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In this study, we successfully synthesized NiCo204 supported on Ni foam (NNCOs) with different morphologies
by changing the synthesis conditions. The research results of electrochemical properties show that the mor-
phologies have a strong influence on the electrochemical properties of materials. Specifically, the nanosheet-like
NNCO-1 sample exhibited an enhanced specific capacity of 503.5 C g~! at current density of 1 A g%, ca. 134-350
% higher than that of NNCO-2, NNCO-4 (nanorod-like) and NNCO-3 (grass-like). All materials also show high

stability with the ability to maintain 95 to 97% capacitance after 2000 discharge cycles at a current density of 2 A
g~ L. We hope that, the NNCO-1 material is promising electrode material for hybrid supercapacitor.

1. Introduction

Today, the strong development of electronic technology has imposed
higher requirements for energy storage sources such as: high durability,
high energy density, high power density, safety, smaller size, and lower
weight...[1,2]. Among the energy storage devices, chemical batteries
with high energy density and supercapacitors with high power density
are the most potential devices [3,4]. However, the low power density in
chemical battery and the small energy density in supercapacitors are the
biggest disadvantage in practical application [5-7]. An effective solu-
tion to resolve this problem is the research and development hybrid
supercapacitors, which are energy storage devices based on both the
energy storage mechanism of chemical battery and energy storage
mechanism of supercapacitor [8,9]. Typically, hybrid supercapacitors
include of a capacitor-type electrode and a battery-type electrode so that
it takes full advantage of high energy density of battery and high power
density of the supercapacitor [9-11].

Battery-type materials in hybrid supercapacitors are usually transi-
tion metal oxides and conductive polymers [12-14]. Compared to
conductive polymers, transition metal oxides are more commonly used
because of their high stability, low cost, and in particular they have
many valence states [15]. Among transition metal oxides, spinel-type
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metal oxides (AB204) have received intensive attention as a promising
electrode materials for hybrid supercapacitor [16-19]. One of the most
popular spinel-type metal oxides is NiCoyO4 because it has a much
greater energy storage capacity than other spinel-type metal oxides. It
has been reported that flower-like NiCoy04 directly applied as elec-
trodes for hybrid supercapacitors show maximum specific capacity of
120 C/g at current density of 2 A/g [14]. In addition, Ju Fang and
co-workers reported about NiCo204 with morphology nanosheet-like for
application in hybrid supercapacitors [20], the result shows that mate-
rials exhibited behaviors of battery-type with maximum specific ca-
pacity of 372 C g~ ' at 1 A g7, As another example, maximum specific
capacity of NiCoy04 hollow spheres [21], NiCoy04 microspheres [22]
are 171.2 and 202 Cg ! at 1 A g~ L. It can be seen that, the above studies
mainly focused on different solutions to obtain NiCop04 with high
electrochemical efficiency and showing that the morphology has a
strong influence on the electrochemical properties of the material.
Moreover, the material obtained requires extra the electrode prepara-
tion process before investigate the electrochemical. Therefore, synthe-
sizing NiCo204 supported on conductive collector and studying the
influence of morphology to their electrochemical properties is very
meaningful.

In this study, we report on a hydrothermal method for synthesis
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Fig. 1. Synthesis flowchart for the NiCo,04 materials supported on Ni foam.

Table 1
Ratio between precursor chemicals for different samples.

Amount (mmol)

NiCl,.6H,0 CoCl,.6H,0 Urea NH4F
NNCO-1 0.5 1 7.5 3
NNCO-2 0.75 1.5 11.25 4.5
NNCO-3 1 2 15 6
NNCO-4 0.5 1 11.25 3

NiCo204 supported on Ni foam with different morphologies by varying
the concentration of reaction precursors. The results indicated that
NiCoy04 is prepared at different concentrations of the precursors,
resulting in different morphologies such as nanosheet-like (NNCO-1),
nanowire-like (NNCO-2, NNCO-4) and urchin-like (NNCO-3). We found
that, all NiCo204 samples showed battery-type behavior and electro-
chemical performance depending on their morphology. Specifically,
NiCo204 with the morphology as nanosheet-like has shown specific
capacity more impressively than NiCo,0O4 with other morphologies.

