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Design of NiCo0,04,@NiMoO, core—shell
nanoarrays on hickel foam to explore the
application in both energy storage and
electrocatalysisT

Ya'nan Meng,? Jiaqi Liu,® Deyang Yu,” Chunli Guo,? Liangyu Liu,? Yingjie Hua,”
Chongtai Wang,*® Xudong Zhao*® and Xiaoyang Liu ) *2°

NiC0,04@NiMoO,4 core—shell nanowires (NCNMW) and nanosheets (NCNMS) with high electrochemical
capabilities were synthesized using a simple two-step hydrothermal reaction, together with a calcination
process. As active electrode materials, all of the prepared electrodes were tested in a three-electrode
system. Among all the electrodes, NCNMS-2 exhibited a large specific capacity (1770.95 C g™t at a
current density of 3 mA cm™), a high-rate capability (1334.18 C g~! at 40 mA cm™2), and superior
cycling stability (102.78% capability retention after 5000 cycles at 10 mA cm™2). The NCNMS-2//
activated carbon battery—supercapacitor hybrid device yielded a high energy density of 30.57 W h kg™*
at a power density of 676.06 W kg™* and excellent stability with a capacitance retention of 92.71% after
5000 continuous cycles at a current density of 10 mA cm™2. In addition, as an electrocatalyst for the
oxygen evolution reaction (OER), the NCNMS-2 exhibited a small Tafel slope of 59 mV Dec™?, and a low
overpotential of 175 mV at a current density of 10 mA cm™2. The excellent electrochemical performance
of the hierarchical NiCo,04@NiMoQO, structure was attributed to its porosity and the characteristics of
the 3D nanostructure subunits that possess many active reaction sites, rapid electron/ion transport, and
high stability. Based on the excellent electrochemical properties, it will serve well for energy storage and

rsc.li/frontiers-materials conversion.

1. Introduction

With the rapid developments in science and technology, effi-
cient energy storage and conversion devices with environmen-
tally benign features and low cost have become in high
demand. Specifically, supercapacitors and electro-catalytic
water splitting have attracted great attention in recent
years."* However, the low energy density of supercapacitors
(SCs) and the high-cost electrocatalysts for the oxygen evolution
reaction (OER) restrict their further development.”>”” Currently,
a novel type of supercapacitor device includes the battery-
supercapacitor hybrid (BSH) device, which consists of a battery
type electrode and a capacitive electrode (such as carbon
materials).® The electrochemical performances of BSHs and

“ State Key Laboratory of Inorganic Synthesis and Preparative Chemistry, College of
Chemistry, Jilin University, Changchun 130012, China. E-mail: liuxy@jlu.edu.cn;
Fax: +86-431-85168316; Tel: +86-431-85168316

b Key Laboratory of Electrochemical Energy Storage and Energy Conversion of
Hainan Province, School of Chemistry and Chemical Engineering, Hainan Normal
University, Haikou 571158, China

t Electronic supplementary information (ESI) available. See DOI: 10.1039/

d1qmo1534f

OER are strongly correlated with the exploration and rational
design of electrode materials.” ! Therefore, to further enhance
these electrochemical properties of the energy storage and
conversion devices, a variety of novel electrode materials
with high electrochemical properties must be designed and
fabricated.

