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1 Introduction

ABSTRACT

Novel three-dimensional (3D) concentration-gradient Ni-Co hydroxide nano-
structures (3DCGNC) have been directly grown on nickel foam by a facile
stepwise electrochemical deposition method and intensively investigated as
binder- and conductor-free electrode for supercapacitors. Based on a three-
electrode electrochemical characterization technique, the obtained 3DCGNC
electrodes demonstrated a high specific capacitance of 1,760 F-g™ and a remarkable
rate capability whereby more than 62.5% capacitance was retained when the
current density was raised from 1 to 100 A-g™. More importantly, asymmetric
supercapacitors were assembled by using the obtained 3DCGNC as the cathode
and Ketjenblack as a conventional activated carbon anode. The fabricated
asymmetric supercapacitors exhibited very promising electrochemical performances
with an excellent combination of high energy density of 103.0 Wh-kg™ at a power
density of 3.0 kW-kg™, and excellent rate capability—energy densities of about
70.4 and 26.0 Wh-kg™ were achieved when the average power densities were
increased to 26.2 and 133.4 kW-kg™, respectively. Moreover, an extremely stable
cycling life with only 2.7% capacitance loss after 20,000 cycles at a current density
of 5 A-g-1 was achieved, which compares very well with the traditional double-
layer supercapacitors.

and—in particular—their prominent power capability
[1]. According to the charge storage mechanism,

Supercapacitors have attracted increasing research
interest as energy storage devices by virtue of their
low cost, being environmentally friendly, long lifespan,
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supercapacitors are categorized into two classes:
electrochemical double layer capacitors (EDLCs)
where electric charge is stored in a capacitor through
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charge separation at the electrode—electrolyte interface
without any electron transfer; and pseudocapacitors
governed by reversible redox and/or electro-sorption/
desorption reactions occurring at the surface of
electroactive materials. EDLCs based on activated
carbon have been successfully commercialized and
have the advantages of excellent power capability
and long-term cycling stability. However these
EDLCs exhibit very limited energy density which has
hindered their wide application in electric vehicles
(EVs) [2]. Pseudocapacitors based on transition metal
oxides, such as RuO, Mn;O, SnO, V,0s Fe;O,
NiO/Ni(OH),, Co0;0,/Co(OH), and NiCo0,0,, exhibit
much higher energy density compared with EDLCs
but at the expense of reduced power density and
lower service durability [3-12]. When pseudocapacitive
electrodes are coupled with electrical double-layer
capacitive carbon materials to construct asymmetric
supercapacitors, a good combination of high energy
and power density as well as stable cycling perfor-
mance can be achieved [13-15]. However, the relatively
slow ion diffusion rates, poor electron conductivity
and volume variation of pseudocapacitive materials
upon electrochemical reaction remain critical issues
which significantly inhibit their practical applications
for EVs.

Recently, binder-free supercapacitive electrodes
directly grown on three-dimensional conductive sub-
strates such as nickel foams, carbon nanotube arrays
or porous metallic films have attracted great attention
because this process can enhance the effective contact
area between active materials and electrolytes as well
as reinforce the interfacial contact between the current
collector and active materials and thus considerably
improve the ion and electron transport, leading to
much improved electrochemical activities. For instance,
NiCo,0,, NiFe,O, and ZnCo,0, have been directly
grown on various conductive substrates—including
carbon fiber paper, carbon cloth, and nickel foam-and
shown to have excellent electrochemical performances
[16-18].

