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Facile preparation of porous sheet—sheet
hierarchical nanostructure NiO/Ni—-Co—Mn-0,

with enhanced specific capacity and cycling
stability for high performance supercapacitors
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NiO, Ni-Co-Mn-0O, and NiO/Ni—Co-Mn-0O, on nickel foam substrates were prepared via a chemical bath

deposition—calcination. The thermodynamic behavior was observed by TG/DTA. The chemical structure

and composition, phase structure and microstructures were tested by XPS, XRD, FE-SEM and TEM. The

electrochemical performance was measured by CV, GCD and EIS. The mechanism for formation and

enhancing electrochemical performance is also discussed. Firstly, the precursors such as NiOOH,
CoOOH and MNOOH grow on nickel foam substrates from a homogeneous mixed solution via chemical

bath deposition. Thereafter, these precursors are calcined and decomposed into NiO, Cos04 and MnO,

respectively under different temperatures in a muffle furnace. Notably, NiO/Ni-Co-Mn-O, on nickel

foam substrates reveals a high specific capacity with 102350 C g~ at 1 A g~ and an excellent
capacitance retention with 103.94% at 5 A g~! after 3000 cycles in 2 M KOH, its outstanding
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electrochemical performance and cycling stability are mainly attributed to a porous sheet—sheet

hierarchical nanostructure and synergistic effects of pseudo-capacitive materials and excellent redox
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rsc.li/rsc-advances performance supercapacitors.

1. Introduction

Supercapacitors have attracted wide attention for intermittent
energy source application such as hybrid electricity-propelled
vehicles, portable electronics, and memory back-up systems.'
There are two types of capacitor according to the energy storage
principle.*® One is an electrical double-layer capacitor (EDLC)
which stores energy through electrostatic charge separation on
electrode/electrolyte surfaces, and active carbon, carbon nano-
tube and graphene etc., are typical EDLC electrode materials.*™*
The other is a pseudocapacitor which stores its charges via
reversible and fast faradaic redox reaction at the electrode
material's interface, and its typical electrode materials include
metal hydroxide,'>** metal oxide,*** metal sulphide,>'*** metal
phosphide,>?** and conductive polymer.*®*** In addition, there
are also reports about the use of black phosphorus,*® metal-
organic frameworks,”” and MXenes.”®

A supercapacitor possesses high power density, rapid charge
and discharge rate, and durable cycling ability.>**° Its potential
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reversibility. Therefore, this research offers a facile synthesis route to transition metal oxides for high

application has inspired a great deal of interest in high-
performance electrode materials such as multiple transition
metal oxides. Typically, honeycomb-like NiCo,0,@NF exhibits
a specific capacity of 646.6 F g~ ' at 1 A g~ . Three-dimensional
(3D) NiCo,0, nanoflowers exhibit a specific capacity of 543 F
g 'at1 A g ' and a capacitance retention of 90.6% at 3 A g~ '
after 1000 cycles in 3 M KOH.** Three-dimensional Ni-Co-Mn
LDH nanoflakes with a hierarchical and porous structure
deliver a specific capacity of 2012.5 F g ' at 1 A ¢! and
a capacitance retention of 75.0% at 10 A g~ in 1 M KOH.*
Another hierarchical Ni-Co-Mn ternary oxide nanosheet was
synthesized via a two-step strategy involving chemical bath
deposition and thermal annealing, and it delivers a specific
capacity of 715.1 Cg "at 1 Ag ' in 1 M KOH.* A facile method
to design C03;0,~MnO,-NiO ternary hybrid 1D nanotube arrays
has been reported, which stores charge as high as 2020 C g~*
(equivalent specific capacity of ~2525 F g ') and delivers
a capacitance retention of 80% at 12.2 A g~ " after 5700 cycles in
1 M KOH.*

Low energy density, low specific capacity, or poor cycling
stability are the main problems limiting the use of transition
metal oxides in supercapacitors. In our research, deposits of
NiO, Ni-Co-Mn-0O,, and NiO/Ni-Co-Mn-O, were prepared on
nickel foam substrates via a chemical bath deposition-

This journal is © The Royal Society of Chemistry 2020
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calcination. The relationships among chemical structure and
composition, phase structures, microstructures, thermody-
namic behavior and electrochemical performance are dis-
cussed. Notably, NiO/Ni-Co-Mn-O, on nickel foam substrate
exhibits a high specific capacity (1023.50 Cg ' at 1 Ag ') and
excellent capacitance retention (103.94% at 5 A g~ * after 3000
cycles in 2 M KOH). Its outstanding electrochemical perfor-
mance and cycling stability are attributed mainly to a porous
sheet-sheet hierarchical nanostructure, the synergistic effects
of pseudo-capacitive materials and excellent reversibility.

