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Hierarchical NiO/Ni-Co-Mn oxide nanocomposite materials on nickel foam substrates were prepared by
chemical bath deposition. The elemental mappings, microstructures and phase structures were observed
by field-emission scanning electron microscope and X-ray diffraction, and the electrochemical
properties were measured by electrochemical workstation. The grid-like NiO nanosheets grew directly
on nickel foam substrates, thereafter Ni-Co-Mn oxide nanosheets were coated on NiO nanosheets to
form a layered composite structure. Cyclic voltammetry analysis shows that the obvious Faradaic
reactions were found and the charge could be stored quickly. The low charge transfer resistance displays
that the nanocomposite structure can improve the electrochemical activity. Meanwhile, the high specific
capacity (1468.14 F gt at a current density of 1 A g%) and high cycle performance (90.76% retention at
5 A gt after 3000 cycles) have been obtained by galvanostatic charge-discharge measurements.
Therefore, NiO/Ni-Co-Mn oxide nanocomposite material as an ideal energy storage material may be
potential to use in high performance supercapacitors.
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1. INTRODUCTION

As mainstream energy storage devices, supercapacitors and lithium batteries are widely used in
many fields, including electric vehicles, power grids and portable personal electronics [1-2].
Supercapacitor has got more and more attention due to its high power density, fast charge and discharge,
and long service life [3]. But, compared with lithium-ion batterie, lower energy density limits its use on
a large scale [4]. In order to make up for these deficiencies, some researchers committed to the research
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and development of new electrode materials, expecting to increase the specific capacity and extend the
potential windows [5-6].

At present, the materials mainly used to prepare supercapacitors are carbon-based materials,
transition metal oxides and conductive polymers [7-8]. Among them, transition metal oxides can store
charge rapidly through Faradaic reactions on the surface of the electrodes [9]. At the same time,
compared with carbon-based materials and conductive polymers, diversified crystal structure, higher
specific capacity and cheaper price make transition metal oxides more attended [10]. Nickel oxide has
become one of the most attractive electrode materials because of the high theoretical specific capacity,
high electrochemical activity and low price [11]. The large scale ultrathin NiO nanoflake has been
prepared by hydrothermal method, which possessed a specific capacity of 870 mF cm™ at a current
density of 1 mA cm™2[12]. However, low electrical conductivity and poor mechanical properties restrict
its real specific capacity and cycle life. These problems need to be solved urgently in order to play a
greater role in the field of capacitors for nickel oxide [13].

In recent years, the polymetallic oxide has attracted wide attention due to the excellent
conductivity. The oxides of Ni, Co and Mn have superior electrochemical properties, and their
synergistic effect also can further improve other performances. For example, Ni-Co-Mn oxide nanosheet
with a specific capacity of 715.1 C g at a current density of 1 A g™ have been obtained by chemical
bath deposition and hydrothermal method [14]. Meanwhile, the structural design of the materials is also
an important factor in improving the electrochemical performance. Compared with nanowires,
nanotubes and nanoparticles, nanosheets are widely used due to their large specific surface areas [15-
16]. In addition, the hierarchical composite structure has been widely concerned, which helps to improve
the electrochemical properties and cyclic stability of the electrode materials [17].

In this study, hierarchical NiO/Ni-Co-Mn oxide nanocomposite materials on nickel foam
substrates were prepared by chemical bath deposition. The elemental mappings, microstructures and
phase structures were observed by field-emission scanning electron microscope and X-ray diffraction,
and the electrochemical properties were measured by electrochemical workstation.

2. EXPERIMENTAL

All the chemical reagents were analytical grade in the experiments. Nickel foams were cut into
small pieces (1x2 cm), then soaked in hydrochloric acid and subjected to ultrasound for 30 minutes to
remove the surface oxide layer. Thereafter, the clean nickel foams were washed several times with
absolute ethanol and deionized water, placed in a vacuum drying oven and dried for 2 hours under 60
°C.