Nanostructured nickel and cobalt hydroxides have
been intensively studied as pseudocapacitive materials
by virtue of their high theoretical specific capacitances
(2,365 F-g™* for Ni(OH), and 3,560 F-g™ for Co(OH),),
good cyclic stability, and environmental friendliness
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[19, 20]. However, Ni(OH), has slow ion diffusion
rates and poor electrical conductivity resulting in poor
cycling life and moderate charge-discharge rates. For
instance, Li et al. electrodeposited Ni(OH), on nickel
foams which showed a very high specific capacitance
of 3,152 F-g™!, but poor cycling stability (a significant
capacitance loss of about 48% of the initial capacitance
was observed after only 300 cycles) [21]. The substitu-
tion of Ni by Co to form Ni—Co double hydroxides
can effectively reduce the resistance of the electrode and
raise the oxygen over-potential. The Co component
also participates in the electrochemical redox reaction
without reducing the specific capacitance [22, 23]. Wu
et al. presented a one-step method for growing Ni—Co
layered double hydroxide hybrid films on nickel foam
with ultrathin nanosheets and porous nanostructures
and, when used in supercapacitors, showed a high
specific capacitance of 2,682 F-g” at 3 A-g'—a value
that is much higher than those for the single component
counterparts. Further, an asymmetric supercapacitor
was fabricated by using reduced graphene oxide as the
counter electrode and an ultrahigh energy density of
188 Wh-kg™ was achieved at an average power density
of 1,499 W-kg™. However, the energy density rapidly
decreased to 21.8 Wh'kg™ when the power density
was increased to 7,324 W-kg™ [24]. It has been found
that electrodeposited unitary Co(OH), on nickel foam
gave high rate performance and good cycle stability,
but the observed specific capacitance (1,310 F-g™ at
1 A-g™) was much lower than its theoretical specific
capacitance [25].

In this paper, we present a facile stepwise electro-
chemical deposition method to directly synthesize
three-dimensional (3D) concentration-gradient Ni-Co
hydroxide nanostructures (denoted 3DCGNC) on
nickel foam for use in supercapacitors, as schematically
illustrated in Fig. 1. The Ni—Co double hydroxide
nanosheets with different Ni/Co ratios of 1/0, 2/1, 1/1,
1/2 and 0/1 were successively electrodeposited on the
nickel foams in turn to form the 3D concentration-
gradient nanostructure. During the deposition, a very
interesting phenomenon was observed whereby the
newly growing nanosheets were inserted in the pores
of the previously grown layer to form nearly continuous
concentration-gradient hierarchical nanostructures
which can provide high specific surface area and
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Figure 1 Schematic illustration of the formation mechanism of
3DCGNC directly grown on Ni foams by a step-wise electro-
chemical deposition method and the assembly of asymmetric
supercapacitors based on the as-obtained 3DCGNC.

a stable scaffold leading to considerably enhanced
electrochemical activities. Several advantages can be
expected from this novel 3D concentration-gradient
nanostructure: (i) The 3DCGNC directly grown on
the three-dimensional nickel foam surfaces allow the
easy access of electrolyte to the entire active materials
and prevent any decrease in electrical conductivity
caused by the electrical resistance of the binder; (ii) the
multiphasic structure can avoid the aggregation of the
different phases and keep the structure of 3DCGNC
intact; (iii) the insertion of nanosheets between the
different layers prevents the aggregation of a single
phase; (iv) the Ni-rich inner layers ensure high capaci-
tance and the Co-rich outer layers—which have good
electron transportation properties—play a role of
cladding and greatly enhance the cycling stability and
the rate performance of the 3SDCGNC. The as-obtained
3DCGNC electrode was used as a positive electrode
in combination with the traditional Ketjenblack as
a traditional activated carbon negative electrode to
fabricate asymmetric supercapacitors (Fig. 1).

2 Experimental

2.1 Fabrication of the 3DCGNC and the Ni-Co
hydroxides with constant Ni/Co compositions on
nickel foams

All the chemicals used were of analytical grade and
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used without further purification. Nickel nitrate
hexahydrate (Ni(NO;),6H,0O), cobalt nitrate hexa-
hydrate (Co(NO,;),;6H,0), hydrochloric acid (HCI),
potassium hydroxide (KOH) and absolute ethanol
were purchased from Sinopharm Chemical Reagent
Co., Ltd. and Ketjenblack (EC-300]) from Mitsubishi
Chemical, Japan. Deionized water was used. The
electrochemical deposition of concentration-gradient
Ni-Co hydroxide was carried out in a three-electrode
cell at a constant current of 0.5 mA-cm™. The working
electrode was a piece of nickel foam (1 cm x 1 cm)
which was treated with 3 M HCI for 10 min to remove
the surface oxide layer and then washed thoroughly
with deionized water before the electrodeposition. A
Pt plate and a saturated calomel electrode (SCE) were
used as the counter and reference electrode, respec-
tively. The 3DCGNC was fabricated by successive
electrodeposition procedure in 0.01 mol-L™ metal ion
solution with different Ni/Co concentration ratios of
1/0, 2/1, 1/1, 1/2 and 0/1. The electrodeposition time
in each step during the constant current deposition
was fixed at 120 s and the active material mass was
controlled within 0.23 + 0.02 mg-cm™ (determined
by weighing the nickel foam before and after the
electrodeposition). For the sake of comparison,
homogeneous composition Ni-Co hydroxide nano-
structures with constant Ni/Co ratios of 1/0, 2/1, 1/1,
1/2 and 0/1 were also electrodeposited on Ni foam
substrates by the same electrochemical procedure
(with a constant current of 0.5 mA-cm™ and duration
of 600 s). The Ketjenblack electrode was prepared by
pressing a mixture of 70 wt.% Ketjenblack and 30 wt.%
polytetrafluoroethylene (PTFE) onto the nickel foam.
The mass loading of the Ketjenblack electrode was
approximately 0.75 + 0.02 mg.

