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Abstract Nickel-cobalt binary oxide/reduced graphene oxide
(G-NCO) composite with high capacitance is synthesized via
a mild method for electrochemical capacitors. G-NCO takes
advantages of reduced graphene oxide (RGO) and nickel-
cobalt binary oxide. As an appropriate matrix, RGO is bene-
ficial to form homogeneous structure and improve the electron
transport ability. The binary oxide owns more active sites than
those of nickel oxide and cobalt oxide to promote the redox
reaction. Attributed to the well crystallinity, homogeneous
structure, increased active sites, and improved charge transfer
property, the G-NCO composite exhibits highly enhanced
electrochemical performance compared with G-NiO and G-
Co50,4 composites. The specific capacitance of the G-NCO
composite is about 1750 F g ' at 1 A g ' together with capac-
itance retention of 79 % (900/1138 F g ") over 10,000 cycles
at4 A g '. To research its practical application, an asymmetric
supercapacitor with G-NCO as positive electrode and activat-
ed carbon as negative electrode was fabricated. The asymmet-
ric device exhibits a prominent energy density of
37.7 Whkg " ata power density of 800 W kg'. The modified
G-NCO composite shows great potential for high-capacity
energy storage.
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Introduction

Electrochemical capacitors (ECs), as efficient energy stor-
age devices, have been widely used in numerous fields
such as hybrid electric vehicles (HEVs), mobile electronic
devices, and military devices due to their ultra-high power
density, long cycling stability, wide operation temperature
range, and improved safety [1-3]. However, their low en-
ergy densities will restrict their practical applications. Ac-
cording to the formula E=CU?%2, high capacitance (C) is
beneficial to obtain high energy density (E). It is of tech-
nological importance to develop high capacitance electrode
materials.

Transition metal oxides (TMOs), such as NiO, CoO, and
Co30y, are the typical electrode materials for ECs with high
energy density. These materials show high theoretical specific
capacitance due to their multiple oxidation states that result in
a rich variety of redox reactions for pseudocapacitance gener-
ation [4—6]. However, one of the inevitable problems is that
their practical capacitance values are still far lower than the
theoretical ones, which can be attributed to the low activity of
single component TMOs and its poor intrinsic electron trans-
port ability. To solve these problems, two strategies are pro-
posed. One is fabricating binary TMOs, which could exhibit
superior properties over either of single component oxides
[7-9]. The other is combining TMOs with electric matrix.
Generally, the mixed valence state of binary metal ions will
increase the active sites to trigger more redox reactions [10,
11], and different redox reactions can be successively con-
ducted in the binary oxides. As a result, the binary oxides
own enhanced capacitance and stability. Meanwhile, active
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sites of different metal oxides can enlarge the voltage range of
redox reaction. Kuang et al. synthesized hierarchical NiCo,Oy4
nanosheet-decorated Cu/CuOy nanowire electrode, exhibiting
the high specific capacitance of 578 F g '. The asymmetric
device contained this electrode exhibited an energy density of
12.6 Whkg ' [12]. Wang et al. prepared Ni-Al-layered binary
hydroxide with an enhanced capacitance of 795 F g~' [13].
Chen et al. built binary nickel-cobalt hydroxide with a specific
capacitance of 1000 F g~' [14]. The capacitance and cyclicity
of binary hydroxide were higher than those of Ni(OH), or
Co(OH),. These excellent researches verify the advantages
of binary TMOs.

In the case of combining TMOs with matrix, the distribu-
tion of TMO particles can be more uniform. What’s more, a
matrix with good electron conductivity will remedy the bad
intrinsic electron transport abilities of TMOs. The homoge-
nous distribution enlarges the specific surface area to enhance
the capacitance by increasing active sites. The improved elec-
tron transport property, meanwhile, results in enhanced cyclic-
ity and rate capability. Among several matrix, carbon mate-
rials are one of the best choices due to their high specific
surface area and excellent conductivity. Recently, reduced
graphene oxide (RGO) is considered to be a component in
EC composites investigated by some researchers [15—17] ow-
ing to its well electrical conductivity and high specific surface
area and stability. Their results have shown that RGO as the
matrix greatly benefits the capacitance. Huang et al. synthe-
sized NiO nanoflakes/porous RGO composite to improve the
capacitance (from 378 to 651 F g ') [18]. Xia et al. prepared
CoMoO4/RGO composites with higher specific capacitance
(394 F g "), which was about 5.4 times of that of pure-
CoMoOy [19]. When RGO acts as a two-dimensional matrix,
not only the conductivity of composites is enhanced but the
metal oxide particles are better distributed. Thus, more active
sites can be involved in redox reaction to obtain high
capacitance.

