RSC Advances
PAPER
Three dimensional carbon nanotube/nickel
hydroxide gels for advanced supercapacitors†
Cite this: RSC Adv., 2015, 5, 30260

Hanlin Cheng and Hai M. Duong*
In this work, we have successfully developed three-dimensional (3D) nickel hydroxide (Ni(OH)2)/singlewalled carbon nanotube (SWNT) gel composites for supercapacitor applications. The composites are
prepared using a facile coating-aging method followed by an electrochemical deposition. The obtained
SWNT gels and their derived Ni(OH)2/SWNT composites present 3D network structures composed of
randomly orientated nanotube bundles. It is found that the sizes of these bundles can be easily tuned
using two diﬀerent drying techniques. The directly dried Ni(OH)2/SWNT composites with seriously
bundled nanotubes are capable of maintaining an excellent discharge performance as well as a
satisfactory cycling stability. The improved electrochemical performance of the Ni(OH)2/SWNT xerogel
composite comes from a 3D SWNT conductive highway and a stronger Ni(OH)2/SWNT interface
bonding. In contrast, the hydrogel composite prepared in the absence of a drying process, despite
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achieving both high areal and mass-based capacitance, suﬀers a severe cycling drop. Compared with 3D
graphene and its derived composites, our composite design with the employment of 1D SWNTs has the
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merit of shorter ion diﬀusion distances which oﬀers a distinctive opportunity for the future development
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of 3D electrodes.

1

Introduction

To overcome the challenges from the energy crisis and environmental contamination, both advanced energy generators
and environmentally-benign energy storage techniques are
needed. Compared with the industrial-scale storage systems
utilizing compressed air or pumped hydro-power, electrochemical energy storage (EES) devices such as fuel cells,
batteries and supercapacitors (SCs) can be developed for
portable electronic devices, rendering them the ideal power
sources for next generation vehicles.1
Among diﬀerent types of the EES devices, SCs have attracted
great attention recently due to their moderate energy and high
power densities.2 Generally, SCs can be classied into two types
based on their working mechanisms. The rst type of the SCs is
the electrochemical double layer capacitor (EDLC) which stores
energy through physical ions adsorption at the interface
between the electrode and electrolyte. The EDLCs can possess a
long term cycling stability up to 10 000 cycles.3 However, the
energy density of the EDLCs is much lower than that of lithium
ion batteries which greatly limit their marketing proceedings.4
The second type of the SCs is the pseudocapacitor which
involves redox couples to increase its energy density. Due to the
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redox nature of the pseudocapacitors, volume changes caused
by phase transformation during working processes inevitably
damages electrode cycling lives.5 In order to combine the merits
of two SC types and to increase the energy density by extending
the potential window, hybrid SCs have been recently developed
by employing an EDLC electrode against a pseudocapacitance
one.6 Although most of the hybrid SCs has applied aqueous
electrolytes to deliver high conductivities, hybrid SCs works in
organic electrolytes were also investigated.7–9
Besides the conguration, the key element for enhancing
device performance is to improve the electron and ion transport
during charge/discharge process.10 To achieve this goal, various
binderless 3D electrodes were developed.11–14 It is supposed that
electrical conductivities of the 3D structures would be greatly
increased in the absence of insulating polymer binders.
Simultaneously, pores established inside the 3D structures
would serve as electrolyte reservoirs to facilitate the ion transport. Gong et al.15 have developed a carbon nanotube/Ni(OH)2
core–shell structure on a nickel foam, which was used as a
positive electrode for the hybrid SCs. Similarly, metal oxides
possessing high electrical conductivities such as cobalt oxide
were also designed into the core–shell structure for the electrode applications.16 Recently, 3D layered composite electrodes
using graphene coated nickel foam have been synthesized
through either electrophoretic17,18 or chemical vapour deposition.19,20 The graphene coated electrodes can enhance the
interface bonding of the host/guest materials to improve their
electrochemical stabilities. In order to reduce the total weight of
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the electrodes, nickel foam can also be etched away to obtain a
3D graphene network.19,20 In spite of the nickel foams, carbon
foams derived from polymer carbonization were recently used
directly as the scaﬀolds for the 3D electrodes.21–23
Nevertheless, methods mentioned above merely resulted in a
thin layer of materials on the 3D backbone surface where
leaving most macropores inside nickel foam unused, which
usually leads to small areal and volumetric capacitance. For
example, although Yang et al. has achieved an ultrahigh specic
capacitance of 3125 F g1, the areal capacitance is merely 1.6 F
cm2 due to a small mass loading.12 Also, consider the fact the
ion transport and capacitance behaviour are greatly inuenced
by pores in ranges of meso-scale or nano-scale,24 it is necessary
to give intense eﬀorts to better tune the pore size distributions.
Based on that, 3D mesoporous network such as graphene
hydrogel/xerogels25 and carbon aerogels26 were developed for
the supercapacitor applications. Xu et al.27 synthesized a graphene hydrogel thin lm for the SC application with a capacitance of 186 F g1 and found that the capacitance unfortunately
decreased with the increase of the lm thickness for elongated
electron and ion transport pathways. To further improve the
electron and ion transport, graphene gels were successfully
incorporated inside the nickel foam and were used as the SC
electrode.28–30 With the similar concept to reduce the electrode
weight, the nickel foams were then etched to obtain the pure
graphene gel.30,31 Unfortunately, the free-standing graphene
gels suﬀered a low electrical conductivity and poor mechanical
strength. For a stronger but lighter electrode development,
partial etch of the nickel foam was applied.32 Besides the single
component materials, graphene derived aerogel/hydrogel
composites were also used for the SC electrodes, achieving
capacitances over 1000 F g1.33–38
Compared with the gel made of 2D graphene layers, it is
believed that gels made of 1D SWNTs can signicantly increase
the electrochemical performance of the SCs due to the excellent
multifunctional properties39–43 and the quicker ion diﬀusion.44
However, the SWNT-gel structures have seldom reported in the
usage for the SC electrode development.45 Here we report a
successful fabrication of a novel structure of pristine SWNT gels
and their derived Ni(OH)2/SWNT gel composites for the supercapacitor applications. The prepared xerogel composite is able
to achieve a both high specic capacitance (1289 F g1) and
areal capacitance (3.1 F cm2).