2.2 Materials characterization

X-ray diffraction (XRD) data were collected using a
Rigaku D/MAX 2400 diffractometer (Japan) with Cu
Ka radiation (A = 1.5418 A) operating at 40.0 kV,
60.0 mA. Field emission scanning electron microscopy
(FESEM) measurements were conducted on a Hitachi
5-4800 scanning electron microscope. High resolution
transmission electron microscopy (HRTEM) image
and energy dispersive X-ray spectroscopy (EDX)
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measurements were obtained on a transmission
electron microscope (FEI Tecnai G2 F30) equipped
with an energy dispersive X-ray analysis system. X-ray
photoelectron spectroscopy (XPS, ESCALAB 250X,
Thermo Scientific) measurements were conducted to
investigate the valence state and composition of Ni
and Co in the concentration-gradient electrodes.

2.3 Electrochemical characterization

Electrochemical performance was evaluated by using
a three-electrode configuration and employing 6 M
KOH as electrolyte, a Pt plate as the counter electrode,
and Hg/HgO as the reference electrode. Cyclic
voltammetry (CV) was performed on a CHI660E
electrochemical workstation (Chenhua, Shanghai). The
galvanostatic charge-discharge data were collected
on a NEWARE (CT-4008) cycler. 3SDCGNC was used
as the positive electrode material and Ketjenblack as the
negative electrode material to fabricate the asymmetric
supercapacitors. The electrochemical performance
of Ketjenblack was investigated in a three-electrode
system and that of the asymmetric supercapacitor was
investigated in a two-electrode system on a CHI660E
electrochemical workstation (Chenhua, Shanghai). CV
measurements were carried out at different scanning
rates between -1 and 0V for the Ketjenblack, and
between 0 and 1.5V for the asymmetric superca-
pacitor. The capacitance (C) of the 3DCGNC electrode
and Ketjenblack electrode were calculated from the
galvanostatic charge—discharge curves as follows: C =
I < At/(V x m), where C (F-g™) is the specific capacitance,
I (A) is the discharge current, At (s) is the discharge
time, V (V) is the potential change during the discharge,
and m (g) is the mass of the active material in the
electrode. The C of the asymmetric supercapacitor was
calculated from the galvanostatic charge-discharge
curves as follows: C = 4 x At/(V x m'), where m'(g) is
the total mass of the active material in the positive and
negative electrodes. The energy and power densities
of the obtained 3DCGNC- and Ketjenblack-based
electrodes, and of the asymmetric supercapacitor
were calculated as follows: E=0.5 x C x V2, P,.. = E/At,
where E (Wh-kg™) is the energy density, V(V) is the cell
voltage excluding IR drop, P,. (W-kg™) is the average
power density, and ¢ (s) is the discharge time [26, 27].
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3 Results and discussion
3.1 Fabrication of the 3DCGNC