Recently, due to the rich transition metal resources on the
earth, transition metal oxides and phosphates have attracted
extensive research interest.'”> Among them, transition metal
oxides with the spinel and metal-organic framework (MOF)
structures have been widely studied.">™® Among the various
oxides, bimetallic transition-metal oxides (BTMOs) have been
used widely in supercapacitors as positive electrodes and in
electrocatalysis owing to their low-cost, environment friendli-
ness, rich redox reaction capabilities, and high stability."” "
The complex chemical compositions and synergetic effects of
the transition metals can enhance the electrochemical proper-
ties of the prepared electrodes, further improving the excep-
tionally high specific capacitance of BSH devices. Meanwhile,
BTMOs with a spinel structure consist of multiple valences
for the cations, which helps optimize the electrochemical
behavior of the electrocatalysts for the oxygen evolution
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reaction (OER).>** In addition, the electrical conductivity
of BTMOs is usually higher than those of single transition-
metal oxides (STMOs, such as Co0;0,>°), which contributes
to the relatively low activation energy for electron transfer
between metal cations.'””® Cobalt-based metal oxides and
molybdenum-based metal oxides have been widely used in
BSH devices, such as ZnCo0,0,4,>”*® CuC0,0,,%°° NiM00,,*"*?
Ni-Co oxides®*™®® and CoMo00,.>**” Meanwhile, BTMO and
STMO materials such as NiCo,0, and MnO, have been studied
as catalysts.>®*°

In addition, the electrochemical properties of the energy
storage/conversion devices are not only related to the composi-
tion of the electrode materials, but also to the architectural
design of the BTMO-based electrodes. Various nanostructured
composites with numerous electrochemical active sites have
been investigated, which can lead to faster diffusion of electro-
lyte ions and improved structural and electrochemical stabili-
ties. For example, phosphorus-doped NiCo,0, nanowires
exhibit a high-specific capacity of 2747.8 F g~' at a current
density of 1 A g~* and a prominent rate performance (main-
taining 50% at 100 A g~ '), with excellent OER properties
(300 mV at 10 mA em>).*® ZnCo0,0, nanosheets displayed a
specific capacitance of 5100 pF cm™> at a current density of
0.2 Am™ 2, and 95% capacitance retention over 1000 cycles, with
excellent OER properties of 340 mV at 10 mA cm™>.%®

The reported oxide materials usually form a monolayer
structure. However, a 3D core-shell nanostructure material on
Ni foams may provide a unique set of physical and chemical
properties with special nanostructures, high specific surface
areas, and more abundant active sites for high-performance
BSH devices and efficient oxygen electrocatalysis.

Herein, we report a simple and cost-effective strategy to
design and synthesize NiMoO, nanosheets (shell) coated onto
NiCo,0, nanowire arrays or nanosheet arrays (core), which
were grown in situ on the surface of Ni foams (NFs). This
unique 3D hierarchical core-shell architecture provides several
advantages for enhancing electrochemical properties and oxy-
gen electrocatalysis performance. First, the core-shell nanos-
tructures were directly grown on the surface of NFs, without any
binder additives, which could ensure high mechanical stability
and electric conductivity. Second, this structure made full use
of both the core and shell materials by increasing the accumu-
lation of charge and accelerating the transportation of electrons
and electrolyte ions. Third, the core-shell nanostructure mate-
rials with a more porous structure can exhibit high specific
surface area and provide more active sites for a redox reaction.
In addition, this structure can shorten ion diffusion paths and
accelerate the penetration of the electrolyte. Due to the above
reasons, materials with the core-shell structure can exhibit
excellent electrochemical properties.

As expected, the prepared NCNMS-2 electrode exhibited a
large specific capacity (1770.95 C g~ at a current density of
3 mA cm™ %), a high-rate capability (1334.18 C g~ ' at 40 mA cm™?),
and superior cycling stability (102.78% capability retention after
5000 cycles at 10 mA cm ™). The as-assembled NCNMS-2//activated
carbon BSH device yielded a high energy density of 30.57 W h kg™*
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at the power density of 676.06 W kg™ " and excellent stability with a
capacitance retention of 92.71% after 5000 continuous cycles at a
current density of 10 mA cm ™% In addition, due to the unique
core-shell structure, the prepared electrodes demonstrated a super-
ior electrocatalytic OER performance. As such, it is a promising
candidate for the applications of energy conversion and storage.