2. Experimental
2.1. Chemicals

Ni foam, Urea, Ammonium fluoride (NH4F), Nickel (II) Chloride
hexahydrate (NiClp.6H20), Cobalt (II) Chloride hexahydrate
(CoCly.6H50), Acetylene black (AB), Poly(vinylidene fluoride) (PVDF),
N-methyl pyrrolidone (NMP). All chemicals were purchased from
Shanghai Aladdin Bio-Chem Technology Co.Ltd.

2.2. Materials synthesis

NiCo,04 supported on Ni foam were fabricated through a simple
hydrothermal growth together with a post calcination treatment (Fig. 1)
[23]. In a typical procedure, a mixture of NiCl,.6H50, CoCl;.6H50, Urea
and NH4F were dissolved in 35 mL of deionized water with the aid of
magnetic stirrer. The molar ratio of Ni?*/Co?*/Urea/NH,F was fixed at
1/2/15/6. A piece of Ni Foam was then put into obtained solution,
before transferring to a 50-ml Teflon-lined autoclave. The reaction was
carried out at 120°C for 6 hours. The NiCoy04 coated Ni-foam was
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Fig. 2. XRD patterns of NNCO-1, NNCO-2 and NNCO-3 samples with the patterns of reference of NiCo,O4 (red bars) and Ni foam (black bars).
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Fig. 3. (a) FT-IR result of the NNCO-3 material; (b) Raman spectra of the
NNCO-3 material.

collected and washed with deionized water and ethanol several times
before calcined at 300°C in air for 3h. The effect of composition on
electrochemical property was investigated by changing the molar ratio
of Ni*/Co*"/Urea/NH4F shown in Table 1.
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2.3. Characterization

All synthesized materials were characterized by X-ray diffraction
(XRD, Siemens D5005 X-ray diffract meter with Cu-Koa radiation);
Fourier transform infrared (FTIR/ Perkin-Elmer Spectrum Two spec-
trometer), Raman spectra (Raman/Horiba Jobin - Yvon LabRam HR800
Raman spectrometer equipped); Scanning electron microscopy and
energy-dispersive X-ray spectroscopy (SEM-EDS, JEOL JSM-6490 scan-
ning electron microscope), Inductively coupled plasma (ICP, Optima
7300DV).

The electrochemical properties of all materials were performed on
Metrohm Autolab PGSTAT 302N using cyclic voltammetry (CV) and
galvanostatic charge - discharge (GCD) measurements. All electro-
chemical measurements were conducted using the standard three-
electrode system consisting of working electrode, reference electrode
(Ag/AgCl in 3M KCl solution) and counter electrode (Pt, sheet) in 3M
KOH electrolyte. The working electrode of all NiCo,04 material sup-
ported on Ni foam (NNCOs) were used directly with coating area
1.0x1.0 cm? The mass loading of active materials for NNCO-1, NNCO-
2, NNCO-3, and NNCO-4 were approximately 0.77, 1.52, 3.14, and 0.56
mg/cm?, respectively. The specific capacities (Cs) of materials were
calculated from the CV and GCD curves follow the formula Cs = ( f 1dt)/
(mA), Cs = (I At)/(m), respectively. Where, I is the discharge current
(A), At is discharge time (sec), and m is the weight of active material in
the electrode (g).

3. Results and discussion
3.1. Structural and morphological characterization

The crystal structure of NiCoy04 supported on Ni foam were
confirmed by X-ray diffraction and the result showed in Fig. 2. As shown
in Fig. 2, the XRD patterns of all as-prepared materials shown two strong
peaks located at 44.48 and 51.81°, which can be indexed to (111) and
(200) planes belong to the Ni foam substrate (JCPDS #04-0850)
[23-25]. The XRD peaks of the NNCO-3 sample located at 31.13, 36.76,
38.45, 44.61, 55.47, 59.15, 65.03° can be assigned to (220), (311),
(222), (400), (422), (511), (440) planes of NiCo204 (JCPDS #73-1702)

Fig. 4. SEM images of NNCO-1 (a, b, ¢), NNCO-2 (d, e, f) and NNCO-3 (g, h, i).
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Fig. 5. SEM images of NNCO-2 (a, b) and NNCO-4 (c, d).