Figure 2(a) shows the XRD patterns of the obtained
3DCGNC, Co(OH), and Ni(OH),. All the patterns
consist of three sharp peaks due to the nickel foam
substrate. In the XRD pattern of the 3DCGNC, there are
four additional weak peaks appearing at the 20 values
of 11.4° (7.75 A), 22.8° (3.91 A), 34.0° (2.68 A) and
59.6°(1.55 A), that can be indexed to the (003), (006),
(012), and (110) reflections of a-Co(OH), or a-Ni(OH),
[23, 25, 28]. It was difficult to differentiate between the
two phases of a-Co(OH), and a-Ni(OH), from the XRD
pattern, since they have very similar crystal structures,
and their diffraction spectra are almost identical.
However, there are no obvious peaks observed at 11.4°
and 22.8° in the XRD pattern for Ni(OH), indicating
it has low crystallinity. In order to investigate the
composition variation along the film, we purposely
prepared Ni—Co hydroxide nanostructures on polished
flat nickel plates by the same step-wise electrochemical
deposition process. Depth profile XPS as employed
to analyse the elemental distribution of the 3SDCGNC
electrode along the direction perpendicular to the
substrate as shown in Fig. 2(b). The sample was etched
at a rate of 12 nm'min™ by Ar* ions. In this figure
only the spectra taken after every 60 nm etching were
shown. The two obvious shakeup satellites (indicated
as “Sat”) close to two spin-orbit doublets at 873.3 and
855.6 eV can be identified as Ni2p;, and Ni2p;,
signals of Ni*, respectively [29]. In the Co2p XPS
profiles, the spin- orbit splitting value of Co 2p;, and
Co 2p;p is 15.2 eV, and the Co 2p;), satellite line intensity
is pretty low, suggesting the co-existence of Co* and
Co’ in the hybrid nanosheets [30, 31]. These results
indicate that the as-obtained hybrid nanosheets are
actually Ni—Co layered double hydroxides (LDHs).
In addition, we can also see that the intensity of Co
becomes weaker and the intensity of Ni is enhanced
with increasing etching depth. Surprisingly, although
only Ni(NO;), and Co(NO;), were respectively used
in the electrodeposition electrolyte for the first layer
attached to the substrate and for the final layer on top
of the film surface, both Co and Ni components were
detected in these two layers. The atomic compositions

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



2748

(a) ) (b)

Intensity (a.u.)
Intensity (a.u.)

Co2p;, Co2pyyy

Ni‘2p3,2 Ni2py),

. Sat

10 20 30 40 50 60 70 80

Nano Res. 2015, 8(8): 27442754

840 nm sputtered
780 nm sputtered
720 nm sputtered
660 nm sputtered
600 nm sputtered
540 nm sputtered
480 nm sputtered
420 nm sputtered
360 nm sputtered
300 nm sputtered
240 nm sputtered
180 nm sputtered
120 nm sputtered
60 nm sputtered

Before sputtered

780 800 820 840 860 880
Bind energy (eV)

<
~

Atomic ratio

<
)

0 10 20 30
Etching time (min)
Figure 2 (a) XRD pattern of the 3DCGNC (black line), Co(OH), (red line) and Ni(OH), (blue line). (b) Depth profile XPS of the
electrode. The arrow indicates the increase of surface sputtering depth. The histogram in (c) summarizes the variation in the relative
composition of Co and Ni as a function of the surface etching time. The samples for XPS analysis were grown on a flat Ni plate by an
identical step-wise electrochemical deposition method to that used for fabricating the 3DCGNC electrodes.

of Co and Ni as a function of etching time deduced
from the XPS were calculated and the results are
shown in Fig.2(c). The Co content decreases and
the Ni content increases gradually on going from
the surface to the substrate. The actual composition
distribution of the obtained film was not consistent
with the feeding ratio of Ni/Co in the electrodeposition
electrolyte.

The FESEM images in Fig.3 show the surface
morphology of the concentration-gradient nanostruc-
tures on nickel foam after the deposition of different
layers. Figure 3(a) displays the Ni(OH), layer electro-
deposited first onto the nickel foam surface. The
Ni(OH), coating contains very small grains (about
10 nm in diameter) forming a 3D and mesoporous
structure [21]. From Fig. 3(b), we can see that the
morphology of the second layer electrodeposited on
the first layer of Ni(OH), is quite different from the