2. Experimental section
2.1 Synthesis of NC-NW arrays on 3D Ni foams (NFs)

In this work, all of the chemicals were of analytical grade and
used without further purification. In each synthesis, 0.291 g
Ni(NO3),-6H,0 (nickel nitrate hexahydrate), 0.582 g Co(NO;),-
6H,0 (cobalt nitrate hexahydrate), 0.074 g NH,F (ammonium
fluoride), and 0.301 g CO(NH,), (urea) were dissolved in 60 mL
deionized water (DIW), and stirred for at least 30 min. Next,
15 mL of this solution was transferred into a 25 mL Teflon-lined
stainless autoclave, followed by addition of the treated NFs (the
process of cleaning NFs is described in detail in the ESIt) into
the reaction solution. After the reaction took place for 4 h at
120 °C, the autoclaves were cooled down to room temperature
naturally. Subsequently, the Ni-Co precursor was taken out and
washed by both DIW and absolute ethanol in an ultrasonic
bath, followed by drying at 60 °C for at least 12 h. Finally, the
sample was annealed at 450 °C for 2 h under an air atmosphere
to form the final structure of the NiCo,0, nanowire arrays
(hereinafter referred to as NC-NW).

2.2 Synthesis of NC-NS arrays on 3D Ni foam

To fabricate NiCo,0,4 nanosheets (hereinafter referred to as NC-
NS), 0.145 g Ni(NO;),-6H,0, 0.291 g Co(NO;),-6H,0, 0.093 g
NH,F, and 0.301 g CO(NH,), were dissolved in 30 mL DIW and
then stirred for 10 min. After the chemicals were all dissolved,
30 mL absolute ethanol was added to the mixed solution and
then stirred for at least 30 min. After that step, the prepared
solution and NFs were transferred into the autoclave. The
autoclave was maintained at 120 °C for 4 h. After cooling down
to room temperature, the samples were taken out, washed and
calcined as described above.

2.3 Synthesis of NCNMW and NCNMS arrays on 3D Ni foam

NCNMW and NCNMS were synthesized via a second hydro-
thermal process. The prepared Ni-Co precursors with different
morphologies together with the mixed solution containing
30 mL DIW of 0.416 g Ni(NOj3),-6H,0 and 0.346 g Na,MoO,-
2H,0 (sodium molybdate dihydrate) were placed into a 25 mL
Teflon-lined stainless autoclave to synthesize NiCo,0,@Ni-
MoO, core-shell hierarchical nanostructures. The autoclaves
were kept at 90 °C for 2 h and cooled down to room tempera-
ture, yielding the samples named NCNMW-2 and NCNMS-2. In
parallel, when the autoclaves were kept at 90 °C for 1 h or 3 h,
the yielded products were labelled as NCNMW-1, NCNMW-3
and NCNMS-1, NCNMS-3, respectively.
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2.4 Characterization

Energy-dispersive X-ray (EDX) mapping and scanning electron
microscopy (SEM) were recorded on a JSM-7800F, JEOL, to map
the distribution of elements and to test the morphology struc-
tures and the size of the samples, respectively. The crystalline
features and composition of the samples were tested by X-ray
diffraction (XRD, D/max, 2550V, Cu Ko radiation) in the range
of 20 from 20° to 80°. Transmission electron microscopy (TEM)
and high-resolution transmission electron microscopy
(HRTEM) images were obtained by using a FEI Tecnai G2 F20
s-twin D 573. Meanwhile, X-ray photoelectron spectroscopy
(XPS, ESCALAB 250, Mg Ko radiation) was used to characterize
the elemental composition and chemical status of the samples.

2.5 Electrochemical measurements

Electrochemical measurements were tested on a CHI760E
electrochemical workstation and Neware battery cycler (CT-
4008T-5V50mA-164, Shenzhen, China). For electrode perfor-
mances, the as-prepared electrode (1 cm x 1 cm) was directly
used as the working electrode in a three-electrode configuration
using 2 M KOH aqueous solution as the electrolyte, together
with a platinum plate acting as the counter electrode and a
saturated calomel electrode (SCE) as the reference electrode.
Cyclic voltammetry (CV) tests were performed at a voltage
window from 0 to 0.6 V and galvanostatic charging/discharging
(GCD) tests were carried out at a voltage window from 0 to 0.5 V.
The specific capacity could be calculated by the following
equation:

Cs=1x At/m 1)

where C; (C g™') was the specific capacity, I (A) was the
discharge current, At (s) was the discharging time and m (g)
was the mass of the active materials.