2. Experimental section
2.1 Preparation for deposition of NiO and Ni-Co-Mn-O,

Analytical grade chemical reagents including nickel sulfate
(NiSO,-6H,0), potassium persulfate (K,S,03), cobaltous sulfate
(CoS0O,-7H,0), manganese sulfate (MnSO,-H,0), ammonium
hydroxide (NH;-H,0) and hydrochloric acid (HCL), were used
to the deposition of NiO and Ni-Co-Mn-O,.

Deposition of NiO, Ni-Co-Mn-O,, and NiO/Ni-Co-Mn-O,
on nickel foam substrates was performed via a chemical-bath
deposition—calcination, as shown in Fig. 1. In which, nickel
foam is substrate, NiO is an intermediate layer, and Ni-Co-Mn-
O, is topmost layer. The formation mechanism of Ni-Co-Mn-
O, is as follows.?*38

Firstly, during the course of the chemical bath deposition,
precursors such as NiOOH, CoOOH and MnOOH grew on the
surface and the interior of NF substrates in a homogeneous mixed
solution through the following reactions: [M(H,0)s_.(NH;),J** +
20H~ — M(OH), + (6—x)H,0 + xNH; where M = Ni, Co, or Mn,
and 2M(OH), + S,05>~ — 2MOOH + 280,>~ + 2H" where M = Ni,
Co, or Mn. Secondly, NiOOH, CoOOH and MnOOH precursors
were calcined at different temperatures in a muffle furnace, those
were decomposed to NiO, Co;0,4, and MnO, through the following
reactions: 4NiOOH — 4NiO + 0,1 + 2H,071, 3CoOOH — Co0;0, +
3/2H,01 + 1/40,7 and 4MnOOH + O, — 4MnO, + 2H,01.
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Thereafter, a porous sheet-sheet hierarchical composite nano-
structure was obtained.

Before the chemical bath deposition of NIOOH precursors or
Ni-Co-Mn-O, precursors (NiOOH, CoOOH, or MnOOH), a pre-
treatment process was performed as follows. The NF substrate
(1.0 cm x 2.0 em, and 0.1 cm thick) was immersed in 3 mol L™"
HCI solution and subjected to ultrasonic cleaning for 30 min to
remove surface oxide layer. Then it was put in deionized water
and anhydrous ethanol to obtain pre-treated NF substrate.

With the NF substrate prepared, 0.016 mol NiSO,-6H,0 and
0.008 mol K,S,0g were dissolved in 40 mL of deionized water
with stirring for 10 min to form a homogeneous mixed solution.
Thereafter, chemical-bath deposition of NiOOH precursors
were performed as follows. The pre-treated NF was placed
(vertical) into the homogeneous mixed solution, to which was
added 25 wt% NH;-H,O until pH value reached 8.5. After
40 min, the NF loaded with NiOOH precursors was removed
from the homogeneous mixed solution, cleaned with deionized
water and dried in a vacuum drying oven at 60 °C for 2 h.
Finally, calcination of the NiOOH precursors was performed.
Dried NiOOH precursors on NF substrates were placed in
a muffle furnace with heating at 10 °C min~" until up to 350 °C.
After 2.5 h, the deposit of NiO was obtained on NF substrate.

Next, 0.008 mol NiSO,-6H,0, 0.008 mol CoSO,-7H,0,
0.006 mol MnSO,-H,0, and 0.006 mol K,S,04 were dissolved in
40 mL of deionized water with stirring for 10 min until
a homogeneous mixed solution was prepared. Thereafter,
a chemical bath deposition of Ni-Co-Mn-O, precursors was
performed. The pre-treated NF was placed in a vertical orien-
tation in the mixed solution, to which was added 25 wt%
NH;-H,0 until pH value reached 9.0. After 30 min, the NF
loaded with Ni-Co-Mn-O, precursors was removed from the
solution, cleaned with deionized water and dried in a vacuum
drying oven at 60 °C for 2 h. Finally, calcination was performed,
the dried Ni-Co-Mn-O, precursors on NF substrates were
placed into a muffle furnace with heating at 2 °C min~ " until up
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—