N Co
I Ni

40 50 60 70

first layer and shows a honeycomb-like nanostructure
with macroporosity, with a pore diameter of about
100 nm. The third (c), fourth (d) and fifth (e) layers
have similar pore diameters of approximately 50 nm.
This value is much smaller than the pore diameter of
the different films electrodeposited on nickel foam by
using constant Ni/Co compositions of 1/1, 1/2 and 0/1
which have pore diameters of above 100 nm (see
Fig. 52 in the Electronic Supplementary Material
(ESM)). We presume that the growth of the new
layers starts from the pores of the previous layer. In
order to clearly study the cross-section composition
distribution and morphology, 3D nickel foam was
replaced with flat Ni plate as a substrate on which
similar concentration-gradient Ni,Co,_(OH), nano-
structures were deposited. The cross-section SEM
images and the corresponding composition distribution
spectra are shown in Fig. 3(f). These show that the
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Figure 3 SEM images showing the surface of the concentration-gradient Ni-Co hydroxide nanostructures after the completion of (a)
the first (Ni/Co = 1/0), (b) the second (Ni/Co = 2/1), (c) the third (Ni/Co = 1/1), (d) the fourth (Ni/Co = 1/2), and (e) the fifth layer
(Ni/Co = 0/1) deposition. (f) Cross-section SEM image of the 3DCGNC deposited on a flat Ni plate. The inset in (f) shows the Ni (blue)

and Co (green) EDS composition distribution of this electrode.

content of Ni decreases and the fraction of Co increases
on going from the Ni substrate to the film surface.
As a result, the Ni/Co composition keeps changing
gradually along the cross-section. The thickness is
approximately 900 nm, which is in accordance with
the previous XPS results.

We suggest that during the formation of 3DCGNC,
each deposition layer grows onto the previous
deposition layer and the newly growing nanosheets
are preferentially inserted into the pores located a
short distance from the substrate which provide a
low resistance. The insertion of the different layers
which have different compositions leads to a nearly
continuous concentration variation from the substrate
to the surface of the obtained 3DCGNC. Therefore,
we have successfully synthesized 3D concentration-
gradient Ni-Co hydroxide nanostructures on the nickel
foam by a facile step-wise electrochemical deposition
method by using five different compositions of
electrolytes.

3.2 Electrochemical performance of 3DCGNC

In order to investigate the electrochemical performance
of the 3DCGNC-electrode, we first recorded the CV
curves of the Ni-Co hydroxide electrodes electrode-
posited on Ni foam with constant Ni/Co compositions
for the purposes of comparison. All the electrodes

were tested in 6 M KOH solutions. As shown in Fig. 54
(in the ESM), a pair of peaks appears in the curve
for Ni(OH), between 0.25 and 0.5V arising from the
pseudocapacitive reaction of Ni*/Ni*, and two pairs
of peaks in the unitary Co(OH), between -0.1 and
0.5V arising from the redox reactions of Co*/Co*
and Co**/Co*. All the Ni-Co LDH electrodes show
two pairs of redox peaks, with the peaks at lower
potential left-shifted with increasing Co content
because of the synergetic effect of different Ni/Co
ratios [25, 32]. Among all the samples, the Ni-Co LDH
electrode with a Ni/Co mole ratio of 2/1 demonstrates
the largest peak area, indicating this material has the
highest specific capacitance among all the electrodes.
Figure 4(a) shows the CV curves of the 3DCGNC.
There are three pairs of peaks at low scan rates in the
potential between 0 and 0.5 V, which indicates that the
3DCGNC-electrode has much better pseudocapacitive
activities than the LDH materials, because of the
interactions between the different components. The
3DCGNC electrode has only two pairs of redox peaks
in the CV curves recorded at higher scan rates because
the redox reactions are not very obvious when the
electrode is charged/discharged too fast. Figure 4(b)
shows the galvanostatic discharge curves of the
3DCGNC electrode for different current densities. The
voltage gradually decreases as discharging proceeds,
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Figure 4 (a) CV curves of the 3DCGNC electrode at different scan rates. (b) Galvanostatic charge and discharge curves of the
3DCGNC electrode at different current densities. Comparison of (¢) rate performance and (d) cycling performance of the 3DCGNC and
Ni—Co LDH hybrid electrodes prepared with different Ni/Co feeding molar ratios. The testing was performed based on three-electrode

configurations.