The electrocatalytic activity was also tested in a three-
electrode configuration, where the electrolyte was changed to
1 M KOH. The polarization curves were measured by linear
sweep voltammetry (LSV) at 10 mV s ' for OER. All the
potentials were calibrated to the reversible hydrogen electrode
(RHE) by eqn (2). The Tafel slope was obtained by eqn (3).

Erug = Esce + 0.059pH + 0.197 [2)

n=>hblogj+a (3)
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where 7 is overpotential, b is the Tafel slope, j is the current
density, and a is a constant.

For BSH devices, the electrochemical performances were
tested in a two-electrode system. The BSH device was
assembled by integrating NCNM core-shell nanoarrays as the
positive electrode, the AC electrode as the negative electrode
and 2 M KOH as the electrolyte together with the cellulose
separator. (In order to make the electrode materials fully in
contact with the electrolyte, the electrode was immersed in the
electrolyte for at least 10 min in advance and then the device
was assembled.) The power density (P, W kg™ ') and energy
density (E, W h kg™") of the BSH could be calculated by the
following equations:

C=1x At/(m x AV) ()
E=C x AV?/7.2 (5)
P =3600 x E/At (6)

where C (F g~ ') was the specific capacitance based on the total
mass of the active materials of the positive electrode and the
negative electrode (deducting the mass of the Ni foam sub-
strate), AV (V) was the potential window, and At (s) was the
discharging time. The charge balance between the two electro-
des of the assembled BSH device is shown in the ESI.

3. Results and discussion

3.1 Structural, morphological, and composition analysis

The synthetic strategy for the NiCo,0, @ NiMoO, core-shell
nanoarrays on nickel foam is schematically shown in Fig. 1 (see
the Experimental section for details). First, different morphol-
ogies of NiCo,0, nanoarrays were directly grown on the surface
of Ni foams via a simple hydrothermal reaction. Next, NiMoO,
nanosheets were coated onto the prepared Ni-Co precursors to
form the core-shell nanostructure. After a thermal treatment in
air at 450 °C, the porous samples could be obtained on NFs,
which could be directly used as a working electrode for the
application in both supercapacitors and electrocatalysis.
Scanning electron microscopy (SEM) images show that
NiCo,0,@NiMo0O, core-shell nanoarrays directly grew on the
surface of NFs to form an interconnected 3D network (Fig. 2).
As shown in Fig. 2a-d, densely packed NC-NW and NC-NS
arrays both grew uniformly on Ni foam. The space between

NCNMS

Fig. 1 Schematic illustration of the two-step synthesis process for NiCo,O4@NiMoO, core-shell nanostructure on Ni foam.
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Fig. 2 SEM images of (a and b) NC-NW; (c and d) NC-NS; (e and f) NCNMW-1; (g and h)

NCNMW-3 and (o and p) NCNMS-3 nanoarrays on NFs.

nanowires (or nanosheets) could benefit the growth of NiMoO,
nanosheets. When the reaction time of the synthesis of NiMoO,
was 1 h, nanoparticles could be seen on the surface of the
nanowires (or nanosheets), without any obvious nanosheet
formation (as shown in Fig. 2e-h). As the reaction time pro-
gressed in the second step, the nanosheets gradually formed.
As seen in Fig. 2i-1, when the reaction time was prolonged to 2
h, the NiMoO, nanosheet layer uniformly coated itself onto the
surface of NC-NW and NC-NS, forming a core-shell nanostruc-
ture. In addition, the integration of the NiMoO, nanosheet
layer on the NC-NW and NC-NS arrays did not destroy the
original nanostructure. As shown in Fig. 2m-p, when the
reaction time was 3 h, the NiMoO, nanosheet arrays were too
thick and disordered. The thickness of the NiMoO, nanosheet
caused the original structure to collapse and produced cracks,
which hindered penetration of electrolyte. According to the
results above, the reaction time in the second step reaction
significantly affects the growth of NiMoO, nanosheets and can
further affect the penetration of electrolyte and the electroche-
mical performances of the electrode, as discussed later.