350°C 2.5h

$e
NiO/NF
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Fig. 1 Schematic illustration for preparing NiO and Ni—-Co—-Mn-0O, deposits on nickel foam (NF) substrates.
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to 350 °C. After 2.5 h, a Ni-Co-Mn-0O,. deposit was obtained and

it consisted of mixed phases of NiO, Co;0,, and MnO,.
Thereby, NiO/NF, Ni-Co-Mn-0O,/NF and NiO/Ni-Co-Mn-0O,/

NF were prepared for further characterization, and the loading

mass of NiO/Ni-Co-Mn-O, was about 1.4-1.6 mg cm ™ 2,

2.2 Characterization of structure and microstructure

The surface microstructures and components of NiO, Ni-Co-
Mn-O, and NiO/Ni-Co-Mn-0O, were measured via field-
emission scanning electron microscopy (FE-SEM) and recor-
ded on a FEI Nova Nano scanning electron microscope 450
equipped with an energy-dispersive X-ray (EDS) system at 15 kV.
More of the microscopic morphology and structure were
examined using transmission electron microscopy (TEM)
images and high-resolution TEM (HRTEM) images. The phase
structures were measured by powder X-ray diffraction (XRD)
patterns recorded on a Rigaku D/Max-2200 diffractometer with
Cu Ka radiation. The chemical structure and composition were
examined using X-ray photoelectron spectroscopy (XPS) spectra
recorded on a PHI5000 multifunctional X-ray photoelectron

View Article Online

Paper
spectrometer. This was followed by thermogravimetric/
differential thermal analysis (TG/DTA) performed using

a synchronous thermal analyser and recorded on a NETZSCH
(STA449F3).

2.3 Electrochemical measurements

The cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) of NiO/NF, Ni-Co-Mn-O,/NF, and NiO/Ni-
Co-Mn-O,/NF were measured using an electrochemical work-
station recorded on PARSTAT2273. The galvanostatic charge-
discharge (GCD) and cycling stability performance were deter-
mined by a CHI760E electrochemical workstation. Among these
electrochemical measurements, a standard three-electrode
process was performed, in which the prepared sample was
used as the working electrode, a saturated calomel electrode
(SCE) was used as reference electrode, and platinum foil was
used as the counter electrode. The reference electrode and the
working electrode were linked by a Luggin capillary filled with
agar and potassium chloride. The distance between the capil-
lary and the working electrode was about 2d (where d is the
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Fig. 2 SEM images of (a) NF, (b) NiO/NF, (c) Ni-Co-Mn-0O,/NF and (d) NiO/Ni-Co-Mn-0O,/NF. (e-h) Elemental distribution mappings and (i)

EDS spectra of NiO/Ni—-Co-Mn-0,.
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diameter of the capillary). In this case, 2 M KOH aqueous
solution was used as electrolyte, and its temperature was
maintained at 25 °C.

The specific capacity (C, C g ') was calculated by the
following formula:***

C=1xtlm (1)
where ¢ is discharge time (s), I is discharge current (A), m is mass
of the active substance.

3. Results and discussion

3.1 Surface morphology and microstructure

SEM images of NF, NiO/NF, Ni-Co-Mn-O,/NF and NiO/Ni-Co-
MnO,/NF are shown in Fig. 2(a-d). The surface elemental
mappings of Ni, Co, Mn and O for NiO/Ni-Co-MnO,/NF are
shown in Fig. 2(e-i).

As shown in Fig. 2(a), NF substrate has a grid structure and
a relatively smooth surface. Fig. 2(b-d) shows that NiO, Ni-Co-
Mn-O, and NiO/Ni-Co-Mn-O, deposits are formed both on the
outside and inside of NF substrates. Thus, some regular grid
micropores exist on the surface and also inside of these
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deposits. More specifically, such deposits form a porous sheet-
sheet hierarchical composite structure. After chemical-bath
deposition of 30-40 min and calcination of 2.5 h at 350 °C,
these micropores are still not filled completely by NiO or Ni-Co-
Mn-O, deposits. This porous sheet-sheet hierarchical
composite structure can help to eliminate the internal stress
generated in the crystals. It can also promote the formation of
an embedded structure, strengthening the junction between the
prepared deposits and NF substrates. Fig. 2(e-i) shows that
elements such as Ni, Co, Mn and O are present and distributed
uniformly over the surface of the deposits with an unknown
phase structure.