characteristic of typical pseudocapacitive behavior.
The specific capacitances were calculated to be 1,760,
1,712, 1,662, 1,616, 1,468, 1,260, and 1,100 F-g" at
current densities of 1, 2, 5, 10, 20, 50, and 100 A-g™,
respectively. Figure 4(c) shows the specific capacitance
as a function of current density, and the cycling
performance of the 3DCGNC and the Ni-Co LDH-
electrodes with constant Ni/Co compositions measured
at a current density of 10 A-g™ are shown in Fig. 4(d).
We further summarize the electrochemical properties
of the 3DCGNC electrode and the Ni-Co LDH
electrodes with different compositions in Table 1. The
Ni—Co LDH electrodes with Ni/Co mole ratios of 1/0,
2/1 and 1/1 exhibit capacitances of 1,888, 1,971 and
1,720 F-g™, respectively, at the low current density of
1 A-g. However, the Ni-rich LDH electrodes have
poor electronic conductivity leading to poor rate per-
formance when the current density was increased
from 1 to 100 A-g™. After 2,000 cycles at 10 A-g™", the
capacitance retention of the 1/0, 2/1 and 1/1 Ni-Co
LDH electrodes are only 42.5%, 55.3% and 58.7%,

TSINGHUA
UNIVERSITY PRESS

Table 1 Comparison of the electrochemical performance of
the Ni-Co LDH electrodes with different Ni/Co ratios and the
3DCGNC-electrode

Rate Capacitance
Ni—-Co LDH  Capacitance = performance ‘e teﬁtion after
electrode 1 Agh (100 A-g' vs. 5000 evel

1 A'g’l) ) cycles
1/0 1,888 F-g! 45.5% 42.5%
2/1 1,971 F-g! 37.5% 55.3%
111 1,720 F-g™* 42.1% 58.7%
12 1,342 F-g! 62.5% 79.3%
0/1 1,149 F-g”! 52.5% 97.9%
3DCGNC 1,760 F-g™* 62.5% 87.3%

respectively. The 1/2 and 0/1 Ni-Co LDH electrodes
with the higher Co contents have much better rate
performance which can be attributed to the excellent
electronic conductivity of Co(OH),. However they
exhibited relatively lower specific capacitance of only
1,342 and 1,149 F-g7, respectively, at 1 A-g™. As for the
3DCGNC electrode, the reversible specific capacitance

@ Springer | www.editorialmanager.com/nare/default.asp
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of 1,760 F-g' is much higher than the values for the
two LDH electrodes. Moreover, the 3SDCGNC electrode
demonstrates superior rate performance and excellent
cycle performance, with a capacitance retention of
87.3% after 2,000 cycles. Overall, the SDCGNC electrode
exhibits superior electrochemical performance with a
good combination of high specific capacitance, excellent
rate performance and extremely stable cycle-life. The
excellent electrochemical properties of the 3DCGNC
electrode can be attributed to synergetic effects in the
very special and novel concentration-gradient nano-
structures: (a) The Ni-rich inner layers provide high
specific capacitance and the Co-rich outer layers ensure
high rate performance and long cycle life because
Co(OH), possesses high electronic conductivity;
(b) the unique concentration-gradient nanostructure
of the 3BDCGNC prevents aggregation and collapse of
the electrode leading to improved cycling stability.

3.3 Electrochemical performance of the asymmetric
supercapacitors

To achieve higher energy density and power density,
the 3DCGNC was used as the positive electrode and
Ketjenblack used as the negative electrode to fabricate
an asymmetric supercapacitor. Firstly, the electro-
chemical properties of the Ketjenblack were tested
in the three-electrode configuration and the results
are shown in Fig. S6 (in the ESM). The well-defined
rectangular CV curves indicate excellent electrical
double-layer capacitance properties at —1.0 to 0.0 V.
Based on the galvanostatic charge—discharge curves as
shown in Fig. 57 (in the ESM), the specific capacitance
of the Ketjenblack was calculated to be 165.3, 125.6,
110.5, and 105 F-g-! at current densities of 1, 2, 5 and
10 A-g1, respectively.