In this work, we proposed to synthesize a binary TMOs/
RGO composite via a mild process. The precursor was pre-
pared through a one-pot reaction, and the reagents used in this
process were environmental friendly. Nickel oxide and cobalt
oxide were chosen due to their adjacent reaction potential and
high theoretical capacitance. Ni-Co binary oxide not only in-
herits the merits of both NiO and Co3;0, but also has hybrid
architectures and superiority over single component oxides.
Due to the synergistic effects of binary metal oxides and
RGO, nickel-cobalt binary oxide/RGO (G-NCO) showed
higher specific capacitance and cyclability than those of G-
NiO and G-Cos04. After 10,000 cycles at 4 A gfl, G-NCO
exhibits excellent cyclability with a capacitance retention of
79 %. The asymmetric device exhibited a prominent energy
density of 37.7 Wh kg ' at a power density of 800 W kg ',
which makes G-NCO a promising material for electrode of
ECs.

@ Springer

Experimental
Materials preparation

Graphite was purchased from Alfa Aesar (325 mesh).
Nickel nitrate hexahydrate (Ni(NO3),-6H,0, AR), cobalt
nitrate hexahydrate (Co(NO3),-6H,0, AR), urea
(CON,H4, AR), and glucose (AR) were purchased from
Shanghai Sinopharm Chemical Reagent Co., Ltd. (Shang-
hai, China). All chemicals were of analytic grade and used
without further purification.

Graphene oxide (GO) was prepared from graphite
flakes by a modified Hummers method [20, 21]. The as-
prepared GO was dispersed in distilled water by ultra-
sonication, giving a yellow brown suspension with a con-
centration of 1 mg ml ™.

Synthesis of nickel-cobalt binary oxide/RGO composite

Typically, 2 g glucose and 50 ml aqueous solution con-
taining 1 mmol Ni(NO3),-6H,0, 0.5 mmol Co(NO3),-
6H,0, and 1 g urea were slowly added into 108 ml GO
suspension under stirring. Then, the mixture was refluxed
at 95 °C for 12 h in an oil bath. The reaction product was
filtrated and washed with distilled water and ethanol suc-
cessively for several times, and finally dried and heated at
250 °C for 1.5 h in air. The obtained nickel-cobalt binary
oxide/RGO composite powder was denoted as G-NCO.
For comparison, NiO/RGO and Co3;04/RGO, denoted as
G-NiO and G-Co30y, respectively, were also prepared in
the same route as G-NCO.

Characterization

The phase assemblage, chemical composition, and mor-
phology of the powders were characterized by X-ray
diffraction (XRD; Rigaku D/MAX-2200/PC with Cu
Ko radiation), Raman spectroscopy (Thermo Scientific
DXR Raman Microscope), X-ray photoelectron spectros-
copy (XPS; VG Scientific 310F), field-emission scan-
ning electron microscope (FE-SEM; Magellan Triton
400), and high-resolution transmission electron micros-
copy (HRTEM; JEOL JEM-2100F). The nitrogen ad-
sorption isotherms of the powders were measured on
MicroMeritics TriStar 3000 porosimeters at 77 K.

The electrochemical properties of the materials were char-
acterized by three-electrode method in 2 M KOH aqueous
solution at room temperature. The working electrode was pre-
pared as follows. Active material, carbon black, and
polyvinylidene fluoride (PVDF) binder in weight ratio of
80:10:10 was mixed in ethanol, and then pasted onto a nickel
foam current collector (1x 1 cm). Each working electrode was
the same weight of 5 mg. A platinum wire was used as the
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counter electrode and a saturate calomel electrode (SCE) as
the reference electrode. The cyclic voltammetry (CV) at —0.1
to 0.5 V and the electrochemical impedance spectrum (EIS)
applied an AC voltage with 5 mV amplitude in a frequency
range from 0.01 to 100 kHz were measured on CHI660D
Workstation (Shanghai, China). The galvanostatic charge
and discharge tests were carried out in the potential range of
0 to 0.425 Von a LAND CT2001 battery tester. The specific
capacitances Cs were calculated from the galvanostatic dis-
charge curves using the equation [22]:

It
Cs=——

(AVem) ()

where [, t, AV, and m are the constant current (A), discharge
time (s), total potential deviation (V), and mass of active ma-
terials (g), respectively.