[26,27]. The diffraction intensity at the peaks decrease in the order
NNCO-3 < NNCO-2 < NNCO-1 due the mass loading of NiCo204 on
nickel foam decrease, respectively. Especially, the mass loading of active
materials for NNCO-1, NNCO-2 and NNCO-3 were approximately 0.77,
1.52, and 3.14 mg/cm?, respectively. These observations are similar to
those of other the NiCoyO4 materials supported on Ni foam or cloth
carbon [28,29]. Addition, in all XRD pattern no diffraction peaks of
other phases, which indicated that synthesized NiCoy0O4 and NiCo204
supported on Ni foam have been high purity.

The structure of NiCo04 supported on Ni foam were also proved by
using the Raman spectra and the Fourier transform infrared (FT-IR)
spectra. We chose NNCO-3 material to perform the measurement and

Element

Co K
Ni K

Totals

the result shown in Fig. 3. In the FT-IR spectra of NNCO-3 material
(Fig. 3a) appeared two sharp peaks located at frequencies of 544.7 em!
and 651.7 cm ™}, which can be indexed to the stretching vibrations of Ni-
O and Co-O bonds in NiCo204 [30,31]. Addition, the Raman spectrum of
the NNCO-3 material (Fig. 3b) shown three distinct peaks located 456.9,
501.6, and 648.6 cm™*, which could be indexed to the Eg, Fog, and Agg
vibration modes of the NiCo504 spinel structure [31,32].

The morphology of NiCoy04 supported on Ni foam (NNCOs) shown
in Figs. 4 and 5. Unexpectedly, the morphology of NiCo,04 supported on
Ni foam are completely different when the concentration of reaction
precursors changed meanwhile the temperature and duration of the
hydrothermal process is unchanged. As shown in Fig. 4, the morphology

Weight %  Atomic %

OK 26.26
50.19
23.55

56.72
29.42
13.86

100.00

Fig. 6. The atomics ratio of the powder layer on NNCO-3 material.
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Figure 7. CV curves of all materials at different scan rate

of NiCo,04 supported on nickel foam changed when the concentration
of precursor changed. Specifically, when the synthesis process of
NiCo204 supported on Ni foam at low precursor concentration (0.5/1/
7.5/3), synthesized material (NNCO-1) has nanosheet-like with a
thickness of about 25 to 30 nm and these as-formed nanosheets are
intercrossed with each other. Meanwhile, when increase precursor
concentration, the morphology of synthesized materials have nanorod
structure with width of 25-30 nm (NNCO-2) and natural grass-like
structure (NNCO-3). The NNCO-4 sample was synthesized with the
same amount of precursor as NNCO1 sample (except urea). Fig. 5 shows
that NNCO-4 sample has nanorod structure like NNCO-2 sample, its
width is also about 25-30 nm. However, the morphology of NNCO-2 and
NNCO-4 samples has been different about length of nanorods; specif-
ically, the length of the NNCO-4 nanorods was longer than that of
NNCO-2.

These observations indicate that the precursor concentration has a
strong influence on the morphology of materials, which influences to the
electrochemical efficiency. Compare to the NiCo,04 material with the
morphology as nanoparticles, microspheres [22,33], the as-prepared
NiCo204 materials supported on nickel foam has mesoporous structure
and higher the specific surface area, which provide low-resistance and
more active sites leading to enhanced electron transfer and electro-
chemical performance [26,34-36].