2 Experimental
2.1

Materials

SWNTs consisting of one third of metallic SWNTs, two thirds of
semiconducting SWNTs and 5–30 mm in length, were purchased
from Chengdu Organic Chemicals Co Ltd. Nickel nitrate hexahydrate and sodium dodecylbenzene sulfonate (SDBS) were
purchased from the Sigma Aldrich. Hydrochloric acid (HCl
37%) and absolute ethanol were purchased from the Merck
Pte Ltd. Nickel foams with thickness of 1.2 mm were bought
from the MTI Corporation.
Before synthesizing the gels and composites, SWNTs were
puried by soaking them in HCl (1 M) at 60  C for 12 h to
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remove the remaining iron catalyst. Then the treated SWNTs
were washed with large amount of DI water and ltrated before
drying. The nickel foams were washed by using ethanol and DI
water in sequence before the usage.

2.2 Synthesis of SWNT gels and Ni(OH)2/SWNT gel
composites
The SWNT xerogels and hydrogels synthesized through a facile
coating-aging method. The mixture consisting of 25 mg SWNT
and 125 mg SDBS was rstly dispersed in 5 mL DI water by a
probe sonication. Next, the nickel foam was immersed into the
SWNT suspension and underwent bath sonication for 10 min to
ll all pores of the nickel foams with SWNTs. Aer one-day
aging, the prepared hydrogel was subsequently washed by the
DI water continuously for one week to remove all surfactants. To
obtain the SWNT xerogel, prepared SWNT hydrogel samples
were then dried in a fumehood for another week.
To prepare the Ni(OH)2/SWNT xerogel composite, the SWNT
xerogel was initially rinsed with ethanol and DI water in
sequence for a wetting purpose. Aerwards, Ni(OH)2 was grown
on the SWNT xerogel by a simple electrodeposition method.12 In
brief, the SWNT xerogel was deposited under 0.7 V (vs. Ag/
AgCl) in a 0.1 M Ni(NO3)2 plating solution until total charges
reached desired amount. The achieved Ni(OH)2/SWNT xerogel
composite was washed by DI water and dried at 60  C for 12 h.
The obtained SWNT xerogel composite was named as NiC-xeroX, where X denotes the charges passed during the Ni(OH)2
deposition.
The Ni(OH)2/SWNT hydrogel composite, named as NiChydro, was prepared similarly using the above method in the
absence of drying step. The water inside the SWNT hydrogel was
exchanged with the plating solution before the Ni(OH)2 deposition. For comparison, Ni(OH)2 was also directly deposited on
the nickel foam using the same protocol. Without further
indication, the total electrical charges passed for the Ni(OH)2
deposition were 3.33 C. The mass loading of the SWNT and
Ni(OH)2 is obtained based on the comparison between the total
mass of the materials and nickel foam with an analytical
balance in accuracy of 0.01 mg. The mass loading of the SWNT
gels was 0.5–1 mg cm2 and that of the whole composites was
about 2–2.5 mg cm2.

2.3

Characterization

Crystal structures of the as-prepared SWNT gels/composites
were identied by powder X-ray diﬀraction (XRD) on Shimazu
X-ray diﬀractometer 6000 with Cu Ka radiation (k ¼ 1.5418 
A)
between 10 and 80 at a scan rate of 1.2 min1. The
morphologies of the SWNT gels and Ni(OH)2/SWNT gel
composites were investigated by a eld emission scanning
electron microscopy (FESEM Hitachi S4300). Prior to FESEM
imaging, the SWNT hydrogels were dried using supercritical
carbon dioxide. Transmission electron microscopy (TEM)
together with selected area electron diﬀraction (SAED) was
performed on JEOL 3010 transmission electron microscope to
further investigate the composite microstructures.
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Electrochemical measurements

The composite deposited nickel foams were directly used as the
SC electrodes without the addition of any polymer binders or
carbon additives. A platinum plate (1 cm2) was used as the
counter electrode and the saturated calomel electrode (SCE) was
selected as a reference electrode. All tests were conducted in a
1 M KOH solution with a three-electrode conguration. Cyclic
voltammetry (CV) and Galvanostatic charge/discharge (GCD)
were tested using Solartron 1287 electrochemical workstation
equipped with a Solartron 1260 frequency response analyzer.
The electrochemical impedance spectroscopy (EIS) was applied
to characterize kinetic properties of the samples in the
frequency ranges of 0.01–100 000 Hz at an amplitude of 5 mV
against the open circuit voltage. The cycling performance was
tested using the battery test system from Neware Technology
Ltd. The specic capacitance was calculated based on the
following equations.
From CV,
Ð
IdV
Cs ¼
(1)
2mvDV
From GCD,
Cs ¼

IDt
mDV

(2)

where: I is the current, v is the scan rate, V is the potential
window, Dt is the discharge time and m is the total mass of
tested materials including both SWNTs and Ni(OH)2. For the
calculation of the areal specic capacitance, m is replaced with
the apparent electrode area. Integration is calculated from 0–
0.6 V based on the whole CV loop.

For hydrogels obtained without the drying process, SWNTs are
much less bundled and could preserve their original structures.
While for the SWNT xerogels prepared aer drying in fumehood, the individual SWNTs tends to seriously bundle together
due to the capillary force because of the evaporation of water
inside. When fabricating the composites by depositing Ni(OH)2
in either hydrogel or xerogels, nitrite ions are rstly reduced
under negative potential to generate hydroxyl ions and raise the
local pH. Simultaneously, precipitation of Ni(OH)2 occurs
inside the gels according to following chemical equations.47

3.2

NO3 + 7H2O + 8e / NH4+ + 10OH

(3)

Ni2+ + 2OH / Ni(OH)2Y

(4)