An asymmetric supercapacitor was fabricated based on
the G-NCO electrode as the positive electrode, the activated
carbon (AC) electrode as the negative electrode, and poly-
propylene (PP) fiber as the separator. Particularly, the nega-
tive electrode was prepared as follows: AC, carbon black
and PVDF binder in weight ratio of 80:10:10 was mixed
in ethanol, and then pasted onto a nickel foam current col-
lector (1x1 cm). The mass ratio of positive and negative
electrodes was calculated by the charge balance theory
(¢"=q") [23]. In the relationship, the charge stored by each
electrode usually depends on the specific capacitance (C),
the potential window (Av), and the mass of active material
(m), as shown in Eq. 2:

g = C x Av x m (2)
Fig. 1 The schematic illustration
for the formation of G-NCO
®.
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In order to obtain ¢"=¢g, the mass balancing will be
expressed as Eq. 3:
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Based on the specific capacitances of the G-NCO electrode
and AC electrode, the optimal mass ratio between the two
electrodes (m.;/m_) was calculated to be about 0.295 in the
asymmetric supercapacitor. The mass of AC is 13.55 mg.
All the electrochemical experiments were carried out on a
CHI660D workstation and LAND CT2001 battery tester in
2 M KOH electrolyte at room temperature. The energy density
(E) and power density (P) of the asymmetric supercapacitor
are estimated as follows [2]:

1
E S Ci(Av)’ (4)

P

(5)

where C, (F g ') is the specific capacitance, # (s) is the dis-
charge time, and Av (V) is the potential change during the
discharge process.

Results and discussion

G-NCO composite was prepared by a “controlled adsorption-
nucleation-growth” process, as shown in Fig. 1. At room tem-
perature, NH, " was produced through urea hydrolysis, and it
formed complexes with metal ions (Ni** and Co*"). As a
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Fig. 2 XRD patterns of G-NiO, G-C030,, and G-NCO

result, the concentration of free metal ions in solution was
decreased and accordingly, the growth rate of the crystals will
be reduced [24-26]. When it was mixed with GO solution, the
metal ions were attached onto negative-charged GO sheets
due to electrostatic attraction effect (Table S1). Glucose
played the role as a dispersing agent to stabilize GO suspen-
sion and make the metal ions distribute more uniformly [27],
which has a positive effect on enhancing the crystallinity and
cyclability of electrode materials (Fig. S1). At the heating
stage, urea would provide OH ions through hydrolysis.
And the released OH ™ ions will be consumed by forming
metal hydroxides with metal cations in the solution. Accord-
ing to chemical equilibrium, the reduction of OH  concentra-
tion promotes urea hydrolysis. Then, urea will steadily supply
OH' ions for the nucleation and the formation of Ni-Co hy-
droxides (NCH) on GO surface. Meanwhile, GO was reduced
to RGO by the combined effect of urea and glucose [27, 28].
After thermal treatment, the NCH/RGO composite (G-NCH)
was transformed to G-NCO.

XRD were measured to confirm the crystal structure of
products. For the GO sample (Fig. S2), a diffraction peak at
11.16° is consistent with (001) reflection, and after reduction,
the characteristic peak of carbon from RGO could be found
around 25.9° [29-31]. The XRD patterns of G-NiO, G-
Co0504, and G-NCO are displayed in Fig. 2. All of the samples
show clear characteristic peaks of each metal oxide.
Figure Sla confirms that glucose is beneficial to the good
crystallinity, which plays the key role to guarantee the stability

Table 1 26 degrees of

the standard NiO, CoO, Peaks (111) (200) (220)
and G-NCO
NiO 37.248  43.275 62.878
CoO 36.503 42.401 61.520
G-NCO  36.733 42,724  62.140