2.1 Preparation of NiO nanosheets

0.5 M NiSO4-6H20 and 0.15 M K3S;0g were dissolved in 40 ml deionized water through

magnetic stirring. Then the green clear solutions were placed in the water bath at 50 °C. After 40 minutes,
the pretreated nickel foams were put into the solution and 4 ml ammonia solution (25 wt% NH3-H20)

was added to facilitate the reaction. Thereafter, the nickel foams were removed from the solution after



Int. J. Electrochem. Sci., Vol. 14, 2019 3001

40 minutes and washed several times with deionized water. The precursors on nickel foam substrates
were prepared and calcinated for 2 hours at 350 °C in the oven, and NiO nanosheets were obtained.

2.2 Preparation of Ni-Co-Mn oxide nanosheets

0.5 M NiS0O4:6H20, 0.5 M CoSO4:7H20, 0.5 M MnSO4-H20 and 0.5 M K>S,0g were dissolved
in 40ml deionized water. The clarified solutions were obtained through magnetic stirring and placed in
the water bath at 50 °C. Then NiO nanosheets on the nickel foam substrates were put into the solution
and 5 ml ammonia solution (25 wt% NHs-H20) was added to facilitate the reaction. Thereafter, the nickel
foams were removed from the solution after 40 minutes and washed several times with deionized water.
The precursors of Ni, Co and Mn on nickel foam substrates were prepared and calcinated for 2 hours at
350 °C in the oven, and Ni-Co-Mn oxide nanosheets were obtained.

2.3. Material characterization

The microstructures were characterized by field-emission scanning electron microscope (FE-
SEM, FEI Nova, NanoSEM 450). The phase structures were measured by powder X-ray diffraction
(XRD, Rigaku D/Max-2200, Japan) using Cu Ka radiation from 10° to 80°.

2.4. Electrochemical measurements of materials

The electrochemical measurements were conducted in a three-electrode system with 2M KOH
solution as electrolyte, in which the reference electrode was saturated calomel electrode (SCE), the
counter electrode was Pt foil and the working electrodes were NiO nanosheets or Ni-Co-Mn oxide
nanosheets on nickel foam substrates. Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were tested by an electrochemical workstation (Princeton, PARSTAT?2273), the
galvanostatic charge-discharge (GCD) and cycle life were carried out by CHI760E electrochemical
workstation.

The specific capacity was calculated by the following formula [18]:

C=(I'At)/(m-AV)

In which 1 is the discharge current, At is the discharge time, m is the quality of the active
substance and AV is the voltage range.

3. RESULTS AND DISCUSSION

3.1. Chemical reaction and synthesis process

The formation of NiO and Ni-Co-Mn oxide nanosheets deposited on nickel foam substrates has
almost the same forming process, and the possible corresponding reactions were shown as follows [19-
22].

[M(H20)6-x(NH3)x]?* + 20H" — M(OH); + (6-x)H20 + XNH3 1)
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2M(OH); + S208* — 2MOOH + 2504% + 2H* (M = Ni, Co, Mn) (2)
4ANiOOH — 4NiO + O, + 2H,0 ©)
3C0O0H — C0304 + 3/2H,0 + 1/40; 4)
4MNnOOH + O, — 4MnO; + 2H,0 (5)

During the course of chemical bath deposition, potassium persulfate was used as an oxidant for
the reactions of Ni, Co and Mn ions. The metal hydroxide nanocrystals formed in the supersaturated
solution were deposited on nickel foam substrates. Through these reactions, the overall surface energy
can be reduced, and then these nanocrystals assembled and self-assembled to form the giant nanosheets.
Finally, the metal hydroxyl oxide precursors were calcinated for 2 hours at 350 °C, and NiO/Ni-Co-Mn
oxide nanocomposite materials on nickel foam substrates were obtained. Its synthesis diagram was
shown in Figure 1.

Chemical Bath Deposition .‘ Q

= lyCalcmatlon nickel foam

—~ ‘\ @ NiO precursor

"\‘ .\‘\ NiO

@B Ni-Co-Mn oxide precursor

Ni-Co-Mn oxide
%Chemical Bath Deposition

Figure 1. Schematic illustration for the synthesis process of the hierarchical NiO/Ni-Co-Mn oxide
nanocomposite material on nickel foam substrate.