Structural properties and composition

Fig. 2a depicts the purchased nickel foam with an average large
pore size of 150 mm. Fig. 2b exhibits the SWNT xerogel consisting of the randomly oriented nanotube bundles with width
varying from 20 to 80 nm. A porous structure presented in
xerogels is ideal for the ion transport. The morphology of the
SWNT hydrogel is shown in the Fig. 2c. Diﬀerent from the
xerogels, the hydrogel is composed of either individual nanotube or slighter bundled nanotubes which are reported previously.39,42,43 Compared with the xerogels, such kind of structure
has a higher surface area, but the inhomogeneity of the nanotubes distribution may hazard the electrode performance. The
structures of the deposited Ni(OH)2, NiC-xero and NiC-hydro are

3 Results and discussion
3.1 Mechanisms of the 3D structure formation of the SWNT
gels and composites
The network structures of the SWNT hydrogels can be easily
achieved by a coating-aging method as schemed in Fig. 1.
During the gelation, the individual SWNTs form a 3D randomlyoriented SWNT network due to van der Waals force39 and
osmotic pressure of SDBS-formed micelles.46 In this stage, the
van der Waals force mainly plays two roles. It not only helps to
cause the percolation of nanotubes to form a 3D structure but
also inevitably bring the bundling of the individual nanotubes.

FESEM images of (a) the nickel foam (b) SWNT xerogel (c) SWNT
hydrogel (d) Ni(OH)2 deposited at nickel foam (e) Ni(OH)2/SWNT
xerogel (NiC-xero) composite and (f) Ni(OH)2/SWNT hydrogel (NiChydro) composite.
Fig. 2

