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Abstract

Nitrogen-doped graphene/Co—Ni layered double hydroxide (RGN/Co—Ni LDH) is synthesized by a facile co-precipitation
method. Transmission electron microscopy images indicated that the formation of Co-Ni(OH), nanoflakes with the good
dispersion anchored on the surfaces of the nitrogen-doped graphene sheets. The nitrogen-doped graphene composites deliv-
ered the enhanced electrochemical performances compared to the pure Co-Ni LDH due to the improved electronic con-
ductivity and its hierarchical layer structures. The high specific capacitance of 2092 F g~! at current density of 5 mA cm™
and the rate retention of 86.5% at current density of 5-50 mA cm™ are achieved by RGN/Co-Ni LDH, higher than that of
pure Co-Ni LDH (1479 F g~! and 76.5%). Moreover, the two-electrode asymmetric supercapacitor, with the RGN/Co-Ni
LDH composites as the positive electrode and active carbon as the negative electrode material, exhibits energy density of
49.4 Wh kg~! and power density of 101.97 W kg~! at the current density of 5 mA cm™2, indicating the composite has better

capacitive behavior.

1 Introduction

In recent years, with the continuous reducing of fossil
energy and the aggravation of environmental pollution,
looking for efficient as well as green energy storage equip-
ment is imminent. Supercapacitors, which are also called
electrochemical capacitors have received great attention all
over the world because of their superior power density and
higher energy density compared to batteries and conven-
tional capacitors, respectively [1]. According to the energy
storage mechanism, supercapacitors are classified into two
types, including electrical double-layer capacitors (EDLC)
and pseudocapacitors. EDLC arises from the accumulated
charge on the interface between electrode and electrolyte.
The pseudocapacitors occurred fast and reversible faradic
reactions during the charge/discharge process [2]. So as far,
different materials have been researched in order to obtain
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supercapacitors with excellent electrochemical perfor-
mances, including carbons, transition metal oxide/hydrox-
ides and conducting polymers [3]. Currently, the carbon-
based materials with good cycle lifetime and higher power
density mainly served as the electrode of EDLC. Among all
kinds of carbon materials, graphene has been considered
as an ideal candidate for electrode materials on account of
its outstanding electrical properties, excellent mechanical
strength, ultrahigh specific area and reasonable thermal con-
ductivity [4]. In recent years, the numerious applications
of graphene-based materials in supercapacitors have been
carried out by researchers. Due to Van der Waals interac-
tion, graphene nanosheets often suffer from serious agglom-
eration or re-stacking, which hinder wider application of
graphene based supercapacitors. So, improvements in their
electronic, chemical and structural properties of the gra-
phene in the nanometer scale remain a key task for practical
applications [5]. Recently, nitrogen-doped graphene have
aroused great attention because introduction of N into gra-
phene during the reduction process may improve the elec-
trochemically performance of graphene. Nitrogen atoms
have similar sizes and valence electron numbers as carbon,
hence it is easier to incorporate into graphene and cause
extra n-type carriers in carbon systems, which are ascribed
to the conjugation between the nitrogen lone-pair electrons
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and the grapheme & system [6]. Nitrogen doped graphene
can not only improve specific capacitors of graphene mate-
rials, but also reduce the bundling and restacking of gra-
phene layers to increase specific surface area and active sites
of graphene [7]. To date, many nitrogen doped graphene
have been synthesized by various methods and investigated
for the energy storages [8—10]. However as one of carbon
materials, in terms of EDLC’s charge-storage mechanism,
low specific capacitance and energy density confine their
practical applications as electrode materials [11]. On the
contrary, pseudocapacitors can obtain much higher specific
capacitance and energy density than traditional EDLCs due
to reversible redox faradaic reactions. Until now, pseudo-
capacitive materials such as transition metal oxide/hydrox-
ide, conducting polymers, as well as their composites with
carbon matrix have been employed for the application in
pseudocapacitors [12-14]. Among various materials used
for pseudocapacitors, layered double hydroxides (LDHs)
have been greatly concerned in supercapacitors due to their
high enough specific capacitance and energy density. LDHs
with abundant slabs structure are usually expressed by for-
mula [M**_ M** 5 (OH),1**(A")y,, mH,0, where M**
and M>* represents the divalent and trivalent metallic cat-
ion (such as Ca2+’ Mg?*, Co?*, AIP*, Fe**, etc.) and A" is
an interlayer anion. The water molecules were embedded
in the interlayer structure [15]. Many investigations have
been performed to synthesize LDHs which containing
Ni, Co, Al, Mn, Cu etc. and measure their electrochemi-
cal performances. Pan et al. [16] prepared Co—Al layered
double hydroxide, it exhibited a high specific capacitance
of 930 F g~' at 2 A g~!. Wang et al. [17] reported Ni-Al
LDH coated on nickel foam as high performance superca-
pacitors, which could display the specific capacitance of
701 F g~ at a current density of 10 mA cm™2. In particular
cobalt—nickle layered double hydroxide (Co-Ni LDH) is
one of the most promising electrode materials because of
its high theoretical-capacitance value of >3000 F g~! and
superior redox activity [18]. However, the pseudocapacitors
applications of LDH are limited due to their poor electrical
conductivity and agglomeration effect, which hinder their
charge/discharge rate, as well as the power performance of
LDH as high-power electrode materials [19]. To overcome
these drawbacks, LDH is used to combine with conductive
carbon materials such as carbon nanotubes, activated carbon
and graphene to form a composite [20]. Carbon materials, in
particular graphene, can provide large surface areas and high
conductivity to prevent LDHs from agglomeration, facilitate
electrical conductivity and enhance mechanical stability. To
utilize the advantages of two kinds of materials, many these
graphene/LDHs hybrids have been designed and exhibited
outstanding capacitance and rate performance, indicating
their promising potential as electrode materials for the appli-
cation in high-performance supercapacitors. For instances,