The crystallographic structures of the prepared NiCo,0,@-
NiMoO, core-shell nanostructure materials were characterized

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022

by XRD. The sample was scratched from NFs to exclude any
influence from the Ni foam. As shown in Fig. 3a, the diffraction
peaks (marked with “4”) located at 26 values of 36.68°, 38.32°,
44.72°, 58.88° and 65.11° were attributed to the (311), (222),
(400), (511) and (440) crystalline planes of the cubic spinel
NiCo,0, phase (ICDD card no. 20-0781), respectively. Mean-
while, the peaks marked “%” at 31.14°, 31.21°, 52.22° and
55.24° were associated with the (111), (—111), (130) and (—202)
planes of NiMoO, (ICDD card no. 16-0291), respectively. These
observations confirm the presence of NiCo,0, and NiMo0O,.
The surface composite and chemical valence states of each
element were further investigated by XPS. The survey spectrum
shown in Fig. 3b revealed the co-existence of Ni, Co, Mo and O.
In the Ni 2p region (Fig. 3c), we attributed the peaks at 855.7
and 873.2 eV to the Ni 2p;z, and Ni 2p,,, peaks, respectively,
with a spin-energy separation of 17.5 eV, because of spin-
orbital effects. In addition, we observed two shake-up satellites
at 880.6 and 861.9 eV (indicated as “Sat.”), confirming the
existence of Ni(n) in the NCNM.*®>*' The Co 2p spectrum
(Fig. 3d) presented two main spin-orbital peaks (Co 2p;/, and
Co2py, at 780.5 eV and 796.2 eV, respectively, with a spin-
energy separation of 15.7 eV), and two shakeup satellites (803.9

Mater. Chem. Front., 2022, 6,1056-1067 | 1059
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scratched from Ni foam. (b) Survey spectrum for NCNM composites. XPS

spectra of (c) Ni 2p, (d) Co 2p, (e) Mo 3d, and (f) O 1s for NiCo,0,@NiMoO,4 core—shell nanoarrays.

and 786.5 eV), corresponding to the Co (III) oxidation state in
the NiC0,0,.""**> Furthermore, the Mo 3d spectrum (Fig. 3e)
showed two obvious peaks at 235.3 and 232.1 eV, with a spin-
energy separation of 3.1 eV, which corresponded to Mo 3d;,
and Mo 3ds;,, respectively, demonstrating the existence of the
Mo®" oxidation state in NiMoO,.*"** The O 1s spectra in Fig. 3f
could be fitted to two subpeaks: the peak at 530.1eV matched
typical metal-oxygen bonds, and the peak at 532.2 eV corre-
sponded to the absorbed water or water near the surface.***
The results of XPS further confirmed the successful synthesis of
the NiCo,0,@ NiMoO, core-shell nanostructure. Furthermore,
the EDS results also confirmed the presence of each element
found in the NiCo0,0,@NiMo0O, hierarchical nanostructure
(Fig. S1, ESIY).

The unique architecture of NCNMS-2 and NCNMW-2 arrays
were further confirmed through the use of TEM and HRTEM, as
shown in Fig. 4. Fig. 4a and c show that the two kinds of Ni-Co
precursors were both coated with a layer of nanosheets and
formed two different core-shell nanostructures. In Fig. 4b and
d, the HRTEM images of NCNMS-2 and NCNMW-2 both show
that two different lattice spacings. In Fig. 4b, the lattice
spacings of 0.233 nm and 0.168 nm were ascribed to the
(222) plane of NiCo,0, and the (—202) plane of NiMoO,,
respectively. In addition, the lattice spacings of 0.231 nm and
0.173 nm were ascribed to the (222) plane of NiCo,0, and the
(130) plane of NiMoOy, respectively (as shown in Fig. 4d). These
results correspond well with the XRD results. Moreover, the
EDX spectroscopy mapping results in Fig. 4e and f show the
homogeneous distributions of Ni, Co, Mo, and O for both
NCNMS-2 and NCNMW-2, which agree with the results men-
tioned above. In short, the above results confirm successful
synthesis of NiCo,0,@NiMoO, core-shell nanostructures.