To avoid the influence of NF substrates on phase structures,
the prepared NiO, Ni-Co-Mn-O, and NiO/Ni-Co-Mn-O,
deposits were stripped from the substrate surface after calci-
nation. Thereafter, the samples were measured by XRD and
XPS. The results are shown in Fig. 3.

It can be seen from Fig. 3(a) that the main diffraction peaks
of NiO appear at 37.2°, 43.3°, 62.4°, 75.4° and 79.4°, and their
corresponding diffraction crystal planes are (101), (012), (110),
(113) and (202) in accordance with the standard card (JCPDS no.
44-1159). For Ni-Co-Mn-0, deposit, there are diffraction peaks
of Co;0, at 19.0°, 31.2°, 36.9°, 59.3° and 65.2° except those of
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deposits; XPS spectrum of Ni-Co-Mn-0O, deposit with (b) Ni 2p, (c) Co
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NiO at 43.3° and 62.4°, and their corresponding diffraction
crystal planes are (111), (220), (311), (511), and (440) in accor-
dance with the standard card (JCPDS no. 43-1003). It is also
clear from NiO/Ni-Co-Mn-O, deposit that the diffraction peaks
of NiO and Co30, are similar to those of Ni-Co-Mn-O, deposit.
However, the diffraction peak of NiO is obviously strengthened
at 43.3°, indicating that the growth rate of NiO in the Ni-Co-
Mn-O, precursor is faster than that in the NiOOH precursor.
Additionally, the peak characteristic of manganese oxide is not
observed, which may be due to its low content.

To further verify the chemical structure and composition of
elements Ni, Co, Mn and O, X-ray photoelectron spectroscopy
(XPS) was employed and the results are shown in Fig. 3(b-d). As
shown in Fig. 3(b), the peaks at 854.09 eV and 871.58 eV are
attributed to Ni 2p3/, and Ni 2p,,, separated from in the Ni 2p
region. It also can be seen from Fig. 3(b) that the difference
value of the binding energy between Ni 2p3,, edge and Ni 2p,, is
17.49 eV, suggesting the existence of NiO. Meanwhile, the peaks
at 856.01 eV and 873.57 eV correspond to the binding energy of
Ni**, According to the results in Fig. 3(a) and 4(f), it can be seen
that the characteristic peaks and diffraction rings of Ni,O; were
not observed. Therefore, it can be concluded that Ni,O; may
exist only in trace amounts in the Ni-Co-Mn-O, deposit. Co 2p
spectra in Fig. 3(c) shows that the peaks at 780.33 eV (Co 2pas/»)
and 795.53 eV (Co 2p,,) are observed, demonstrating that
Co30, has been obtained from CoOOH precursor. Mn 2p

——— 100 nm

——— 100 nm

Fig. 4
SAED image of NiO/Ni—Co-Mn-0,.
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spectra in Fig. 3(d) presents the peaks at 641.85 eV (Mn 2p3/,)
and 653.53 eV (Mn 2p,,,) are obvious, and the difference value
of their binding energy is 11.68 eV, which is consistent with
MnO,.* %2

TEM images of NiO and NiO/Ni-Co-Mn-O, deposits are
shown in Fig. 4. Fig. 4(a) and (d) are low magnification TEM
images of NiO and NiO/Ni-Co-Mn-O, deposits, which shows
that a porous sheet-sheet hierarchical nanostructure has been
obtained and Ni-Co-Mn-O, deposit can form on the surface of
NiO deposit. The HRTEM image of NiO in Fig. 4(b) shows well-
defined lattice fringes with a lattice spacing of ~0.24 nm cor-
responding to (101) crystal plane of NiO. In HRTEM image of
NiO/Ni-Co-Mn-O, in Fig. 4(e), it is obvious that a distinct set of
the lattice fringes with a lattice spacing of ~0.20 nm are indexed
to (012) crystal planes of NiO, and those of ~0.24 nm are
indexed to (311) crystal planes of Co;0,. In addition, there are
also lattice fringes with a lattice spacing of ~0.47 nm corre-
sponding to (111) crystal planes of MnO,. The selected-area
electron diffraction (SAED) patterns in Fig. 4(c) and (f) show
that NiO and NiO/Ni-Co-Mn-O, nanoflakes have a poly-
crystalline structure. The diffraction rings on (101) and (012)
crystal planes indicate NiO phase and the diffraction rings on
(311) and (111) crystal planes indicate the Co3;0, phase and
MnO, phase, respectively.**** Therefore, above results show that
NiO, Co304, and MnO, have been obtained successfully via
a chemical bath deposition-calcination method, and NiO/Ni-