Fig. 1 Schemed synthesis procedures of the Ni(OH)2/SWNT xerogel
and Ni(OH)2/SWNT hydrogel composite.
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shown in Fig. 2d–f. When deposited directly on the nickel foam,
Ni(OH)2 present severe aggregates consisting of self-assembled
nanoakes (Fig. 2d). While the SWNT xerogel composite in
Fig. 2e display a porous structure with the embedded Ni(OH)2
akes. SWNT bundles not only preserve the original structure in
xerogels but also play an important role in preventing the
aggregation of the active materials. What is more, the less stiﬀ
nanotube bundles would serve a buﬀer layer to accommodate
the volume changes of nickel hydroxide, which help to maintain
the rigidity of the electrode. For NiC-hydro shown in Fig. 2f,
Ni(OH)2 akes grow along SWNTs to form the core–shell
structure. The inhomogeneously decorated hydroxides inherit
the pre-prepared hydrogel structure. We purpose the apparent
morphology diﬀerence between NiC-xero and NiC-hydro can be
explained by the following reason. During the deposition of
nickel hydroxide, the small surface curvature and large pores of
the SWNT xerogel are able to facilitate the ion transport during
the Ni(OH)2 growth. As a result, the Ni(OH)2 is embedded into
the SWNT pores. In contrast, smaller pores together with
narrow sized SWNT bundles in hydrogel gives a large curvature,
causing a quick depletion of the nickel ions near bundle
surface, leads to the hetero-nucleation of the Ni(OH)2 to form
the core–shell structure along nanotube bundles.
Compared with the pure Ni(OH)2 directly deposited at the
nickel foam, our electrode design has the merit of the high
utilization of the pores inside the nickel foam. In Fig. S1a,†
Ni(OH)2 only stays at the nickel foam backbone to form a quasi
3D structure. Nevertheless, SWNTs in the hydrogel and xerogel
composites can ll completely the macropores of the nickel
foam to establish an inner micro-conductive network
(Fig. S1b–e†). Unlike other carbon-based xerogels, the developed SWNT xerogels in this work are able to preserve their 3D
structures with minor collapse. The improved structural
stability is attributable to a synergistic eﬀect between the macronetwork of the nickel foam and the micro-network of SWNTs.
To conrm that the prepared gels have achieved 3D structure,
we have cut the samples using sharp knife carefully and observe
their sectional area. Images shown in Fig. S2† clearly demonstrate that the 3D nanotube network structure locates both at
the surface and inside the nickel foam.
To control the morphology of the NiC-xero composites, we
have varying the deposition charges during the material
synthesis and the corresponding results are presented in
Fig. S3a–d.† Ni(OH)2 partially lls the pores under the small
deposition charge (Fig. S3a†) and generate various mesopores
in the xerogels. When the deposition charge further increases to
3.33 C, the pores are almost fully occupied by Ni(OH)2
(Fig. S3b†) and some hydroxides even start to grow out of
xerogel seen in the white ake in the bottom le corner of the
image. Without surprise, we nd a further increase of Ni(OH)2
concentration also causes serious aggregates (Fig. S3c†),
resembling the pure Ni(OH)2 deposited on the nickel foam. This
phenomenon could explained by that with internal stress
created during the Ni(OH)2 growth, xerogel would be separated
to several thin layers. Then, the Ni(OH)2 would overow from
the each thin xerogel layer and agglomerate between them.
Finally, as shown in Fig. S3d,† when deposition charge
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increases to 7.77 C, thicker Ni(OH)2 akes can be observed more