@ Springer

and capacity retention in the loop test [32]. The peaks of G-
NiO and G-Co30, agree well with the standard diffraction
card of face-centered-cubic NiO (JCPDS card no. 47-1049)
and Co30,4 (JCPDS card no. 43-1003), respectively. This re-
sult demonstrates that nickel and cobalt atoms form different
lattices when they have independent existences via our syn-
thesis method. However, when both of nickel and cobalt
atoms exist in the composite, no characteristic peaks of
Co304 can be found. The characteristic peaks of NCO are
consistent with both NiO and CoO (Fig. S2, no. 43-1004). It
is well-known that NiO and CoO can form homogeneous
solid solutions at all proportions in crystal structure, because
they have very similar unit cell structures [33]. Considering
the Ni/Co ratio was 2:1, NiO is believe to play a dominant role
to form the lattice and a part of Ni sites are substituted by Co
atoms. The ionic radius of Co is 74.5 pm, which is bigger than
that of Ni (69 pm). The Co atoms enter into the lattice of NiO
will lead the peak shift towards low angle (Table 1), demon-
strating the formation of solid solution of (Ni, Co)O. Thus,
both of Ni and Co atoms are expected to take part in the redox
reaction to enhance the capacitance.

Raman and XPS spectra were carried out on different sam-
ples to illustrate the reduction of GO. As exhibited in Fig. 3,
distinctive D and G bands around 1350 and 1590 cm ' are
observed in all the four samples. The D band arises from the
disorders and defects, while G band is caused by the vibration
of sp*-bonded carbon atoms in graphene [34, 35]. The inten-
sity ratio of the D/G band (/p/Ig) will increase when the struc-
ture defects increase. After the reduction process, Ip/lg in-
creases from 0.95 to ~1.10, which is consistent with the re-
ported results [36, 37]. When GO is reduced to RGO, oxygen-
containing functional groups are removed. Though the conju-
gated graphene network is reestablished, the size of the
reestablished graphene network is usually smaller than the
original graphene layer, resulting in the increase of Ip//g ratio
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Fig. 3 Raman spectroscopy of GO, G-NiO, G-Co0304, and G-NCO
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Fig. 4 The XPS spectrum of Cls
for G-NiO (a), G-Co50;4 (b), G-
NCO (c), and GO (d)
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[38]. Therefore, the increase of Ip/Ig ratio is reasonable after
reduction. It is worthy to notice that the Raman spectrum of G-
Co30,4 shows three peaks at 500, 740, and 1100 cm L. While,
the peak at 740 cm ' disappears in G-NCO, illustrating that
the lattice of cobalt oxide has changed. This phenomenon is in
consistence with the XRD results. High-resolution C1s XPS
spectra of G-NiO (panel a), G-Co304 (panel b), G-NCO (pan-
el ¢), and GO (panel d) are exhibited in Fig. 4. The absorbance
band intensities of carbonyl carbon (C-O) and carboxylate
carbon (O—C=0, C(0)O) in GO are much higher in compar-
ison with their counterparts in the other three samples. The
ratios of non-oxygenated (C—C), C-O, and C(O)O are calcu-
lated in Table S2. The decrease of the C—O and C(O)O ratios
and increase of C—C ratios in G-NiO, G-Co030,, and G-NCO
illustrates that the oxygen-containing functional groups are
removed via the reduction process. Less oxygen-containing
functional groups in RGO lead to improved conductivity.
The higher conductivity of RGO is more suitable for electron
transport and consequently to enhance the rate capability and
cyclicity. The Ni 2p and Co 2p spectra both shows two spin-
orbit doublets with shakeup satellites peaks (Fig. S3), which
illustrates that the NCO in G-NCO is a composition of Ni**,

Fig. 5 SEM images of G-NiO
(a), G-Co304 (b), and G-NCO
(¢); the insets show the element
(Ni or Co) mapping of these
samples, respectively

Binding Energy (¢V)

Ni**, Co*", and Co". The Ni/Co ratio of G-NCO is 2.3:1,
corresponding to the reactant ratio.