Milan et al. [21] prepared Ni—Co binary hydroxide on a
reduced graphene oxide directing template over nickel foam
substrate. The composite exhibits a high specific capacitance
of 2130 F g7! at 2 A g7! and well cycles stability. Patil
et al. [22] described a two steps method to develop Co—Ni
hydroxides over 3D graphene foam, it exhibits a maximum
specific capacitance of 1847 F g~! at a discharge current
density of 5 A g~!. Tiruneh et al. [23] reported Lamellar
Co-Ni(OH),/rGO structures were prepared by co-precipi-
tation followed by hydrothermal synthesis. The composite
displays a specific capacitance of 811 F g~' at 0.5 A g~!
with the highest capacitance retention of 90% at 2 A g~!
and good cycling stability. Among the reported CoNi-LDH
hybrids, the graphene components were from the precursors
of graphite oxide or other carbon sources without introduc-
tion of heteroatom N. However, nitrogen doping graphene as
grown substrate for CoNi-LDH is rarely reported up to now.

In this work, we aimed to synthesize pure Co—Ni LDH,
nitrogen-doped reduced graphene oxide (RGN) and Co—-Ni
LDH composite by simple co-precipitation method. The
nitrogen-doped graphene were prepared in advance by
hydrothermal precess. In the composites, LDH nanosheets
are anchored onto the surfaces of RGN substrate to form
a hierarchical architecture. Electrochemical measurements
show that RGN/Co-Ni LDH composite exhibits high spe-
cific capacitance (2092.3 F g! at 5 mA cm™), fair rate
capability and long cycling life. In addition, an asymmetric
capacitor is designed with RGN/Co-Ni LDH and activated
carbon (AC) as positive and negative materials, respectively.

2 Experimental section
2.1 Materials

Graphite powder(800 mesh) was purchased from Qing-
dao Henglide Graphite Co., Ltd., China. Urea, potassium
permanganatepre, hydrogen peroxide (30% H,0,), nickel
chloride hexahydrate and cobalt chloride hexahydrate
(CoCl,-6H,0) were obtained from Tianjin Damao Chemical
Reagent Factory, China. All other reagents and solvents were
obtained from commercial suppliers. All aqueous solutions
were prepared with deionized water.

2.2 Preparation of materials

2.2.1 Preparation of nitrogen-doped graphene (RGN)
Nitrogen-doped graphene (RGN) was synthesised in our
former work [24]. Graphite oxide (GO) was prepared by
modified Hummer’s method. 60 mg of GO was dispersed

in 30 mL deionized water under sonication for 1 h to form
homogeneous solution (2 mg mL™!). Then, 0.6 g of urea
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was added into the GO dispersion with further sonication
for 2 h. The mixtures were transferred into a 50 mL Teflon-
lined stainless-steel autoclave, and treated hydrothermally
at 160 °C for 5 h. Afterwards, the autoclave was naturally
cooled to room temperature and the hydrogel material of
RGN was obtained. The product was washed with alcohol
and deionized water for several times and freeze-dried in a
vacuum oven for 12 h.