5.00 1/nm

——————————5.00 1nm

5.00 1/nm

5.00 1/nm

(a) Low magnification TEM image, (b) HRTEM image and (c) SAED image of NiO; (d) low magnification TEM image, (e) HRTEM image and (f)

This journal is © The Royal Society of Chemistry 2020
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Co-Mn-O, deposit is a porous sheet-sheet hierarchical nano-
structure consisting of NiO, Co;0, and MnO, mixed phases.

3.2 Thermogravimetric/differential thermal analysis

To avoid the influence of NF substrate on the thermal analysis
of the deposits, NiIOOH precursors or Ni-Co-Mn hydroxide
precursors were stripped from the surface of NF substrates for
calcination. Thereafter, TG/DTA was carried out from room
temperature to 450 °C. During the course of calcination, the
growth rate of crystals was accelerated with increase of heating
rate, leading to instability of the growing structure and the
weakening of its properties. Therefore, the heating rate for
NiOOH precursors was controlled at 10 °C min " and that of Ni-
Co-Mn-O, precursors was controlled at 2 °C min™".

The TG/DTA curves of NiOOH precursors adn Ni-Co-Mn
hydroxide precursors are shown in Fig. 5.

As can be seen from Fig. 5(a), when heating temperature
rises from 100 °C to 190 °C, NiOOH precursors exhibit a first
weight loss (accompanied by a —9.62% mass change). This is
mainly caused by volatilization of the physical-chemical bond
water in the precursors. Moreover, the value of the endothermic
peak is the largest when the sample is heated at 123.3 °C,
indicating that the volatilization rate is the fastest. Thereafter,
when heating temperature rises from 190 °C to 450 °C, NiOOH
precursors exhibit a second weight loss (mass change of
—13.71%). The highest endothermic peak occurs at 328.4 °C,
indicating that NiOOH precursors have been decomposed to
NiO and its decomposition rate is the fastest.

As can be seen from Fig. 5(b), when heating temperature
rises from 100 °C to 160 °C, Ni-Co-Mn hydroxide precursors
exhibit a first weight loss (—11.73% mass change). The highest
endothermic peak occurs at 125.4 °C, which is also mainly
caused by the volatilization of physical-chemical bond water in
the precursors. When heating temperature rises from 160 °C to
310 °C, Ni-Co-Mn hydroxide precursors exhibit a second weight
loss (—11.98% mass change). The highest endothermic peak
occurs at 282.7 °C, indicating that CoOOOH precursors have been
decomposed to Co3;0,4 and the formation rate of Co;0, is the
fastest. When heating temperature rises from 310 °C to 370 °C,
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a third weight loss (—7.88% mass change) occurs, and the
highest endothermic peak appears at 353.6 °C, which indicates
that NiOOH precursors have been decomposed to NiO and the
formation rate of NiO is fastest at 353.6 °C. Moreover, compared
with pure NiOOH precursors, the decomposition temperature
required for Ni-Co-Mn hydroxide precursors is higher. There-
after, when heating temperature rises sequentially from 370 °C
to 400 °C, there occurs a trace amount of mass loss and a very
small endothermic peak at 390 °C, which is caused by the
decomposing of MnOOH precursors to MnO,.

3.3 Electrochemical performance

To study the electrochemical performance of NiO/NF, Ni-Co-
Mn-O,/NF and NiO/Ni-Co-Mn-O,/NF, their CV, EIS and GCD
curves were measured, and specific capacity and cycling
stability were obtained. The CV curves of NiO/NF, Ni-Co-Mn-
O,/NF and NiO/Ni-Co-Mn-O,/NF are shown in Fig. 6(a), and the
CV curves of NiO/Ni-Co-Mn-0O,/NF at different scan rates are
shown in Fig. 6(b).