To characterize the morphology and fine structure of prod-
ucts, SEM and HRTEM images were observed. SEM images
0of G-NiO, G-Co050,, and G-NCO were exhibited in Fig. 5. All
of the samples show the wrinkle of RGO. The TMO particles
are too small to be observed. However, the EDS mappings
confirm that the distribution of Ni or Co in each composite
is uniform over all composites. TEM images display the sur-
face information and the morphology of metal oxide particles.
As shown in Fig. 6a, GO is clearly observed with a seriously
folded structure, which is induced by intermolecular 7t-7t
stacking interaction to minimize the internal energy of the
system. The paper-like GO sheets are suitable to act as sub-
strates to grow and anchor functional nanoparticles. For G-
NiO, G-C0504, and G-NCO samples, all the metal oxide par-
ticles exhibit good dispersion on RGO (Fig. S4). This struc-
ture is suitable for active materials contacting with electrolyte,
contributing to increase more active sites to conduct more
redox reactions. Figure 6b shows the particles of G-NiO with
the size of below 2 nm uniformly attach on RGO sheets. In G-
Co30,4 samples (Fig. 6¢), similar homogeneously distribution

yo,
200 nm
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Fig. 6 TEM images of GO (a), G-NiO (b), G-Co304 (c), and G-NCO (d)

of nanoparticles on RGO sheets can be observed, but the par-
ticle size is much larger than that of NiO. These particles with
size of 6—8 nm exhibit clear lattice fringes, demonstrating
better crystallinity. In Fig. 6d, NCO particles can be found
clearly covering almost all the surface of RGO. The particle
size is about 4 nm, which is affected by the coexistence of Ni
and Co ions and between the particle sizes of NiO and Co0304
in G-NiO and G-Co0304. The select area electron diffraction
(SAED) also demonstrates that the composites are polycrys-
talline with cubic structure. G-Co50,4 shows different diffrac-
tion rings with G-NiO and G-NCO, meaning that Co ions

th
=
=

have changed its lattice when it combines with NiO. The def-
inition of the diffraction rings also illustrated that the crystal-
linity of G-NCO composite is higher than that of NiO, corre-
sponding with the XRD results.

Apart from the morphology, the specific surface area (SSA)
and pore size distribution also have an important effect on
electrochemical performance. The SSAs of G-NiO (panel a),
G-Co504 (panel b), and G-NCO (panel c) were measured by
nitrogen adsorption/desorption measurement (Fig. 7). All the
samples exhibit typical Langmuir type IV characteristics with
obvious hysteresis loops, indicating that the samples contain a
certain amount of mesoporous [39]. The hysteresis loops of G-
NiO (Fig. 7a) and G-NCO (Fig. 7c) is H1 type, illustrating the
uniform distribution and relative small size of pores. Contrary
to them, the H3 type loop of G-Co;0;, (Fig. 7b) suggests that
certain aggregation happens among the particles. The SSA
calculated by the BET method and the average pore size are
listed in Table 2. As the SSA is one of the most important
properties that we are concerned and its value is closely de-
pendent on the particle size, it is clear that G-NCO is satisfying
due to its large SSA value (450.6 m* g ') and corresponding
small particle size. Large SSA can provide more active sites
for redox reaction, which leads to high capacitance. Another
important factor for redox reaction is the pore size. G-NiO and
G-NCO both show one pore size distribution (the inset of
Fig. 7a, b). The average pore size is 3.8 and 3.9 nm, respec-
tively, which just falls within the appropriate pore size range
of 2-5 nm for supercapacitors [40, 41]. Although G-Co0304
has an average pore size of 3.7 nm, its wide pore size distri-
bution and low SSA make it hard to perform high capacitance
(the inset of Fig. 7c). Considering all the above analysis, G-
NCO owns well crystallinity, large SSA, suitable pore size,

Fig. 7 N, adsorption-desorption o ~ __500
isotherms of G-NiO (a), G-Co30, "o " |38mm - I = b
. = 4004 =6 W 4004 B
(b), and G-NCO (c); the inset is Tl % g L ?
the BJH pore size distribution on ot 3004 1, J = 300 %10 -
the basis of the desorption branch § e yassess= E Sig ..:'
g 200_; T 015 2 s . - Z 200+ % » o
3 Pore Diameter {am) o = I DS
- . <k - e |[H]' Pnltlﬂantltr!ull:- - . [
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Table2  The values of specific surface area and pore size on the basis of
the desorption branch of G-NiO, G-Co30,, and G-NCO

two reactions of NiO and CoO. It is believed that the discharge
time is controlled by the rate of alkali ions diffusing into and

G-NiO G-Co50, G-NcO  out of the surface of the electrode [16]. And the longer dis-

charge time is, the higher the capacitance is. The longest dis-

Specific surface area/m” g 4715 246.1 450.6 charge time of G-NCO illustrates the highest capacitance,
Average pore size/nm 38 37 39 which is attributed to increased redox reactions caused by

and expected conductivity. What’s more, coexistence of Ni
and Co atoms increases more active sites for redox reaction.
Thus, excellent capacitance, cyclicity, and stability will be
obtained when it acted as an electrode for supercapacitor.