2.2.2 Preparation of RGN/Co-Ni LDH composites

An amount of RGN and 0.08 mmol of CTAB were added
to 20 mL of deionized water and sonication for 2 h to form
a uniform RGN solution. 1.1642 g of CoCl,-6H,0 and
1.4266 g of NiCl,-6H,O were added to 70 mL of deionized
water and stirring for 1 h. Then RGN solution were added
to the formed solution and stirring for 1 h. Then ammonia
solution was dropwise added to adjust pH to 9-10. After-
wards, the mixture was stirring for 3 h at room temperature.
The RGN/Co-Ni LDH was obtained by filtered and washed
in deionized water and finally dried under vacuum at 60 °C
for 12 h.

For a comparative study, pure Co-Ni LDH was fabricated
following the process as preparing RGN/CoNi-LDH without
adding RGN solution.

2.3 Materials characterization

The phase structure of the samples were analyzed by XRD
patterns obtained by D/MAX-2400X X-ray diffractometer
with Cu Ka radiation (A=0.154056 nm). Fourier trans-
formed infrared spectroscopy (FT-IR, Thermo Nicolet 6700)
were recorded in the range 4004000 cm™!. The morphology
of the samples were observed by field emission scanning
electron microscope (SEM, JEOL JSM-6701F) and trans-
mission electron microscope (TEM, JEM-1200EX, JEOL).
X-ray photoelectron spectroscopy (XPS, PHI 5702). Raman
spectra were obtained on a Renishaw RM2000 Raman
spectrometer.

2.4 Preparation of electrode material
and electrochemical measurements

The working electrode was prepared as follows. The cathode
was prepared by mixing the electroactive material (75 wt%),
carbon black (10 wt%), acetylene black (10 wt%) and pol-
ytetrafluoroethylene (5 wt%) in ethanol solvent. Then, the
resulting slurry was coated onto the nickel foam substrate
(I cmx 1 cm) and dried at 80 °C under vacuum for 12 h.
Finally, the electrode was pressed under a pressure of
15 Mpa. The mass of electroactive material in each electrode
is approximately 6.5 mg.
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The electrochemical measurements were measured by a
three-electrode system, in which platinum electrode, satu-
rated calomel electrode (SCE) and active material were used
as counter electrode, reference electrode and work electrode,
respectively. 6 M KOH aqueous was acted as electrolyte
solution. The cycle voltammetry (CV) tests were performed
between — 0.2 and 0.6 V (vs. SCE) at different scan rates.
Galvanostatic charge and discharge (GCD) test was carried
out in potential windows from —0.1 to 0.35 V (vs. SCE) at
different current densities. Electrochemical impedance spec-
troscopy (EIS) measurements were measured at a frequency
range from 0.01 to 10° Hz with potential amplitude of 5 mV.
The specific capacitance, energy density [E (Wh Kg~")] and
power density [P (W Kg™")] of the samples was calculated
according to the equation [24]:

C, = IAt/mAV ey
E = C(AV)*/2 2
P=E/At 3)

where m is the mass of active material, and I, Az, AV, C, E,
P are the discharge current, total discharge time, potential
drop during discharge, specific capacitance, energy density
and power density, respectively.