Therefore, Ni, Co and Mn oxide nanosheets can grow directly on nickel foam substrates, which
make the materials possess good mechanical adhesion and electrical connection performance.
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3.2. Microstructures and phase structures analysis

The FE-SEM images of the NiO nanosheet, Ni-Co-Mn oxide nanosheet and NiO/Ni-Co-Mn
oxide nanocomposite material on nickel foam substrates were shown in Figure 2.

Figure 2. FE-SEM images of NiO nanosheet (a), NiO/Ni-Co-Mn oxide nanocomposite material (b, )
and Ni-Co-Mn oxide nanosheet (d), (e)-(h) showing elemental mappings for Ni, Co, Mn and O
of image (d).

In Figure 2a, the NiO nanosheets with 400-1200 nm in length and 20-60 nm in thickness grew
directly on nickel foam substrates and intersected with each other to form a complex grid structure.
Meanwhile, the vertical growth of the nanosheets also greatly improved the surface areas of NiO. Based
on this complex grid-like structure, NiO nanosheet has good structural stability and it is also possible to
be used as the substrates for the growth of shell materials. After the second chemical bath deposition, a
thin layer of Ni-Co-Mn oxide nanosheet with 15-30nm in thickness as the shell was covered on the
surface of the grid-shaped NiO nanosheets, as shown in Figure 2b and Figure 2c. In Figure 2c, it can be
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seen that Ni-Co-Mn oxide nanosheet layers were thinly coated on the NiO nanosheet substrate
framework. Compared with Figure 2b, Ni-Co-Mn oxide nanosheets directly deposited on nickel foam
substrates were shown in Figure 2d. It is found from Figure 2d that Ni-Co-Mn oxide nanosheets on
nickel foam substrates were also grid-shaped, but their sizes obviously increase. The main reason may
be that the difference of the sedimentary substrate. Subjected to the sizes of NiO nanosheet substrates,
the sizes of Ni-Co-Mn oxide nanosheets were smaller than those of one direction growth on nickel foam
substrates. The size reduction that caused by this core-shell structure increased the surface areas and
more loading mass also was obtained. Figure 2e-h shows the elemental mappings of Ni, Co, Mn and O,
it is clear that Ni, Co and Mn existed and were uniformly distributed on the surface of NiO nanosheets.

Ni-Co-Mn oxide nanosheet and NiO/Ni-Co-Mn oxide nanocomposite material were stripped
from the nickel foam surface and analyzed in order to avoid the influence of the substrate on phase
structures, and their XRD patterns were shown in Figure 3.
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Figure 3. XRD patterns of nickel foam, Ni-Co-Mn oxide nanosheet and NiO/Ni-Co-Mn oxide
nanocomposite material.

It can be seen from Figure 3 that the strong diffraction peaks were obtained at 20 of 37.25°, 43.28°
and 62.85° in the structures of Ni-Co-Mn oxide nanosheet and NiO/Ni-Co-Mn oxide nanocomposite
material, those were typical characteristic peaks of NiO (PDF No. 44-1159) at the (101), (012) and (110)
crystal faces. In addition, there were other peaks at 20 of 31.27°, 36.85°and 65.23 °, those were the peaks
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of Co304 (PDF No. 43-1003) at the (2 2 0), (3 1 1) and (4 4 0) crystal faces, indicating the generation of
Co304 on the nickel foam surfaces after that the precursors of Ni, Co and Mn were calcinated. In addition,
there were no peaks of Ni and Mn in the diffraction pattern of Ni-Co-Mn oxide nanosheet, but Ni and
Mn existed according to the Figure 2e-h, one possible reason is that Ni and Mn oxides were too little to
be detected, another may be that Ni and Mn in the forms of ions replaced parts of Co atoms in the
structure of C0304[23].

3.3. Electrochemical properties
Electrochemical properties of NiO nanosheet, Ni-Co-Mn oxide nanosheet and NiO/Ni-Co-Mn

oxide nanocomposite material on nickel foam substrates were evaluated by CV, GCD and EIS, and the
CV curves were shown in Figure 4.
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Figure 4. (a) CV curves of NiO nanosheet, Ni-Co-Mn oxide nanosheet and NiO/Ni-Co-Mn oxide
nanocomposite material at a constant scan rate10 mV s?, (b) CV curves of NiO/Ni-Co-Mn
oxide nanocomposite material at various scan rate from 5 to 100 mV s™.