The morphological differences of NiCoy0O4 supported on Ni foam
samples (NNCOs) can be attributed to differences in pH during hydro-
thermal process and concentration of precursors [37-40]. At a temper-
ature of 120°C, the urea decomposes into ammonia (NHs), which
determines the pH of the solution. The NNCO-3 material was synthe-
sized with the highest concentration of Ni2", Co?*, and Urea leading to
the precipitation of NiCop04-precursors which occurs rapidly. This
confirmed through of the NiCo204 mass loading on Ni foam being the
highest (3.14 mg/cmz); small amount of NiCo504-precursor supported
on nickel foam was removed during washing product; even when
calcined at 300°C to created NiCoy04, there is still NiCoy04 powder
falling out of nickel foam. These observations provide evidence the
connection between the NiCo,04 material layer and Ni foam in the
NNCO-3 material is not sustainable and suggestion that the NNCO-3
material is not suitable as an energy storage electrode for the devices
working under the shock and motion conditions. Conversely, the

precipitation process of NiCo;04 precursor when synthesized at low
Ni%*, Co?* and Urea concentration occurs slowly, leading to the
NiCo,04 material layer on nickel foam is more homogeneous and more
stable. Furthermore, the formation of the gas molecules leads to the
higher pressure in the hydrothermal process is also different, it is ex-
pected that the growth of nanocrystals will be disturbed and thus may
bring about the different about morphological differences when of the
precursors is changed.

The ratio of Ni, Co and O atomics in the as-synthesized materials was
confirmed by energy dispersive X-ray spectroscopy (EDS) analysis. The
EDS measurement was conducted on the NiCo,04 powder, which was
obtained by removing carefully the NiCo04 layer on the NNCO-3 ma-
terial, the result shown in Fig. 6. The EDS result of NiCo;04 powder
confirmed the existence of Ni, Co and O with atomic ratio of 1: 2.12:
4.09 and the absence of impurities, which is close to chemical formula of
NiCo204. Moreover, the inductively coupled plasma (ICP) analysis re-
sults of the also confirmed the present of Ni, Co with atomic ratio of 1:
2.5, and the results were consistent. The XRD, FT-IR, Raman spectra,
SEM, ICP, and EDS results confirmed that, the NiCo,04 materials sup-
ported on Ni foam were successfully synthesized with different
morphology. We hope that, the NiCo,04 crystal growth on nickel foam
leading to enhance the electrochemical performance compared to the
pristine NiCo204 materials.

3.2. Electrochemical characteristics

3.2.1. CV analysis

The energy storage mechanisms of all materials was confirmed by
cyclic voltammetry analysis within the potential range of 0 to 0.5 V at
different scan rates. Fig. 8a shows CV curves of as-prepared materials at
a scan rate of 10 mV s}, these is a pair of clear redox peaks located at
about 0.19 V/0.38 V in all of the CV curves, which is attributed to redox
reactions involved in A—O/A—O—OH (A = Ni, Co) conversions [18,41,
42]. This observation demonstrates that all composites exhibit the
behavior of batteries and their main mechanism for storing energy based
on redox reactions [14,20]. In a potential window of 0 to 0.5 V in an
alkaline solution, redox reaction between NiCo204 and OH™ ion of KOH
electrolyte can be described by the following equations:
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Fig. 8a also indicated that the current density at redox peaks de-
creases in the order of NNCO-1 < NNCO-4 < NNCO-2 < NNCO-3 suggest
that the redox reaction between NiCo,0O4 and OH™ ion on the surface of
the NNCO-1 electrode happens faster than those the NNCO-2, NNCO-3,
and NNCO-4 electrode. Addition, the CV curve of NNCO-1 has internal
area higher than those NNCO-2, NNCO-3, and NNCO-4 samples sug-
gesting a higher specific capacity of NNCO-1 material compared to that
of other materials. Fig. 7(a-d) show CV curves at different scan rate of
NNCO-1, NNCO-2, NNCO-3, and NNCO-4, respectively. As shown in
Fig. 7, when the scan rate was increased from 10 - 100 mV s~ both the
anode peak current (I,;) and cathode peak current (I,.) increase, this
proved redox reaction of active material on electrode with OH™ ions of
electrolyte occurs quickly [21,43]. However, the oxidation and reduc-
tion potentials were shifted to the left and right, respectively when the
scan rate increased due the electrode polarization, which usually occurs
in electrochemical batteries.