clearly. The structure evolution presented above indicates the
limiting capability of SWNTs in preventing Ni(OH)2
aggregation.
Fig. 3 shows the typical TEM images of the NiC-xero and NiChydro composite. For the xerogel composites (Fig. 3a), ultrathin
nickel hydroxide akes are successfully incorporated into the
nanotube scaﬀold which is in consistent with the previous SEM
images. From a more detailed observation, we see that the
Ni(OH)2 actually would not completely block the pores in the
SWNT scaﬀold. The small intervals reserved between the
hydroxides and SWNT bundles play an important role in the ion
diﬀusion. While in NiC-hydro composite (Fig. 3b), nano-aky
Ni(OH)2 with minor aggregations grow along the SWNTs
bundles to form an inhomogeneous structure. This kind of
architecture may also achieve and good electron transport but,
unlike the NiC-xero composite, might has poor long term
stability since SWNTs merely connect nickel hydroxide in one
edge. From higher magnication images shown in Fig. S4a and
b,† nanotube bundles in xerogels consist of has 40–80 individual SWNTs while in hydrogels, typically 5–10 individual
SWNTs help to compose the nanotube bundles. Consider the
same statistic distributions of both metallic and semiconducting nanotubes, the larger bundles in xerogels are supposed to
deliver higher conductance simply for containing more metallic
bundles. The diﬀraction rings in the SAED images of the NiChydro (Fig. S4c†) and NiC-xero (Fig. S4d†) show the existence
of both a and b-Ni(OH)2. For the NiC-xero composites, the (003),
(006), (009), (101) crystal planes from a-Ni(OH)2 and (102), (201)
planes from b-Ni(OH)2 are found. For the hydrogel composites,
the diﬀractions can be assigned to the (003), (014), (110) planes
of a-Ni(OH)2 and (201) plane of the b-Ni(OH)2.
The crystal structures of the prepared samples have also
been investigated by employing XRD (Fig. 4). The peaks of the
NiC-xero located at 11.2 and 34.0 can be assigned to the (003)
and (012) planes of a-Ni(OH)2. The broad peaks from 20 to 30
are related to the SWNT bundles.48 In NiC-hydro composite
peaks corresponding to the (003) and (006) crystal planes of aNi(OH)2 can be found located at 14.4 and 28.5 . The le shied
(003) peaks reect a larger lattice distance of the correspondent
crystal plane based on the Bragg's equation, indicating a less
packed crystal structure. This kind of structural changes might

Fig. 3 TEM images of (a) the Ni(OH)2/SWNT xerogel (NiC-xero)
composite and (b) Ni(OH)2/SWNT hydrogel (NiC-hydro) composite.
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at the same scan rate. A better electrochemical performance in
xerogels can be attributed to a much more homogeneous
structure and higher electrical conductance of SWNT bundles.
Fig. 6 shows the electrochemical performance of the Ni(OH)2
and Ni(OH)2/SWNT gel composites. Seen from the CV curves in
Fig. 6a, both pristine Ni(OH)2 and Ni(OH)2 gel composite
exhibit redox peak pairs which can be explained by the
following equation49
Ni(OH)2 + OH 4 NiOOH + H2O + e

Fig. 4 XRD pattern of the Ni(OH)2/SWNT xerogel composite (black
line) and the Ni(OH)2/SWNT hydrogel composite (red line).

arise from a harsh growth environment in the hydrogels where
nucleation has been limited due to the over narrowed SWNT
bundles. Also, it is worth noting that peaks in hydrogel are
much more broadening than those in xerogels, indicating
smaller grain sizes. Diﬀerent from the SAED images, b-Ni(OH)2
is not detected in XRD which is probably due to its small
percentage and inhomogeneous distribution.