As shown in Fig. 6(a), a pair of redox peaks appear on the CV
curves of NiO/NF, Ni-Co-Mn-O,/NF and NiO/Ni-Co-Mn-O,/
NF. Different from the rectangular curve of the general electric
double-layer capacitor, these redox peaks show obvious battery
characteristics, indicating that the following faradaic reactions
have occurred:***®

NiO + OH™ = NiOOH + ¢~ 2)
Co304 + OH™ + H,O = 3CoOOH + e~ (3)
CoOOH + OH™ = Co0O, + HO + e~ (4)
MnO, + H" + e~ = MnOOH (5)
MnO, + K* + e~ = MnOOK (6)

Generally, the area enclosed by CV curves is related to
specific capacity.” It can be seen from Fig. 6(a) that the enclosed
area of NiO/Ni-Co-Mn-O,/NF is the largest among the three
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Fig. 5 TG/DTA curves of (a) NiOOH precursors and (b) Ni-Co—Mn hydroxide precursors stripped from the surface of NF substrates.
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Fig. 6 (a) CV curves of NiO/NF, Ni-Co—Mn-0,/NF and NiO/Ni-Co-Mn-0O,/NF at a scan rate 10 mV s 2, (b) CV curves of NiO/Ni-Co-Mn-0,/

NF at different scan rates.

kinds of materials, indicating that its specific capacity is also
the highest.

As shown in Fig. 6(b), there are also faradaic reactions for
NiO/Ni-Co-Mn-O,/NF at different scan rates, which displays
excellent redox reversibility. Typically, the redox peak current

increases with the rise of scanning rate from 5 mv s~ * to 100 mV
s~', while the oxidation and reduction potentials move to
higher and lower potential directions respectively due to
polarization effects at high scanning rate. The increase of

scanning rate affects the diffusion rate of OH  in 2 M KOH,
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capacity of NiO/Ni—-Co-Mn-0O,/NF at different current densities. (d) Nyquist plots of NiO/NF, Ni-Co-Mn-0O,/NF and NiO/Ni-Co-Mn-0O,/NF at
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leading to a decrease in the utilization of active substances,
which is not good for redox reactions.*®

GCD curves of NiO/NF, Ni-Co-Mn-0O,/NF and NiO/Ni-Co-
Mn-O,/NF at a current density of 2 A g~ " are shown in Fig. 7(a).
The GCD curves of NiO/Ni-Co-Mn-0O,/NF at different current
densities are shown in Fig. 7(b) and its specific capacity is
shown in Fig. 7(c).

Fig. 7(a) shows that GCD curves have obvious nonlinear
characteristics accompanied by redox reactions, indicating that
a specific capacity is generated by faradaic reactions rather than
an electrical double layer. Moreover, the change of redox peaks
can be observed by means of voltage platforms. According to
formula (1), the specific capacity of NiO/NF, Ni-Co-Mn-O,/NF
and NiO/Ni-Co-Mn-O,/NF at a current density of 2 A g~ " was
calculated and the results are 413.44 C g~ ', 740.06 C g ', and
978.56 C g~ ', respectively. The specific capacity of NiO/Ni-Co-
Mn-O,/NF is obviously greater than that of the other two
materials, the main reason is that NiO/Ni-Co-Mn-O,/NF has
a porous sheet-sheet hierarchical nanostructure and the
synergistic effect between NiO and Ni-Co-Mn-O,, leading to an
enhancement of its specific capacity.

Fig. 7(b) and (c) show that the specific capacity of NiO/Ni-
Co-Mn-O,/NF is 1023.50 C g, 978.56 Cg %, 934.62 C g ', 905
C g "and 855 C g ' at the current densityof 1A g™ ", 2 A g™,
3Ag ',5Ag "and 10 Ag ", respectively. Typically, the specific
capacity tends to decrease with increasing the current density
(Fig. 7(c)), the reason is that at high current density, the diffu-
sion rate of OH™ is decreased in 2 M KOH, leading to increase in
the ionic diffusion and migration resistance, so that the fara-
daic reactions cannot be conducted adequately by the active
substances.

