 3¢, the plots of specific capacitance versus
specific capacitance confirm this conclusion. The composite con-
taining 30 wt% modified MWCNTs has specific capacitance
of 1568.8 Fg™' at 2.4 A g7' and keeps relatively high capacity
of 781.8 F g~ at high current density of 81.7 A g~'. Although
the Ni(OH), sample has the highest capacity of 1933.9 F g™' at
low current density of 2.4 A g~', it should be pointed out that the
capacity calculation on the two composites is based on the weight
of composites including MWCNTs and Ni(OH),. To consider
the contribution of MWCNTSs, we recalculated the capacity of the
two composites using the weight of Ni(OH), as a basis for the
calculation. As shown in the result (Fig. 3d), the composite contain-
ing 30 wt% modified MWCNTs presents the much higher capacity
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Fig. 3 CV of composites and Ni(OH), at

a Scan rate of 5mV s~

b Glavanostatic charge—discharge plots of composites and Ni(OH), at
current density of ~2.5 A g”!

¢ Specific capacitance of composites and Ni(OH), calculated from their
galvanostatic charge—discharge plots

d Specific capacitance of composites and Ni(OH), calculated from their
corresponding galvanostatic charge—discharge curves
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than the other two samples. It has high specific capacitance of
2241.0 F g=" at low current density 3.3 A g™ and 1116.8 F g~" at
high current density of 116.8 A g~'

Ni(OH),+OH™ <> NiOOH + H,0 + ¢~ n

In order to clarify the role of MWCNTs in the performance of
composites, we measured the electrochemical impedance spectro-
scopy (EIS) of composites and Ni(OH),. Their Nyquist plots
(Fig. 4) are analysed from the obtained EIS and fitted with the
given equivalent circuit by software ZVIEW. In the plots, the two
composites, respectively, prepared from the modified and pristine
MWCNTs exhibit similar impedance behaviour, which is com-
pletely different from the Ni(OH), sample. The Ni(OH), sample
presents a more intensive semicircle with large diameter in high-
frequency region related with charge transfer resistance, and
smaller slop of line in low-frequency region related with ions
transfer resistance than the two composites. It could be inferred
from these impedance results that the two composites have low
resistance for the Faradaic reactions, which could be attributed
to MWCNTs.

As proven in electrochemical measurement, the composition
of MWCNTs with Ni(OH), contributes to the promotion of electro-
chemical performance. It could be imagined that the composition
homogeneity of MWCNTs is the control for the electrochemical
performance of composites. To support this opinion, we used
FE-SEM to observe the morphology of composites. As shown in
the FE-SEM image of the composite containing 30 wt% pristine
MWCNTs at low magnification (Fig. 5a), the MWCNTSs inhomo-
geneously distribute inside Ni(OH),. In the images at high mag-
nification (Figs. 5b and c), it seems that no Ni(OH), in the
MWCNTs-concentrated part of composite could be observed.
By contrast, the FE-SEM images of the composite containing
30 wt% modified MWCNTSs present homogeneous distribution
of MWCNTs. In the image at low magnification (Fig. 5d), it
seems that the MWCNTs homogeneously distribute in Ni(OH),.
The images at high magnification (Figs. Se and f') clearly indicate
that the surface of modified MWCNTs is much rougher than the
pristine MWCNTs and no separate Ni(OH), can be observed. It
could be inferred from the morphology observation that the
surface of MWCNTs is coated by Ni(OH),, having a coaxial
core—shell nanostructure similar with other works [23, 24].

To further confirm the homogeneity of MWCNTSs in Ni(OH),,
the elemental mapping characterisation was carried out on the
two composites. In the obtained mapping images (Fig. 6), it is
shown that only small amount of nickel (0.57%) and oxygen
(3.83%) elements are detected in the composite containing
30 wt% pristine MWCNTs, while much larger amount of nickel
(4.17%) and oxygen (12.12%) elements are found in the composite
containing 30 wt% modified MWCNTs. It is also observed that the
nickel and oxygen elements are homogeneously distributed in
the latter composite. The over high content of carbon element
(95.60 and 83.71%) in the two composites could be attributed to

[——Ni{OH),/30 wi.% modified MWONTs
= Ni{OH)/ 30 wi.% pristine MWCNTs

—=— Ni(OH), 1.

Fig. 4 Nyquist plots of composites and Ni(OH),
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Fig. 5 FE-SEM images of the composites, respectively, prepared by using
a—c 30 wt% pristine
d—f30 wt% modified MWCNTs

95.60 %
C

83.71 %
C

Fig. 6 Elemental mapping of the composites, respectively, prepared by
using

a—d 30 wt% pristine

e—h 30 wt% modified MWCNTs
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the contribution of conductive tape used for the FE-SEM character-
isation. Herein, it could be concluded that the elemental mapping
result agrees with the morphology observation result in Fig. 5.