Figure 5(a) shows the CV curves of the 3DCGNC
and Ketjenblack separately in the three-electrode con-
figuration, which demonstrate the good matching of
these two electrodes for assembling asymmetric super-
capacitors. Based on this, we fabricated an asymmetric
supercapacitor by using the 3DCGNC as the positive
electrode and Ketjenblack as the negative electrode. The
CV curves of the asymmetric supercapacitors shown
in Fig. 5(b) exhibit contributions from both electrical
double-layer capacitance and pseudocapacitance in
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the potential range of 0-1.5 V. Galvanostatic charge—
discharge curves for different current densities are
shown in Fig. 5(c). Almost linear plots were observed,
indicating the low internal resistance and excellent rate
performance of the as-fabricated asymmetric super-
capacitor. The specific capacitance of the asymmetric
supercapacitor was calculated based on the total mass
of anode and cathode. A high specific capacitance of
332 F-g™' was obtained at 1 A-g™', and a value as high
as 187 F-g™' was retained when the current density
was increased significantly to 100 A-g™, suggesting
excellent rate performance. From Fig. 5(d), we can see
the rate performance of the asymmetric supercapacitor
is lower than that of 3BDCGNC but higher than that of
Ketjenblack, which indicates that the 3DCGNC has a
pivotal influence in enhancing the rate performance of
the asymmetric supercapacitors. Figure 5(e) compares
the Ragone plots of 3DCGNC, Ketjenblack and the
asymmetric supercapacitor, and clearly indicates
the superior power density of the asymmetric super-
capacitor as compared with the traditional Ketjenblack
and the 3DCGNC. The energy densities of the asym-
metric supercapacitor were calculated to be 103.0,
92.0, 76.6, 70.4, 63.5, 48.0 and 26.0 Wh-kg™ at the
average power densities of 3.0, 6.0, 9.5, 26.2, 50.8,
107.5 and 133.4 kW-kg™, respectively. Therefore both
high energy densities as well as high power densities
can be achieved with this asymmetric supercapacitor.
Figure 5(f) shows the cycling performance of the
asymmetric supercapacitor. A capacitance loss of only
2.7% was found after 20,000 cycles, which compares
favorably to traditional activated carbon-based
electrical double layer supercapacitors. The inset of
Fig. 5(f) shows the galvanostatic charge—discharge
curves of this asymmetric supercapacitor, which exhibit
linear and symmetric profiles, indicating excellent
double-layer capacitive characteristics, which con-
tribute to the extremely stable cycling performance
of the as-obtained asymmetric supercapacitor. As a
result, a desirable combination of high energy density,
remarkable power density and extremely stable cycling
performance was realized for the asymmetric super-
capacitor based on the assembly of 3D concentration-
gradient Ni-Co hydroxide nanostructures directly
electrodeposited on nickel foam.
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Figure 5 (a) CV curves of the 3DCGNC and Ketjenblack in different scanning voltage ranges based on three-electrode configurations.
(b) CV curves at different scan rates and (c) galvanostatic charge and discharge curves at different current densities for the asymmetric
supercapacitor assembled from a 3DCGNC cathode and a Ketjenblack anode. (d) Comparison of the rate performances of the single
3DCGNC electrode, the Ketjenblack electrode, and the asymmetric supercapacitor. The rate performance was normalized to the
respective capacitance at a current density of 1 A-g”'. (¢) Ragone plots showing the energy density as a function of power density for
3DCGNC, Ketjenblack and the asymmetric supercapacitor. (f) Cycling performance of the asymmetric supercapacitor at a current
density of 5 A-g™". The inset in (f) shows the galvanostatic charge—discharge curves of the asymmetric supercapacitor.

4 Conclusions

A novel 3DCGNC electrode with high capacitance,
high rate performance and long-term stability has
been synthesized by a simple stepwise electrochemical
deposition method. When the 3DCGNC was used as
the positive electrode paired with Ketjenblack as the
negative electrode to fabricate an asymmetric super-
capacitor, a high energy density of 103.0 Wh-kg™" at a

TSINGHUA
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power density of 3.0 kW-kg™ was obtained, together
with excellent rate capability (with energy densities of
about 70.4 and 26.0 Wh-kg™ when the average power
densities were increased to 26.2 and 133.4 kW-kg™,
respectively). Furthermore, this asymmetric superca-
pacitor exhibited extremely stable cycling performance
with only 2.7% capacitance loss after 20,000 cycles,
which is comparable to current commercial electrical
double-layer supercapacitors. This facile strategy for the
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direct synthesis of binder- and conductive additive-
free electrodes possessing concentration-gradient
hierarchical nanostructures offers new perspectives
on the fabrication of a wide range of high performance
electrode materials for use in next-generation sup-
ercapacitors and other energy storage devices.
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