In order to further certify the superiority of G-NCO as an
electrode for ECs, electrochemical performances of G-Co0304,
G-NiO, and G-NCO were measured by using CV and galva-
nostatic curves. Figure 8a shows the CV curves at 5 mV s .
Each electrode shows a pair of obvious redox peaks, corre-
sponding to the reversible redox reaction related to M-O/M-O-
OH, where M represents Ni or Co ions [42, 43]. According to
the equation for specific capacitance (C=[IdV/2Avs), a larger
area surrounded by the CV curve relates to a higher specific
capacitance. The CV curve of G-NCO shows the largest sur-
rounding area, illustrating the enhanced specific capacitance
and electrochemical reactivity. The peaks are broader than
those of G-Co304 and G-NiO, which means that the active
sites are increased and both of Ni and Co ions take part in the
redox reaction. The anodic and cathodic peaks of G-NCO are
shifted towards the negative potential due to the reaction of
both Ni and Co ions [44, 45]. As seen from Fig. 8b, all the
samples show typical pseudo-capacitive behavior with highly
nonlinear discharge curves, which is consistent with the CV
curves. It is worthy to notice that the discharge curve of G-
NCO exhibits two inflections, which are consistent with the

uniform structure, large SSA, and great activity caused by
the coexistence of Ni and Co atoms. To further analyze the
electrochemical performance of G-Co3;04, G-NiO, and G-
NCO electrodes, different current densities are applied
(Fig. 8c). Under the same conditions, the specific capacitance
of the G-NCO electrode is much higher than those of G-NiO
and G-Co;04 electrodes. Through calculation, the specific
capacitances at 1 A g ' are 877,555 and 1750 F g for G-
NiO, G-Co;304, and G-NCO, respectively. The high capaci-
tance of G-NCO is higher than those of similar systems in
reported literatures [11, 46]. Generally, capacitance decreases
with the increase of the current density. The specific capaci-
tances of G-NiO and G-Cos0, drops to 715 and 489 F g " at
4 A g, respectively, while the specific capacitance of G-
NCO still remains 1138 F g™ at the same current density.
Even at high current density of 10 A g, the specific capac-
itance of G-NCO is still as high as 776 F g "', which is much
higher than those of G-NiO (564 F g™') and G-Co304
(423 F g'h. Fig. 8d displays the cyclability of G-NiO, G-
C030,, and G-NCO electrodes at4 A g '. The capacity reten-
tion ratios of G-Co3;04, G-NiO, and G-NCO are 87, 73, and
79 % over 10,000 cycles, respectively. The capacitance of G-
NCO is still as high as 900 F g'. The high capacitance and
stability make it a promising material for ECs.

To better understand the advantage of G-NCO, the elec-
trodes were subjected to AC impedance measurements. Elec-
trochemical impedance spectroscopy was measured to

Fig. 8 a CV curves of G-C050y,
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Fig. 9 Electrochemical impedance spectra (£IS) obtained from G-NiO,
G-C0304, and G-NCO electrodes. The inset shows the enlarged EIS of
the electrodes and the equivalent circuit diagram

analyze the electron transport properties of these samples.
Figure 9 shows the Nyquist plots of G-NiO, G-Co304, and
G-NCO electrodes. It is well accepted that the intercept at the
real part (Z) is the total ESR, which is a combination of the
electrolyte resistance, contact resistance at interface, and the
intrinsic resistance of the electrode [5, 43]. The ESRs obtained
by complex non-linear leasts square (CNLS) fitting were
around 0.66, 0.60, and 0.69 2 for G-NiO, G-C050,, and G-
NCO, respectively. The values are small and similar, indicat-
ing that all of these electrodes have superior electrical conduc-
tivity. All of the spectra display depressed semicircles in high-
frequency region and straight lines in low-frequency region.
The semicircle is related with the charge transfer resistance,