The alternating current impedance reflects the ion or charge
transfer property of the prepared samples; Nyquist plots of NiO/
NF, Ni-Co-Mn-0O,/NF and NiO/Ni-Co-Mn-O,/NF are shown in
Fig. 7(d). These impedance plots consist of a semicircle in the
high-frequency region and a line in the low-frequency region.
Internal resistance (R), including ionic resistance of the elec-
trolyte, intrinsic resistance of the prepared samples, and
contact resistance between the prepared deposit and the NF
foam substrate are considered the reasons for the intersection
of the semicircle with X axis.*® The diameter of the semicircle
represents the charge transfer resistance (R.) in the redox
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reaction, which is related to the electrical conductivity of the
prepared sample. The linear curve represents the Warburg
resistance (Z,) caused by the diffusion and transport of ions
inside the electrode.

According to equivalent circuit model shown in the inset of
Fig. 7(d), fitting analysis shows that R, values of NiO/NF, Ni-Co-
Mn-0O,/NF and NiO/Ni-Co-Mn-O,/NF are 0.22 Q, 0.16 Q, and
0.19 Q, respectively. Moreover, R.; value of NiO/Ni-Co-Mn-0O,/
NF is 0.20 Q, which is between the values of 0.26 Q for NiO/NF
and 0.16 Q for Ni-Co-Mn-O,/NF. Additionally, the regions of Z,
for Ni-Co-Mn-O,/NF and NiO/Ni-Co-Mn-O,/NF are shorter
than that for NiO/NF, indicating that compared to NiO/NF and
Ni-Co-Mn-0O,/NF, NiO/Ni-Co-Mn-O,/NF has a better ion
diffusion or charge transfer rate in 2 M KOH.*

The capacitance retention is calculated by the ratio of the
capacity of N charge-discharge cycles to the capacity of the first
charge—discharge cycle. Namely, Rc = Cn/C; X 100%. Where, Cy
is the capacity of N charge and discharge cycles, and N = 50,
100, 150,..., 3000. C; is the capacity of the first charge and
discharge cycle. At a current density of 5 A g ', the cycling
performances of NiO/NF, Ni-Co-Mn-O,/NF and NiO/Ni-Co-
Mn-O,/NF were measured after 3000 charge-discharge cycles in
2 M KOH, as shown in Fig. 8. It is obvious that with the increase
of cycle numbers, the specific capacity of NiO/NF, Ni-Co-Mn-
O,/NF and NiO/Ni-Co-Mn-O,/NF first increases and then
decreases. The main reason is at the early stage of charge-
discharge cycles, the prepared sample surface is not fully acti-
vated due to insufficient contact with the KOH electrolyte. After
several charge-discharge cycles, the activation degree of the
prepared sample surface reaches the maximum, thereby
generating the highest specific capacity. Later, the structure of
the prepared sample is destroyed and the active substances fall
from the surface, causing its specific capacity decrease due to
the high-frequency migration of ions at the interface between
the prepared sample surface and the electrolyte.

Fig. 8 shows that compared with NiO/NF and Ni-Co-Mn-O,/
NF, NiO/Ni-Co-Mn-O,/NF needs more charge-discharge cycles
to achieve the highest specific capacity, the main reason is that
its porous sheet-sheet hierarchical nanostructure is a complex
spatial structure and more charge-discharge cycles are required
to achieve full activation. Similarly, such a composite spatial
structure also improves its cycling stability. For example, the
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Fig. 8 Cycling performances of NiO/NF, Ni—Co—Mn-0,/NF and NiO/Ni—-Co-Mn-O,/NF at a current density of 5 A g%,
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Table 1 Comparison of specific capacity and capacitance retention
Capacitance retention

Material Method Specific capacity (cycles) Reference
Ni-Co-Mn oxide (nanoflake) Microwave irradiation 1151 F g 106.5% (5000) 52
Ni-Co-Mn oxide (nanosheet) Chemical bath deposition 7151 Cg " 94.5% (6000) 34
C030,-MnO,-NiO (nanotube) Electrodeposition 2020Cg " 80% (5700) 35
MnO,/Ni-Co-Mn oxide (nanorod@nanoflake) Hydrothermal 675F g " 83% (3000) 53
NiO/C030,/MnO, (double-shelled tremella-like) Hydrothermal 7925 Fg ! 91.3% (1000) 54
NiCo0,0,/MnO, (nanosheet) Electrodeposition 913.6 Fg ' 87.1% (3000) 55
MnO,/NiCo,0, (core/shell nanospheres) Microemulsion 1127.27F g ! 96.3% (10 000) 56
NiO/Ni-Co-Mn-O,/NF Chemical bath deposition 102350 C g~ " 103.94% (3000) This work

(porous sheet-sheet hierarchical structure)

capacitance retention for NiO/Ni-Co-Mn-O,/NF is 122.85%
after 1550-1950 cycles and 103.94% after 3000 cycles in 2 M
KOH. In contrast, those for NiO/NF and Ni-Co-Mn-O,/NF are
only 87.22% and 89.79%, respectively, after 3000 cycles.