Observe the CV curves of NNCO-1, NNCO-2, NNCO-3, and NNCO-4
at the same scan rate found that, both I,, and I, values decrease in
the order NNCO-1 > NNCO-4 > NNCO2 > NMCO-3, suggest that NNCO-
1 sample with morphology as nanosheet-like can higher store large than
other morphologies. The specific capacity (Cs) of these materials at
different scan rates was calculated from CV profiles, and the results

shown in Fig. 8b. The specific capacity values of all materials increased
with decreasing scan rate, and at the same scan rate the Cg values
decrease in the order NNCO-1 > NNCO-4 > NNCO-2 > NNCO-3. The
maximum and minimum specific capacity values of these materials
obtained at 10 and 100 mV s}, respectively. Especially, the maximum/
minimum specific capacity of NNCO-1 were calculated to be 1016.3/
760 C g1, much higher than that of NNCO-2 (743/381 C g~ 1), NNCO-3
(324,208 C g~ 1), and NNCO-4 (935/597.6 C g~ 1). Thus, although all as-
prepared material have the same characteristic properties but their
electrochemical performance is very different. These observations sug-
gestion that the morphology has a strong influence on the electro-
chemical properties of materials. In addition, the anodic and cathodic
peaks shift to higher and lower potentials respectively as the scan speed
increased, this is due to the low material resistance and the fast ion
diffusion rate during process reaction [43]. The variation of I, and Ip.
values when the scan rate increase from 10 to 100 mV s~! was also
calculated from CV profiles, and the result shown in Fig. 9(c-d). As
shown in Fig. 9, both I, and I, vary linearly with the square root of the
scan rate (v 2), comply the equation the Randles-Sevcik equation [44].
These observations provides evidence the redox reaction occurring at
the electrode—electrolyte interface are fast and highly reversible and
limited only by the diffusion of electrolytes [22]. According to Rand-
les-Sevcik equation, when the CV measurements were performed under
the same conditions, the variation of I,, and I,. depends diffusion
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Fig. 10. GCD profiles of the NNCO-1, NNCO-2, NNCO-3, and NNCO-4 samples at different current density.

Table 2
Comparison of NiCo;04-based electrode materials for hybrid supercapacitors.
Electrode Material Method of Electrolyte Cs from GCD Reference
synthesis
NiCo,04 Hydrothermal 6 M KOH 122.5C g’1 [46]
nanoflowers at1Ag!
NiCo204 hollow Hydrothermal 3 M KOH 171.2Ccg! [47]
spheres at1Ag!
NiCo204 Co-precipitation 6 M KOH 202 Cglat [22]
microspheres 1Ag!
Mn-doped Hydrothermal 3 M KOH 204.3Cg! [33]
NiC0,04 at1Ag!
rGO@NiCo,04 Hydrothermal 3 M KOH 427 C g’1 at [21]
1Ag!
NNCO-2 Hydrothermal 3 M KOH 3745Cg! This
at1Ag! study
NNCO-1 Hydrothermal 3 M KOH 503.5Cg! This
at1Ag! study

coefficient of electrolyte ion. The above analysis suggestion the I, and
I,c of NNCO-1 higher than those NNCO-2, NNCO-3, and NNCO-4 may be
due to the diffusion coefficient of OH™ ion for the NNCO-1 electrode is
higher compared to other electrodes.

3.2.2. GCD and cycling analysis

Fig. 10(a-d) show GCD profiles at different current density from 1 to
5 A g~ ! within the potential range of 0 to 0.41 V of NNCO-1, NNCO-2,
NNCO-3, and NNCO-4, respectively. As shown in Fig. 10, the GCD
profiles of all as-prepared materials is the same due they have the same
material nature. The discharge profiles show a voltage plateaus located
at about 0.2V, which was appropriate to the position of cathodic peak in
the CV curves. A clear voltage plateau also appeared at about 0.28V in
the charge profiles, which corresponding to the voltage of anodic peak
was observed in the CV curves. The difference between the discharge
and charge potential plateau in the GCD profiles is very little suggestion
that high electrochemical reversibility [18,45]. Addition, the voltage
plateaus little changed when the density current increased from 1 to 5 A
g!, this provides evidence the electrode polarization in the
charge-discharge process of all materials is small even when the char-
ge/discharge process at high density current.