Figure 4a is a comparison of CV curves for the NiO nanosheet, Ni-Co-Mn oxide nanosheet and
NiO/Ni-Co-Mn oxide nanocomposite material under a potential window of 0-0.8 V. The redox peaks
appeared in three locations. Those peaks exhibited obvious battery characteristics, so the CV curves
were different from the rectangular those of the general electric double-layer capacitors. The anodic peak
potentials of NiO nanosheet, Ni-Co-Mn oxide nanosheet and NiO/Ni-Co-Mn oxide nanocomposite
material were around 0.67, 0.57 and 0.61 V, and their cathodic peak potentials were around 0.51, 0.45
and 0.44 V. It can be seen that the redox current of NiO/Ni-Co-Mn oxide nanocomposite material was
higher than that of NiO nanosheet and Ni-Co-Mn oxide nanosheet. The largest area indicated that
NiO/Ni-Co-Mn oxide nanocomposite material had the highest specific capacity.

Figure 4b displays the CV curves of NiO/Ni-Co-Mn oxide nanocomposite material at different
scan rates. It is obvious that the distinct redox peaks were produced between the active materials and
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electrolytes, exhibiting a pure Faradaic performance [24]. The Faradaic redox reactions in an alkaline
electrolyte were expressed as follows [25]:

MnNiC0O4 + H20 + OH- = CoOOH + MnOOH + NiOOH + ¢ (6)
NiO + OH" = NiOOH + & ©)
CoOOH + MnOOH + 20H" 5 Co0; + MnO; + 2H,0 + &° (8)

The above CV curves at different scan rates can reflect the conductivity of the materials. It can
also be seen form Figure 4b that the oxidation peaks gradually turned into spindle shape with increasing
scanning rate from 5 to 100 mV s™. The main reason is that ions and electrons can only contact finite
outer surface and not enter into the internal structure at high scanning rates [26].
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Figure 5. (a) GCD curves of NiO nanosheet, Ni-Co-Mn oxide nanosheet and NiO/Ni-Co-Mn oxide
nanocomposite material, (b) GCD curves of NiO/Ni-Co-Mn oxide nanocomposite materials
under different current densities, (¢) The cycle performance of NiO nanosheet, Ni-Co-Mn oxide
nanosheet and NiO/Ni-Co-Mn oxide nanocomposite material.
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The GCD measurements were conducted under a potential window of 0-0.7 V, and the results
were shown in Figure 5.

Figure 5a shows the GCD curves of NiO nanosheet, Ni-Co-Mn oxide nanosheet and NiO/Ni-Co-
Mn oxide nanocomposite material at a current density of 2 A g. It can be seen from Figure 5a that these
curves reflected the existence of redox reactions, which were consistent with CV curves. All three GCD
curves had obvious nonlinear characteristics, indicating that the specific capacity was mainly produced
by Faradaic reactions rather than the electric double layer energy storage. Moreover, the specific
capacities of NiO nanosheet, Ni-Co-Mn oxide nanosheet and NiO/Ni-Co-Mn oxide nanocomposite
material were 571.43, 1162.86, and 1431.53 F g, respectively. Among three materials, the specific
capacity of NiO/Ni-Co-Mn oxide nanocomposite material was the highest, which is good for improving
the electrochemical activity and specific capacity.

Figure 5b shows the GCD curves of NiO/Ni-Co-Mn oxide nanocomposite materials under
different current densities from 1to 10 A g. The specific capacities of 1, 2, 3,5, 10 A g were 1468.14,
1431.53, 1391.62, 1344.67 and 1270.34 F g%, respectively. It is found that with the increase of the current
density, the discharge platform was gradually shortened and the discharge amount was gradually
decreased. The specific capacity was decreased with the increase of current density may be that the
diffusion of OH" ions in the electrolyte was too slow to meet the needed amount of OH" ions on the
surface of the electrode under the condition of high current density [27].