3 Results and discussion
3.1 Morphology and structure characterization

The morphology and structure of RGN, Co-Ni LDH and
RGN/Co—Ni LDH were revealed by SEM and TEM image
analysis. Typical SEM image of the freeze-dried porous
RGN is shown in Fig. 1a, it can be seen that RGN has a
layered and porous three dimensional structure, which is
attributed to the partially GO nanosheets was coalesced,
strong cross-links of three-dimensional graphene network
were formed with the assistance of Van der Waals’ forces,
n—x stacking and abundant hydrogen bonds of water dur-
ing the hydrothermal process [25]. Figure 1b shows Co—Ni
LDH particles with a regular little diameter of about 20 nm
were tightly agglomerated together, resulting in poor contact
area with the electrolyte. Figure 1c shows that the Co—Ni
LDH petals were vertically grown over RGN surface to form
3D flower-like structure. During the co-precipitation pro-
cess, cobalt and nickel ions were absorbed on the surface
of RGN nanosheets by electrostatic adherence, followed by
the nucleation and growth of the Co—Ni LDH crystallites.
Besides, RGN could support Co—Ni LDH as a substrate,
which can improve the agglomeration of Co-Ni LDH. The
stacking of Co—Ni LDH is effectively prevented by the het-
erogeneous structure. Such hierarchical layer structures of
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Fig. 1 SEM images of a RGN; b CoNi-LDH; ¢ RGN/CoNi-LDH

RGN/Co-Ni LDH composite can increase the contact area
between electroactive sites and electrolyte for promoting
electrode reactions [26].

The SEM images of RGN, Co—Ni LDH and RGN/Co—Ni
LDH are shown in Fig. 2. Figure 2a shows the typical TEM
images of RGN, it has a voile-like structure and graphene
planar surface with more corrugations and scrolling than
the pristine graphene, indicating nitrogen atom was doped
[27]. Figure 2b reveals the morphology of pure Co—Ni LDH,
pure Co—Ni LDH nanosheets are laminated and slit-shaped
agglomerated, displaying flower-like morphology. TEM
image in Fig. 2c indicates that the surface of RGN are fully
covered with Co—Ni LDH nanosheets. RGN nanosheets pro-
vide a scaffold-like structure and large contact area with the
electrolyte for electron and ion transfer during the electro-
chemical process, in addition, it can prevent the agglomera-
tion of CoNi-LDH effectively. The selected area electron dif-
fraction (SAED) pattern of the RGN/CoNi-LDH shows clear
multiple diffraction rings, caused by the growth of LDH on
the surfaces of RGN and confirms the polycrystalline nature
of of CoNi-LDH composite [28].

The surface functional groups of the corresponding sam-
ples are examined by FT-IR spectra. The FT-IR spectra of
GO, RGN, CoNi FT-IR LDH and RGN/CoNi FT-IR LDH
hybrids are shown in Fig. 3. Figure 3 shows that there is wide
OH band at around 3400 cm in all the samples, which come
from the O—H stretching vibrations of water molecules. For
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GO, weak absorption bands around 1730 and 1224 cm™! are
corresponding to the vibration of C=0 and C-O functional
groups. The strong absorption bands around 1630 cm™' are
C=C stretching vibrations [29]. For RGN, C=C stretching
vibrations shift its wavenumber from 1630 to 1570 cm™! due
to doping nitrogen atom, C—H at 1396 cm™! [30]. What's
more, the new bands at 3137 cm™! assigned to the N-H
stretching vibrations. Moreover, the adsorption bands of
oxygen-containing functional group (C=0, C-O) on RGN
disappeared owing to the deoxygenation towards GO by urea
and hydrothermal process. For CoNi-LDH and RGN/CoNi-
LDH, the bands at 3440 cm™" and 1629 cm™! come from the
O-H stretching vibrations of water molecules and the hydro-
gen bonding among the hydroxyl groups in all LDH samples
[31]. The bands at 1394 cm™" in pure CoNi-LDH and the
hybrids are attributed to the vibration of CO5>" anion in the
interlayer space [32]. These bands below 800 cm™! come
from the stretching and bending vibrations of metal-oxygen
(M-O0) in the hydrotalcite-like lattice [33]. For RGN/CoNi-
LDH, the only difference between CoNi-LDH and RGN/
CoNi-LDH is the band at 1484 cm™! coming from bending
vibration of RGN, indicating the co-existence of CoNi-LDH
and RGN in the product.