3.3

Electrochemical evaluation

The electrochemical performance of the SWNT-xerogel and
-hydrogel are displayed in Fig. 5a and b. The nearly rectangular
shape of the CV curves clearly indicates a double layer capacitance coming from the ion adsorption at the interface between
SWNTs and the electrolyte. CV shapes maintain a good shape
even when increasing the scan rate to 500 mV s1, reecting an
excellent electrical conductivity of the SWNT network of both
hydrogel and xerogel. The calculated specic capacitances are
shown in the Fig. 5c. For xerogels, it can reach 36 F g1 at
2 mV s1 while for hydrogel, merely 23 F g1 could be achieved

CV results tested at diﬀerent scan rate (a) SWNT xerogel (b)
SWNT hydrogel and (c) corresponding speciﬁc capacitance.

Fig. 5
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compared with the pure hydroxides and pure SWNT gels
(Fig. S4†), both NiC-xero and NiC-hydro composites present
higher specic capacitance for a larger enclosed area. A smaller
polarization in the NiC-xero compared with NiC-hydro and
Ni(OH)2 can be ascribed to a better composite conductivity.
Fig. 6b presents the specic capacitance calculated from the CV
curve. The directly deposited Ni(OH)2, the NiC-xero and the NiChydro deliver specic capacitances of 899, 1221, 1124 F g1 at
2 mV s1, respectively. Although achieving a high specic
capacitance at a low scan rates, the Ni(OH)2 gel composites
encounter a drop of specic capacitance at higher scan rates
due to the limited ion and electron transport.50 Fig. 6c gives the
charge/discharge proles of the prepared samples. The
observed at plateaus similarly demonstrate a redox charge/
discharge process. Compared with the direct deposited
Ni(OH)2, the delicately engineered Ni(OH)2/SWNT gel
composite gives a better performance of longer discharge time,
suggesting a higher specic capacitance. The specic capacitances of the Ni(OH)2, the NiC-xero and NiC-hydro composites
are 785, 1289 and 1409 F g1 at 4 mA cm2 (Fig. 6d). Among
three kinds of structures, NiC-xero has achieved the optimized
electrochemical performance for both a satised low rate
capacitance and good high rate retention. Although the NiChydro composite presents the highest specic capacitance at
low discharge rates, it deteriorates quickly at the larger