which is determined by the surface area and electrical conduc-
tivity [47, 48]. Through fitting, the charge transfer resistances
(Re) were 1.357, 1.971, and 1.298 Q) for G-NiO, G-C030y,
and G-NCO, respectively. G-NCO shows the smallest semi-
circle and the lowest charge transfer resistance in these three
electrodes because of the high SSA and the superiority of Ni-
Co binary oxides. It is reported that the substitution of cobalt
compounds into nickel systems can contribute to enhance the
electrochemical performance by improving the active site den-
sity, conductivity, and roughness [49-51]. In the low-
frequency region, the straight line reflects the diffusion of
the electro-active species [52]. The nearly vertical line indi-
cates rapid ion diffusion in the electrolyte and adsorption onto
the electrode surface [15]. The G-NCO electrode shows the
largest slope, demonstrating that binary system is suitable to
the rapid ion diffusion. It is concluded that G-NCO favored
the charge transfer and ion diffusion due to improved electri-
cal conductivity and increased tunnels caused by RGO and the
coexistence of Ni and Co atoms.

Based on above analysis, G-NCO exhibits an excellent
high capacitance, well-cyclability, and high capacity retention,
which is expected to be a promising electrode material of ECs.
The following factors are believed to be possible for the ex-
cellent electrochemical performance: firstly, Ni-Co binary ox-
ide inherits the merits of both NiO and CoO and has superi-
ority over single component oxides. Due to the atom substi-
tution, G-NCO owns more active sites for redox reaction to
enhance the capacitance. Secondly, RGO has positive effects
on the capacitance and cyclicity when it acts as a matrix. The
functional groups on the RGO surface can anchor NCO nano-
particles to form a homogeneous structure, leading to a high

Fig. 10 Electrochemical
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specific surface area. It will make active material contact with
electrolyte more efficient and sufficient, and then more redox
reaction would be reacted. RGO also could make up the poor
intrinsic conductivity of metal oxide due to its well electron
transport ability. The well crystallinity, homogeneous struc-
ture, increased active sites, and improved charge transfer prop-
erty contribute to a significant improvement in capacitive and
cycling performance of the G-NCO electrode.

An asymmetric supercapacitor has been fabricated to fur-
ther illustrate the potential application of the G-NCO compos-
ite. Figure 10a exhibits the typical CV curves of the asymmet-
ric supercapacitor at different scan rates, which shows collec-
tive contribution of electric double-layer capacitance and
pseudocapacitance at 0—1.6 V. With the scan rate increasing
from 5 to 100 mV s~', the CV curves retain similar shapes,
indicating high fast charge-discharge properties of the device
[53]. At different current densities, symmetric triangular-
shaped charge and discharge curves could be clearly observed,
suggesting a rapid I-V response (Fig. 10b). At1,2,4,and 10 A
gﬁl, the specific capacitances are 106, 84, 63, and 56 F gﬁl,
respectively. The capacitance retention is 53 % when the cur-
rent density increases from 1 to 10 A g~'. As shown in the
Ragone plot (Fig. 10c), a high energy density of37.7 Whkg ™'
at the power density of 800 W kg ' and a high power density
of 8000 W kg~ ' was obtained at the energy density of
20 Wh kg ! was achieved. The maximum energy density of
our asymmetric supercapacitor is higher than those of the de-
vices in reported literatures (<25 Wh kg ") [11, 53, 54]. The
durability of the as-fabricated asymmetric supercapacitor is
also evaluated. As displayed in Fig. 10d, the capacitance re-
tention rate is 75 % of its original capacitance after 2000 cy-
cles. The above performance makes the G-NCO electrode
promising as an attractive candidate for energy storage.

Conclusion

In summary, we successfully synthesized nickel-cobalt binary
oxide/RGO (G-NCO) composite with high capacitance for
energy storage via a mild method. Ni-Co binary oxide has
superiority over single component oxides. More active sites
and decreased charge transfer resistance compared with those
of NiO and Co304 will be obtained. RGO is a good choice for
the matrix to anchor nanoparticles. The particle size could also
be adjusted, and the particles are uniformly attached on the
RGO surface. Taking the advantages of the above factors, G-
NCO shows high specific capacitance and better cyclicity and
stability than those of G-NiO and G-Co;0,. Additionally, the
as-fabricated asymmetric supercapacitor delivers a prominent
energy density of 37.7 Wh kg'. The high capacitance makes
G-NCO appropriate to be electrode material for electrochem-
ical capacitor with high energy density.
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