The specific capacity and capacitance retention of some
transition metal oxides are listed in Table 1.

It can be seen from Table 1 that Ni-Co-Mn oxides (nanoflake/
nanosheet) prepared by microwave irradiation or chemical bath
deposition deliver specific capacity with 1151 F ¢~ ' or 715.1 C
g7 ', and their corresponding capacitance retention is 106.5%
after 5000 cycles or 94.5% after 6000 cycles. Typically, Co;0,-
MnO,-NiO nanotube prepared by electrodeposition have the
highest specific capacity with 2020 C g™, while its capacitance
retention is only 80% after 5700 cycles. For MnO,/Ni-Co-Mn
oxide (nanorod@nanoflake) or NiO/C03;0,/MnO, (double-
shelled, tremella-like) prepared by the hydrothermal method,
their specific capacities with 675 F g~' and 792.5 F ¢~ " are both
lower, and the corresponding capacitance retention with 83%
after 3000 cycles and 91.3% after 1000 cycles are also worse. In
addition, NiCo,0,/MnO, nanosheets prepared by electrodeposi-
tion deliver lower specific capacity with 913.6 F ¢~ and capaci-
tance retention with 87.1% after 3000 cycles. MnO,/NiCo,0,
core/shell nanospheres prepared by the microemulsion method
has better capacitance retention with 96.3% after 10 000 cycles
and specific capacity with 1127.27 F g~ .

In this research, the prepared NiO/Ni-Co-Mn-O,/NF delivers
a higher specific capacity with 1023.50 C g~ " at a current density
of 1 A ¢~ and excellent capacitance retention with 103.94% at
5 A g~ ! after 3000 cycles in 2 M KOH, indicating an outstanding
electrochemical performance for high-performance super-
capacitors. The mechanism for enhancing the electrochemical
performance is as follows: transition metal oxides such as NiO,
Co304, and MnO, are all pseudo-capacitive materials with high
theoretical specific capacity (2573 F g™, 3560 F ¢, and 1380 F
g, respectively), this appears to indicate that a relatively high
specific capacity is exhibited due to synergistic effects when these
constituents are combined. Meantime, NF substrate is porous
and NiO/Ni-Co-Mn-O, deposit also has a special porous sheet-
sheet hierarchical nanostructure, such structure greatly shortens
the diffusion channels of current carrier in KOH solution, which
is good for electrochemical activity. Additionally, the excellent
redox reversibility and obvious faradaic battery characteristics of
NiO/Ni-Co-Mn-O, promotes faradaic reactions between NiO,

22430 | RSC Adv, 2020, 10, 22422-22431

C0;04 and OH™ or MnO,, H" and K' in 2 M KOH, enhancing its
electrochemical performance.

4. Summary

NiO, Ni-Co-Mn-0,, and NiO/Ni-Co-Mn-O,  on NF substrates
have been prepared using a chemical-bath deposition-calcina-
tion. Firstly, precursors such as NiOOH, CoOOH, and MnOOH
grow on NF substrates from a homogeneously mixed solution
via chemical-bath deposition. Thereafter, these precursors were
calcined and decomposed to NiO, Co;0,4, and MnO,, respec-
tively at different temperatures in a muffle furnace. Among
these three materials, NiO/Ni-Co-Mn-O,/NF exhibits a higher
specific capacity with 1023.50 C g "' at 1 A g ' and excellent
capacitance retention with 103.94% at 5 A g~ * after 3000 cycles
in 2 M KOH, which is mainly attributed to a porous sheet-sheet
hierarchical nanostructure, synergistic effects of pseudo-
capacitive materials and excellent redox reversibility. The
prepared samples may be an ideal electrode material for high-
performance supercapacitors.
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