Fig. 6 Electrochemical performance of various gel composites: (a) CV
curves of various gel composites (b) speciﬁc capacitance calculated
from diﬀerent scan rates (c) discharge proﬁles of Ni(OH)2, NiC-xero
and NiC-hydro composites and (d) speciﬁc capacitances obtained
from diﬀerent galvanic discharge rates.
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discharge rates. The improvement of NiC-xero composite can be
attributed to better electrical conductivities and homogeneous
distribution of the larger SWNT bundles. It is also worth noting
that the CV and GCD test present a discrepancy of the specic
capacitance changes. The electrochemical performance is
determined by the electron and ion transport. The SWNT
network helps to facilitate the electron transport and improve
the electrical conductivity of the electrode. However, nanopores
formed by the randomly-orientated may hinder the ion transport and render the Ni(OH)2 surpass the NiC-xero over 30 mV
s1. Considering most electronic devices work at a near
constant current, the GCD may reect the performance better
than CV in practical applications as seen in Fig. 6d. Thus, the
xerogel composite has a better capacitance performance.
The eﬀects of the Ni(OH)2 loading in the SWNT-xerogel
composite on the electrochemical performance are presented
in Fig. S5.† The increase of the Ni(OH)2 decreases the electrode
conductivity and brings a larger polarization as seen in the CV
curves (Fig. S5a†). The specic capacitances from the diﬀerent
scan rates are summarized in Fig. S5b.† The NiC-xero-1.11 C
composite gives the most excellent capacitance retention at
high discharge rates but suﬀers from a low specic capacitance
due to a small Ni(OH)2 loading in composite. Fig. S5c and d†
present the charge/discharge performance and corresponding
specic capacitances. The NiC-xero-3.33 composite has the
optimized results of both the satisfying capacitance and the
high rate capacitance retention. Increasing hydroxides deposition charges leads to the hydroxide aggregation which renders
electrode suﬀer a fast capacitance loss at the higher discharge
rate. The decreased specic capacitance can be also explained
by the previous SEM images. Although Fig. S3d† exhibits a
nanoaky structure and high areal capacitance (F cm2), but it
suﬀers from a quick drop. The quick drop of capacitance at high
discharge rate is because of longer electron pathways. For the
NiC-xero-3.3, electron only needs to reach embedded Ni(OH)2
from the conductive SWNTs network. However, for the NiCxero-7.7, elections have to transport from the SWNT to the
embedded Ni(OH)2 and then to the nano-aky Ni(OH)2 seen in
the SEM images, which leads to low material utilization.
To prove the success of our novel composite structure, we
also present the areal capacitances of work in Fig. S6.† Values
achieved here much higher than previous works35–38 of MnO2/
graphene aerogel composites and the Ni(OH)2 counterpart12,51
as well as competitive to Ni(OH)2/graphene aerogel composites.34 For Ni(OH)2/SWNT xerogels with diﬀerent Ni(OH)2 loadings, a very high specic capacitance of above 7 F cm2 has
reached which surpasses the most previous reports.13,50,52 The
ultrahigh areal capacitances are obtained simply because of a
high mass loading (5.59 mg cm2). However, with various
deposition charges, only the NiC-xero-3.33 achieves good
capacitance retention for an optimal mass loading
(2.46 mg cm2).
In order to achieve a better understanding of the kinetic
properties for the prepared samples, the EIS of the diﬀerent
composites are also measured as shown in Fig. 7. The estimated
equivalent series resistance for Ni(OH)2, NiC-xero and NiChydro are 1.21, 1.16 and 0.88 Ohm, respectively. The tting
This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Electrochemical impedance spectroscopy of NiC-xero, NiC-

hydro and Ni(OH)2.

results are presented in the Fig. S7a† according to a pre-built
equivalent circuit (Fig. S7b†). For the Ni(OH)2, which is much
less porous than the NiC composite, we found it is diﬃcult to t
the data to the as-established circuit and the equivalent series
resistance is obtained based on the intercept with real part.
Compared with the pure Ni(OH)2 on the nickel foam, both NiCxero and NiC-hydro composites demonstrate smaller charge
transfer resistances (Rct) of 0.87 and 1.60 Ohm estimated from
the depressed semicircle. Such a small Rct indicate a facilitated
electron transport beneted from the SWNT scaﬀold. While for
pure Ni(OH)2, the electrons have to be delivered from the
bottom of the nickel foam to the bulk Ni(OH)2, and then to the
layers contacted to the electrolyte, leading to a large Rct around
40.77 Ohm. The 45 slope portion of the EIS curve connecting
the semicircle (Warburg resistance) is related to the frequency
dependent ion transport.
Fig. 8 presents the long term cycling performance at a
constant charge/discharge rate of 10 mA cm2. The NiC-xero
composite has the good capacitance retention of 85.2% aer
1000th cycle. For NiC-hydro composite, although it shows the
highest specic capacitance at initial cycles, but capacitance
dramatically deteriorates and preserves 19.4% of its

Fig. 8 Cycling performance of Ni(OH)2, Ni(OH)2/SWNT hydrogel and
Ni(OH)2/SWNT xerogel electrode.
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xerogel composites demonstrate the better electrochemical
performance because of their conductive 3D SWNTs networks.
The roles of SWNTs during charge/discharge in xerogel
composite are: (i) SWNTs help to improve the conductivity and
thus, facilitate the electron transport during charge/discharge,
(ii) SWNTs help to accommodate the volume change of
Ni(OH)2, serving as a buﬀer layer to improve the cycling
stability.
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