The specific capacity (Cs) of material were calculated from GCD
profiles and the result shown in Fig. 12a. As expected of the storage
capacity from CV analysis result, C; of NNCO-1 always higher than other
materials when comparing at the same current density and the Cs values
decrease in the order NNCO-1 > NNCO-4 > NNCO-2 > NMCO-3. Spe-
cifically, at a current density of 1 A g’l, the Cs of NNCO-1 is 503.5C g’l,
much higher than that of NNCO-2 (374.5 Cg~!), NNCO-3 (143.5Cg™ 1),
and NNCO-4 (449.3 C g™ 1). For comparison, the C of several battery-
type electrodes fabricated base the NiCo204 nanomaterials for applica-
tion in hybrid supercapactiors were summarized in Table 2. The
maximum specific capacity of NNCO-1 material was 503.5 C g* at a
density current of 1 A g~!, which was much higher than that of NiCo,04
nanoflowers (122.5 C g’l) [46], NiCo204 hollow spheres (171.2 C g’l)
[47], Mn-doped NiCo304 (204.3 C g_l) [33], rGO@NiCo,04 nano-
composites (427 C g’l) [21] . The match well between the CV and GCD
results may conclude that, the morphology of materials is an important
determinant to their electrochemical performance. The difference about
electrochemical performance mainly comes from the difference of ma-
terial resistance, surface area and ion diffusion rate [22,48] . As shown
in SEM image (Fig. 4 and Fig. 5), NiCo204 supported on Ni Foam ma-
terials with morphology nanosheet-like (NNCO-1) have ion diffusion
rate are higher than those nanorod-like (NNCO-2, NNCO-4) and natural
grass-like (NNCO-3) [20,48]. Thus, control the morphology of the ma-
terial is a direct and forceful strategy to alter the electrochemical
properties of material. We hope that, the NNCO-1 material is a prom-
ising material for application as battery-type electrode in hybrid
supercapacitors.

The cycle capability is an important parameter for materials used as
electrode in hybrid supercapacitors. To evaluate the cycle capability,
GCD measurement was performed continuously 2000 cycle at a current
density of 2 A g~! and the result shown in Fig. 12b. It can see that, the
cycling performance of all materials is quite similar due they have the
same material nature. After 2000 consecutive cycles all synthesized
materials maintained 95-97 % of the original Cs. Specifically, the cycling
performance decreases in the order NNCO-1 (97.25%) > NNCO-4
(96.5%) > NNCO-2 (95.7%) > NNCO-3 (95.66%). The results showed
that, morphology not only effects to the specific capacity, but also the
cycling performance. The enhancement of the cycling efficiency of
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Table 3
Values of circuit elements in the EIS equivalent circuit.
Materials/Parameters NNCO-1 NNCO-2 NNCO-3 NNCO-4
Rs (mQ) 693 718 803 708
Rt (mQ) 76 414 555 342
C (mF) 1.46 0.13 0.23 0.9
W (mMho) 1.66 115 442 324
CPE (mMho) 43.6 174 251 79.2
N = 0.964 N =1.08 N =1.04 N=1.01

NNCO-1 compared to NNCO-2, NNCO-3, and NNCO-4 is due to the fact
that the nanosheet-like NNCO-1 sample has lower resistance and better
diffusion rate (Table 3), which decided to the reversibility of the redox
reaction on the electrode surface. The morphology of all materials after

Journal of Energy Storage xxx (XxxX) Xxx

2000 charge/discharge cycles was also examined by scanning electron
microscopy analysis and the results showed in Fig. 11. As shown in
Fig. 11, the morphology of all materials do not change after continuous
charging and discharging, suggestion that synthesized materials have a
stable structure and the connection between layer NiCo,04 and Ni foam
is enduring. This maintaining high capacitance and morphological sta-
bility shows very little change of the spinel structure of NiCo204 as well
as high reversibility in the charge/discharge reactions. Consider overall
the electrochemical properties of all materials indicated that, NNCO-1
sample is a promising material for application as battery-type elec-
trode in hybrid supercapcitor.