3.2 Supercapacitor performance analysis

To evaluate the electrochemical properties of the prepared
electrode, the electrode was first investigated as a supercapa-
citor electrode using a three-electrode system in 2 M KOH as

1060 | Mater. Chem. Front., 2022, 6, 1056-1067

the working electrode, together with an SCE as the reference
electrode and a platinum plate as the counter electrode. Fig. 5a
and b present the CV and GCD results of both NCNMS series
composite electrodes and NCNMW series composite electrodes.
The electrodes obtained from the two-hour hydrothermal pro-
cess in the second step always demonstrated a better electro-
chemical performance (the details are shown in Table S1, ESIT)
than those made from the one-hour or three-hour second
hydrothermal process.

As the previous SEM images showed, the time of the second
step reaction would affect the synthesis of the NiMoO,
nanosheet layer, which could affect the penetration of the
electrolyte. When the second hydrothermal procedure lasted
an hour, insufficient electrochemical active sites existed
because of insufficient loading of NiMoO, nanosheets. With
regard to NCNMW-3 and NCNMS-3, the layer of the NiMoO,
grew too thick, and cracks began to form. The thickness and
cracks might impede the diffusion of electrolytes in the com-
posite electrodes, leading to diminished electrochemical
performance.

For comparison, we calculated the capacities from the GCD
profiles recorded at a current density of 10 mA cm™? in the
potential window between 0 V and 0.5 V by using eqn (1). As
mentioned earlier, the C; of NCNMW-2 (1084.96 C g™ '), and
NCNMS-2 (1656.33 C g~ ') were higher than their series electro-
des (details shown in Table S1, ESIT and Fig. 5g). Additionally,
the electrodes coated with NiMoO, exhibited much higher
discharge time than the pure NiCo,0, precursor electrodes.
This further demonstrates that the synergetic effect of core and
shell materials enhance the specific capacity of the electrode
(as seen in Fig. S2b and S2c, ESIt). Therefore, we selected the
NCNMW-2 and NCNMS-2 to form BSH devices for further
electrochemical characterization.

The CV curves of NCNMW-2 and NCNMS-2 with a voltage
window of 0-0.6 V at different scan rates (5-40 mV s~ ') are
shown in Fig. 5c and e. A pair of sharp redox peaks appear in
the CV curves, implying the existence of faradaic behavior

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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: 2.5pm

Fig. 4 TEM and HRTEM images of (a and b) NCNMS-2, and (c and d)
NCNMW-2 scratched from Ni foam. EDS mapping of (¢) NCNMS-2
nanostructure and (ff NCNMW-2 nanostructure.

during the electrochemical procedure. In addition, with an
increasing scan rate, the CV curves retain their shape, indicat-
ing the desirable reversibility of the prepared electrodes.>®*
The GCD curves of all prepared electrodes were nearly sym-
metric, without any significant IR drop, indicating the good
reversibility of the as-prepared electrodes”’ (as shown in Fig. 5
and Fig. S3, ESIT).