We also measured the Micro-Raman spectra of pristine
MWCNTSs, modified MWCNTs and their Ni(OH), composites.
As shown in Fig. 7, all samples present the characteristic feature
of graphitic layers corresponding to the tangential vibration of
carbon atoms (G band) and the typical sign of defective graphitic
structures (D band). It is well known that the G band represents
the in-plane bond stretching motion of the pairs of C sp> atoms
and the D band corresponds to the sp> hybridisation of C atoms.
Thus, the relative intensity of G and D bands (/p/lg) is considered
as a measure for the surface defects of graphitic materials [25, 26].
As a result, the nearly same /p/lg value (~1) for the pristine and
modified MWCNTs in this work indicates that the modification
by nitric acid could not significantly influence the surface state of
MWCNTSs. In some works [27-29], it was reported that the combin-
ation of Ni(OH), and carbon materials would result in the increase
of surface defects in carbon materials. Therefore, it is reasonable to
believe that the lowered Ip/lg value of composites in this work
(0.93 for 30 wt% pristine MWCNTs composited Ni(OH), and
0.85 for 30 wt% modified MWCNTs composited Ni(OH),) is
ascribed to the homogeneous composition of MWCNTs with
Ni(OH),. On the other hand, the lower Ip/lg value for the latter
composite could confirm its higher homogeneity of Ni(OH),.
Based on the results of FE-SEM and Raman spectra, we know
that the performance difference between the two composite origi-
nates from their different homogeneity of MWCNTs.

It is known that the capacitance decay of electrode materials
during the cycle of charge—discharge is mainly because of their
redox reaction-induced volume contract and expansion. Therefore,
one important function of MWCNTs in this work is to work as sup-
porting network to buffer the electrochemical volume change of
electrode materials. We compared the cycle stability of Ni(OH),
with the composite containing 30 wt% modified MWCNTSs. As
shown in Fig. 8, the specific capacitance of Ni(OH), decreases

pristine MWCNTs

modified MWCNTs

intensity, a.u.

Ni{OH),/30 wi% pristine MWCNTs

Ni(ﬂll)l."il'l wi% modificd MWCNTs
500 1000 1500 2000 2500
Raman shift, em™'

Fig. 7 Micro-Raman spectra of pristine MWCNTS, modified MWCNTs, and
composites prepared by using 30 wt% pristine or modified MWCNTs

capacitance rentetion , %

=== Ni(OH),/30 wt%e modificd MWCNTs
——Ni(OH),

0 " " L
0 500 1000 1500 2000 2500 3000 3500 4000
cycle number

Fig. 8 Stability of cycle of the composite prepared by using 30 wt%
modified MWCNTSs at charge—discharge current density of ~2.4 A g~
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Fig. 9 Schematic illustration for the preparation of Ni(OH),/MWCNTs
composites using modified MWCNTs

gradually with the charge—discharge cycles, keeping 45% of its
initial value after 4000 cycles. On the contrary, it is surprising to
notice that the specific capacitance of composite increases gradually
with the charge—discharge cycles, reaching the highest value
(162% of initial value) at 2600 cycles. This phenomenon could
be attributed to the continuous electro-activation of Ni(OH), in
the composite due to the promotion of electrochemical utilisation
rate for Ni(OH), by rising its electrical conductivity with
MWCNTs. After 4000 cycles, the specific capacitance of composite
still remains 95% of its initial value, much higher than Ni(OH),.

In Fig. 9, we provide a schematic illustration for the preparation
of composite with homogeneous distribution of MWCNTs. It is
well known that the surface of pristine MWCNTs is hydrophobic.
Therefore, the simple mixing of pristine MWCNTs with hydro-
philic Ni(OH), would only result in the random distribution
of MWCNTs inside Ni(OH),. The surface modification of pristine
MWCNTSs by nitric acid would produce carboxyl groups, intro-
ducing the hydrophilic property and negative charge on their
surface [8, 30]. On the other hand, the a-Ni(OH), monolayer
nanosheets are positively charged due to the non-stoichiometry
characteristics of Ni(OH),_, layer [31]. As a result, the mixing of
the o-Ni(OH), and MWCNTs colloidal solution would result in
the formation of homogeneous Ni(OH), /MWCNTSs composites
due to the spontaneous electrostatic attraction between the two
species.

As shown in the Nyquist plots of Fig. 4, the homogeneous
composition of Ni(OH), and modified MWCNTSs results in the
significant lowering of resistance. As a result, the charge transfer
resistance of Ni(OH), is reduced. On the other hand, the isolated
state of Ni(OH), originating from the homogeneous composition
with MWCNTs is in favour of the transfer of electrolyte ions
inside composites, which can be proven by the larger slop in low-
frequency region in Fig. 4. Consequently, the Ni(OH),/MWCNTs
composites could present promoted performance.

4 Conclusions: In this work, a simple method was applied to
synthesise Ni(OH),/MWCNTs composite to solve the poor con-
ductivity issue of Ni(OH), in order to obtain electrode materials
having high electrochemical performance. The composite with
homogeneous distribution of MWCNTSs was obtained by the self-
assembly of MWCNTs and Ni(OH), through the spontaneous
electrostatic attraction between the two oppositely charged
species. Due to the high homogeneity of MWCNTs inside
Ni(OH),, the composite presented significant promotion of electro-
chemical performance.
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