XRD is conducted to characterize the phase structures.
Figure 4a shows the XRD patterns of GO and RGN. The
acute diffraction peak at 20 =10.8° is ascribed to the (001)
plane of GO for the GO pattern [34]. The completely
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100 nm

Fig.2 TEM images of a RGN, b SAED pattern of CoNi-LDH, ¢ SAED pattern of RGN/CoNi-LDH
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Fig.3 FT-IR spectra of GO, RGN, CoNi-LDH and RGN/CoNi-LDH

disappearance of the (001) peak and the appearance of a new
peak (002) at 26 =22° of RGN illustrate that graphite oxide
was reduced by the urea after the hydrothermal reaction.
The broad diffraction peak of RGN reveals that interlayer
spacing of graphite nanosheets is widened by the exfoliation
and reduced of GO in the hybrids. Figure 4b shows the XRD
patterns of CoNi-LDH and RGN/CoNi-LDH. It can be seen

@ Springer

from the curve of CoNi-LDH that the five diffraction peaks
at 20 values of 11.1° (003), 22.1° (006), 34.4° (009), 38.6°
(015) and 60.7° (110) which can be corresponded to the
planes of hydrotalcite-like LDH phase (JCPDS: 38-0487)
[35]. The peak values of CoNi-LDH can also be observed
in the curve of RGN/CoNi-LDH composite, revealing the
existence of CoNi-LDH in the RGN/CoNi-LDH composite.
However, the peak at 26 =22° in the RGN/CoNi-LDH is
broader than CoNi-LDH, which is attributed to 20 =22° of
RGN overlaps 260=22.1° (006) of CoNi-LDH.

Raman spectroscopy is a well technique used to research
the order/disordered crystal structure of materials. The pres-
ence of RGN in the composites was further proved using
Raman spectroscopy. Figure 5 shows the Raman spectra
of the RGN, CoNi-LDH and RGN/CoNi-LDH. The spec-
trum of the RGN displays two dominant D bands and G
bands at 1352 cm™! and 1589 cm™!, respectively. The G
band is related to the vibration of sp2 carbon, while the D
band is associated with the disorder degree in the graphene
layers [36]. Furthermore, the intensity ratio of D band to
G band (Ip/I) is used to estimate the disorder degree of
carbon material. CoNi-LDH composite show two peaks at
468.46 and 528.78 cm™!, which correspond to Ni—-O and
Co-O0 vibrational modes, respectively [37]. RGN/CoNi-
LDH composite not only exhibit the peaks of CoNi-LDH
composite, but also possess D bands and G bands of RGN.
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Fig.5 Raman spectra of the RGN, CoNi-LDH, RGN/CoNi-LDH

This results effectively demonstrated CoNi-LDH composite
have grown on the RGN nanosheets surface. For pure RGN,
Ip/I value (1.074) is obtained. The Ip/I; value (1.074) of
RGN/CoNi-LDH composite (1.146) is further increased due
to the incorporation of NiCo-LDH nanosheets, which would
induce more defects and disorders of RGN [38].

XPS is employed to explore the chemical composi-
tions and structure of CoNi-LDH and RGN/CoNi-LDH.
Figure 6a, b show the change of atom of CoNi-LDH and
RGN/CoNi-LDH. As shown in Fig. 6b, the survey spec-
trum indicates the presence of Co, Ni, C, N and O in the
RGN/CoNi-LDH composite. The presence of C and N atoms
illustrate that CoNi-LDH were successfully grown on RGN
nanosheets. The deconvoluted Ni 2p and Co 2p peaks can
be attributed to the formation of Ni(OH), and Co(OH), in
CoNi-LDH and RGN/CoNi-LDH, respectively. Figure 6¢

10 20 30 40 50 60 70 80

2 theta/degree

shows the Ni 2p XPS spectrum, besides two shakeup sat-
ellites (indicated as ‘‘Sat’’), there are two major peaks at
855.77 and 873.21 eV, corresponding to Ni 2p;,, and Ni
2p, 5, respectively. The spin-energy separation of 17.44 eV
is characteristic of Ni(OH), [39]. The Co 2p peak is fur-
ther analyzed by high-resolution XPS (Fig. 6d). The Co 2p
3/2 and Co 2p 1/2 peaks of the Co(OH), are at 781.27 and
796.8 eV with a 15.53 eV peak-to-peak separation, char-
acteristic doublet of core-level Co 2p 3/2, 1/2, indicating
the Co(II) oxidation state [40]. The C 1s XPS spectrum
(Fig. 6e) can be deconvoluted into three different peaks cen-
tered at 284.65, 285.6, 287.4 and 288.7 eV, corresponding
to C=C/C-C, C-N, C=0 and O=C-0 groups, respectively
[41]. The N 1s XPS spectrum (Fig. 6f) can be deconvo-
luted into three different peaks centered at 398.7, 399.8
and 400.8 eV, corresponding to pyridine-N, pyrrole-N and
quaternary-N [42]. Specifically, pyridinic-N and pyrrole-N
are believed to provide pseudocapacitance through the redox
reaction. The XPS survey spectra confirmed the formation
of Ni(OH), and Co(OH), on the RGN surfaces.