3.2.3. EIS analysis
To provide evidence more insight to the better electrochemical

Fig. 11. SEM images of all materials before charge/discharge (a, ¢, e, g) and after 2000 cycle charge/discharge (b, d, f, h).
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Fig. 12. (a) Specific capacity of all material at different current density, (b) Cycling performance of all materials after 2000 cycles at a current density of 2 A g~%; (c)
Overall Nyquist plots of the neat all materials; (d) Nyquist plots of all materials in the high-frequency region; (e) Equivalent circuit diagram used for fitting EIS data.

performances of the NNCO-1 material than those of the NNCO-2, NNCO-
3, and NNCO-4 materials, EIS measurements were conducted in the
frequency range of 1072 to 10 Hz with amplitude of 10 mV and the
results are presented in Fig. 12(c-d). As shown in Fig. 12(c-d), the
Nyquist plots of all as-prepared materials included of a very small
depressed semicircle at high frequency and an inclined line at low fre-
quency suggestion that the electrochemical behavior of the electrode
materials is the same. At the high frequency region, the intercept of the
semicircle in EIS spectra with the real axis depicts the equivalent series
resistance (R;), which is contributed from several factors including the
resistance of the electrode material/current collector, the resistance of
the bulk electrolyte solution, and the resistance of the electrode material
[49]. Since we used the same procedure for preparation of the materials
and the conditions for performing the EIS analysis are exactly the same,
the difference in Ry is mainly originated from the resistance of the
electrode materials. The equivalent circuit diagram used to calculate the
impedance parameters was shown in Fig. 12e, and the parameter values
were summarized Table 3.

As shown in Table 3, the Rg values of NNCO-1, NNCO-2, NNCO-3,
and NNCO-4 materials are 0.693, 0.718, 0.803, 0.708 Q, respectively.
This values was very little, which provides evidence the voltage drop
phenomenon (Fig. 10) immediately after the start of the discharge

process is small. In the equivalent circuit diagram, the R, W, and CPE
parameters are related to the charge-transfer resistance, the heteroge-
neity of the electrode surface, diffusion rate of electrolyte ion, respec-
tively [32]. Table 3 also indicated that the values of all three parameters
increase in the order NNCO-1 < NNCO-4 < NNCO-2 < NMCO-3, which
corresponding to the electronic charge-transfer on NNCO-1 electrode
surface is more convenient advantageous, the surface of NNCO-1 elec-
trode is also more homogeneity, the OH- ion diffusion rate at near the
NNCO-1 electrode surface is higher compared other electrodes [50]. The
difference of the parameters in the equivalent circuit diagram mainly
related to the morphology of materials. The EIS results provide evidence
to explain why the electrochemical performance of the NNCO-1 material
higher than other materials. Therefore, morphology controlled synthesis
to obtain the material with the best performance is important for the
battery-type electrode materials to application in hybrid
supercapacitors.

4. Conclusions
In conclusion, by a facile hydrothermal method we were successfully

synthesized NiCo,04 supported on Ni foam with different morphology,
where the reaction precursor concentration is crucial affected the
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morphology of the materials. The research results of electrochemical
properties indicated that the morphology of materials have strong
influenced on their electrochemical performance. Specially, NiCoy04
supported on Ni foam with nanosheet-like morphology (NNCO-1)
exhibited superior electrochemical performance than different mor-
phologies. At a same current of 1 A g~!, the specific capacity (Cy) of
NNCO-1 (nanosheet-like) is 503.5 C g_1 meanwhile, the Cg of NNCO-2
(nanorod-like), NNCO-3 (grass-like), and NNCO-4 (nanorod-like) are
374.5, 143.5, 449.3 C g~ !, respectively. The result of cycling test indi-
cated that all materials exhibit excellent capacitance retention with the
ability to maintain 95 to 97 % capacitance after 2000 discharge cycles at
a current density of 2 A g~1. All of the results shown that the NNCO-1
sample can be a promising material in the application of high perfor-
mance hybrid supercapacitors.
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