The cycling performance of NiO nanosheet, Ni-Co-Mn oxide nanosheet and NiO/Ni-Co-Mn
oxide nanocomposite material was measured by GCD under the current density of 5 A g%, as shown in
Figure 5c. It is obvious that the specific capacity retention rate of NiO/Ni-Co-Mn oxide nanocomposite
material remained at 90.76%, showing good circulation performance after 3000 cycles.

The specific capacity performance of several types of composite materials was listed in Table 1,
containing Ni-Co-Mn oxide, C0304/MnQOz, C0304/MnO2—NiO/C0304/MnO2, MnO2/NiCo.0 and
NiO/Ni-Co-Mn oxide. It can be seen from Table 1 that NiO/Ni-Co-Mn oxide nanocomposite material
obtained in this research possessed a higher specific capacity than other composite materials, indicating
that as an ideal energy storage material, NiO/Ni-Co-Mn oxide nanocomposite material on nickel foam
substrate may be potential to use in high performance supercapacitors.

Table 1. Comparison of the specific capacity performance of several types of composite materials

Specific
Material Morphology =~ Method czillp;acity (F Reference
g
Ni-Co-Mn oxide nanotubes Hydrothermal 680 [28]
Ni-Co-Mn oxide nanoflakes Microwave synthesis 1151 [29]
C0304/Mn0O; microspheres ~ Hydrothermal 671 [30]
NiO/C0304/MnO; nanosheets Hydrothermal 792.5 [31]
MnO2/MnC0204 nanoparticles  Solution combustion 497 [32]
MnO2/NiC0,04 nanospheres Microemulsion method 1127.27 [33]
NiC0204/Mn0O; nanosheets Electrodeposition 913.6 [34]

NiO/Ni-Co-Mn oxide nanosheets Chemical bath deposition 1468.14 This work
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In order to further understand the charge conduction performance, the EIS of NiO nanosheet, Ni-
Co-Mn oxide nanosheet and NiO/Ni-Co-Mn oxide nanocomposite material was measured, and their
Nyquist plots in the frequency range of 100 kHz to 0.1 Hz were shown in Figure 6.
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Figure 6. The Nyquist plots of NiO nanosheet, Ni-Co-Mn oxide nanosheet and NiO/Ni-Co-Mn oxide
nanocomposite material. Inset: the zoom-in Nyquist plots at the high-frequency region and the
electrical equivalent circuit used for fitting impedance spectra.

The impedance spectrum is consisted of the curve of the high-frequency region of the charge-
transfer resistance (Rct) and the straight line of the low-frequency zone representing Warburg impedance
(Zw) [35]. Meanwhile, the intercept of Nyquist plots on the X-axis represents the internal resistance (Rs),
including intrinsic resistance of substrate, ionic resistance of electrolyte and contacting resistance
between active materials and current collector interface [36]. According to the equivalent circuit diagram
shown in Figure 6, it is known by fitting analysis that the Rs of NiO nanosheet, Ni-Co-Mn oxide
nanosheet and NiO/Ni-Co-Mn oxide nanocomposite material were 0.62 Q, 0.84 Q and 0.75 Q,
respectively. The Rct of NiO/Ni-Co-Mn oxide nanocomposite material was 0.15 Q, which was
significantly less than 0.28 Q of NiO nanosheet and 0.17 Q of Ni-Co-Mn oxide nanosheet. The low Rt
is beneficial to Faradaic reaction, so NiO/Ni-Co-Mn oxide nanocomposite material shows higher
electrochemical activity and specific capacity [37].

4. CONCLUSIONS

Hierarchical NiO/Ni-Co-Mn oxide nanocomposite materials on nickel foam substrates have been
prepared by chemical bath deposition and calcination. The grid-like NiO nanosheets grew directly on
nickel foam substrates, thereafter Ni-Co-Mn oxide nanosheets were coated on the NiO nanosheets to
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form a layered composite structure. NiO/Ni-Co-Mn oxide nanocomposite material exhibited high
specific capacity of 1468.14 F g at a current density of 1 A g, high cycle performance of 90.76%
retention at 5 A g after 3000 cycles and low charge-transfer resistance of 0.15 Q. Therefore, it may be
potential to use in high performance supercapacitors.
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