3.2 Electrochemical performance of electrodes
in NaOH electrolyte

Figure 7a presents the CV curves of CoNi-LDH and RGN/
CoNi-LDH electrodes at a scan rate of 5 mV s~!. A set of
redox peak couples can be observed in the curves, demon-
strating that the energy storage mechanism is based on the
pseudocapacitance. The redox reaction take place as follows
[43].

Ni(OH), + OH™ < NiOOH + H,0 + ¢~ 4)

Co(OH), + OH™ & CoOOH + H,0 + e~ )
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Fig.6 a The XPS survey spectra of CoNi-LDH; b the XPS survey spectra of RGN/CoNi-LDH; ¢ Ni 2p; d Co 2p; e C 1s; f N 1s

CoOOH + OH™ < Co0O, + H,0 + e~ (6)

Individual oxidation and reduction peaks of nickel
hydroxide and cobalt hydroxide cannot be observed, which
is attributed to the similar oxidation and reduction behaviors
of nickel hydroxide and cobalt hydroxide.

The CV curves at different scan rates of 3-20 mV s~
for RGN/CoNi-LDH electrode are given in Fig. 7b.
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Apparently, with increasing scan rate and current density,
the anodic peaks and cathodic peaks shift the more posi-
tive and negative direction. However, the figure of CV of
RGN/CoNi-LDH remains unchanged clearly, which imply
a high reversibility and good rate capability of RGN/CoNi-
LDH electrode. The specific capacitance values were calcu-
lated from the discharge curves according to Eq. (1) and as
shown in Fig. 7c. The discharge time of RGN/CoNi-LDH
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Fig.7 a CV curves of the CoNi-LDH and RGN/CoNi-LDH samples
at 5 mV s™1. b CV curves of RGN/CoNi-LDH samples at different
scan rates. ¢ GCD curves of CoNi-LDH and RGN/CoNi-LDH sam-

is longer than CoNi-LDH. The RGN/CoNi-LDH exhibits
a specific capacitance value of 2092.3 F g~! at the current
density of 5 mA cm™2 compared to CoNi-LDH (1479 F g™ 1).
Figure 7d displays galvanostatic charge/discharge (GCD)
curves of RGN/CoNi-LDH at various current densities of
5-50 mA cm™2. The RGN/CoNi-LDH exhibits a specific
capacitance value of 1810.86 F g! at the current density
of 50 mA cm™2. The rate retention of RGN/CoNi-LDH is
86.5% compared to CoNi-LDH of 76.5%. This should be
attributed to nitrogen doping graphene can improve effec-
tively electrical conductivity and the dispersion of CoNi-
LDH and finally improve the specific capacitance and rate
retention.

EIS was employed to further examine the charge-transfer
and ion transport, electrochemical impedance spectroscopy.
Figure 8 shows the Nyquist plots of the CoNi-LDH com-
posites and RGN/CoNi-LDH electrodes. Two plots possess
similar characteristic of semicircle in high and inclined line
in the low frequency region. At high frequency region, the
intersection of the semi-circle on the real axis represents the
equivalent series resistance (Rs) of the electrode. Rs is the
solution resistance in the circuit which represents the value

Time(s)

ples at 5 mA cm™2 d CP curves of RGN/CoNi-LDH samples at dif-
ferent current density

4 L °
RGN/CoNi—LPH ° CoNi-LDH
3
u °
A S
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h —
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: .. Rs C1
. Ro w1
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Fig.8 Nyquist plots for CoNi-LDH and RGN/CoNi-LDH samples,
the inset shows the equivalent circuit

of ohmic resistance of the electrolyte and the internal resist-
ance of the electrode materials, the diameter of the semi-
circle represents the charge-transfer resistance (Rp) of the
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ples at current density of 10 mA cm™2

electrodes and electrolyte interface, the slope of the curve in
the low-frequency region shows Warburg impedance (W),
which represents electrolyte diffusion in the porous and
proton diffusion in the host materials [44]. The intercepts
of the Nyquist curves of CoNi-LDH and RGN/CoNi-LDH
on the real axis are about 0.5-0.6 V, which indicate two
kinds of electrode materials own low Rs. The diameter of
the semicircle of RGN/CoNi-LDH is less than the diam-
eter of the semicircle of CoNi-LDH, which represents the
Rp of RGN/CoNi-LDH (0.223 Q) is less than CoNi-LDH
(0.377 Q). The lower Rp of RGN/CoNi-LDH is attributes
to the following facts: (i) RGN can effectively prevent the
agglomeration of CoNi-LDH. (ii) RGN can greatly improve
the electrical conductivity of CoNi-LDH, resulting higher
capacitance retention. At low frequency region, the almost
vertical line of RGN/CoNi-LDH represents the fast ion dif-
fusion in electrolyte, which indicates the desired capacitive
behavior.

From Fig. 9, the RGN/CoNi-LDH displays a better cyclic
ability than CoNi-LDH at a current density of 10 mA cm™2.
The capacitance retention of RGN/CoNi-LDH of 80% is
attained after 1000 cycle tests compared to CoNi-LDH of
50%. The well cycle ability of RGN/CoNi-LDH is attributed
to the good mechanical properties and conductivity of RGN.

In order to test the energy density and power density
of RGN/CoNi-LDH composite, an asymmetric superca-
pacitor (ASC) was assembled with RGN/CoNi-LDH as
the positive electrode material, and active carbon (AC)
as the negative electrode material, which is marked as
RGN/CoNi-LDH//AC. The potential window of CV and
GCD of the RGN/CoNi-LDH//AC is set as 1.53 V, which

@ Springer

is attributed to the sum of the potential window for the
RGN/CoNi-LDH and AC electrodes as shown in Fig. 10a.
The mass ratio of RGN/CoNi-LDH and AC electrode is
calculated as m, /m_ = 0.25 according to following equa-
tion [43, 45]:

m,/m_=C_XAV_/(C, X AV,) @)

The specific capacitance of AC and RGN/CoNi-LDH
is 234.44 F ¢7' and 2092.3 F g™, respectively, at current
density of 5 mA cm™2 in 6 M KOH aqueous electrolyte
solution. The potential window of AC and RGN/CoN:i-
LDH is 0.9 V and 0.45 V, respectively. The loading mass of
AC and RGN/CoNi-LDH is 30 mg cm™2 and 7.5 mg cm ™2,
respectively. The total mass of RGN/CoNi-LDH//AC is
37.5 mg cm™2. Figure 10b shows the CV curves at differ-
ent scan rates of 3-20 mV s~! for RGN/CoNi-LDH//AC
electrode. The asymmetric system shows a stable potential
window of 1.53 V, and the non-rectangular curve shape
can be attributed to the faradaic reaction from the positive
electrode. As shown in the Fig. 10c, the specific capaci-
tance of RGN/CoNi-LDH//AC is 151 F g™! at the current
density of 5 mA cm™2 according to the Eq. (1). The energy
density of RGN/CoNi-LDH//AC is 49.4 Wh kg~! at the
power density of 101.97 W kg~! according to the Egs. (2)
and (3). From Fig. 10d, RGN/CoNi-LDH//AC shows an
excellent electrochemical stability with 88.8% of the initial
capacity after 1000 cycles.

4 Conclusions

In summary, RGN/CoNi-LDH composites were fabricated
by the co-precipitation method. These CoNi-LDH nano-
flakes were grown on the surfaces of RGN in the hybrid.
The presence of RGN can effectively improve the con-
ductivity of composites and prevent the aggregation of
CoNi-LDH, which promotes the electron and ions trans-
fer of the active material. Electrochemical measurements
indicated the capacitive performances of hybrid materi-
als that could be improved by addition of RGN. RGN/
CoNi-LDH composites had a high specific capacitance of
2092.3 F g~! at current density of 5 mA cm™2 in 6 M KOH
aqueous electrolyte solution and a good cycling stability.
The rate retention of RGN/CoNi-LDH is 86.5% at current
density of 5-50 mA cm™. An asymmetric capacitor was
assembled with RGN/CoNi-LDH and activated carbon as
positive and negative electrode, respectively. It had a high
specific capacitance and an energy density.
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