Based on eqn (1), the NCNMS-2 electrode delivered high
specific capacities of 1770.95 C g™, 1711.08 C g~ ', 1665.82 C g/,
1656.33 C g~ ', 1518.99 C g ', and 1334.18 C g ' at a current
density of 3 mA cm % 5 mA cm % 8 mA cm 2, 10 mA cm 2,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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20 mA cm >, and 40 mA cm >, respectively (the records of
NCNMW-2 are shown in Table S2, ESIt). We also measured the
CV curves at various scan rates and the GCD curves at different
current densities for NC-NW, NCNMW-1, NCNMW-3, NC-NS,
NCNMS-1, and NCNMS-3 electrodes (Fig. S3, ESIT). The specific
capacities of all electrodes are shown in Fig. S2b (ESIT) and Fig. 2c
(the detailed results can be found in Table S1, ESIt). About 75.34%
of the initial specific capacity of NCNMS-2 was retained even at a
high current density of 40 mA cm . The retention of initial specific
capacity of NCNMS-2 was higher than those of NC-NW (39.68%),
NCNMW-1 (41.16%), NCNMW-2 (64.08%), NCNMW-3 (45.15%),
NC-NS (42.09%), NCNMS-1 (70.34%), and NCNMS-3 (70.93%). Due
to its high value, NCNMS-2 had an excellent rate capability. In
addition, the NCNMS-2 electrode possessed the lowest equivalent
resistance of 0.82 Q with regard to other electrodes (Fig. S2a and
Table S1, ESIY).

To better elucidate the diffusion-controlled capacity and
capacitance capacity in the electrochemical reaction processes,
we applied kinetic analysis by obtaining the peak current (i)
and scan rate (v) from the CV curves and evaluating the value of
b according to eqn (7) and (8):*%*°

i=a’ (7)
logi = blogv + loga (8)

The value of b = 0.5 indicates a semi-infinite diffusion
process, and b = 1 presents a capacitive process.*® As shown
in Fig. 5h, the calculated b value of NCNMW-2 and NCNMS-2
electrodes were calculated to be 0.59 for the anodic process and
0.56 and 0.57 for the cathodic process, respectively. These
calculated values indicate NCNMW-2 and NCNMS-2 electrodes
are similar to a battery-type material because they are close to
0.5. Additionally, the diffusion-controlled process contribution
can be calculated from eqn (9) and (10):>°

i(V) = kv + kpp'? 9)
V)WY = kv + &, (10)

where, (V) and v represent the current density and scan rate,
respectively. Additionally, k; and k, are constants. Linear fitting
of i(V)"* and v"'* at different scan rates obtained k; and k,.
Fig. 5i shows that the capacitive contribution of NCNMS-2 was
responsible for 9%, 12%, 13%, 15%, 17%, 18%, 20%, and 22%
of the total current at scan rates of 5, 10, 15, 20, 25, 30, 35, and
40 mV s ', respectively (Fig. 5i). In addition, the capacitive
contribution of NCNMW-2 was also recorded, as shown in
Table S3 (ESIt). The overall contribution of the two electrodes
is diffusion-controlled, which is consistent with the above
results. Meanwhile, with increasing scan rates, the capacitive
contribution of these two electrodes was enhanced since the
high sweep rate inhibited the diffusion of ions. However, the
capacitive processes were faster than faradaic processes and
could cope with the increased scan rate,”" further ensuring the
excellent electrochemical properties of the electrodes.

Cycling stability is an important factor in determining the
application of the electrodes in BSH devices. Fig. 5j presents the
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(a) CV curves at 10 mV s7%, and (b) GCD curves at 10 mA cm™~2 of NC-NW, NCNMW-1, NCNMW-2, NCNMW-3, NC-NS, NCNMS-1, NCNMS-2 and

NCNMS-3 electrodes. (c) CV curves of NCNMS-2 electrode at different scan rates; (d) GCD curves of NCNMS-2 electrode at different current densities;
(e) CV curves of NCNMW-2 electrode at different scan rates; (f) GCD curves of NCNMW-2 electrode at different current densities; (g) specific capacity

versus current density of NC-NW, NCNMW-1, NCNMW-2, NCNMW-3,
relationship between the peak current and scan rates for NCNMW-2/N

NC-NS, NCNMS-1, NCNMS-2 and NCNMS-3 electrodes; (h) logarithmic
F and NCNMS-2/NF; (i) relative proportions of capacitive-controlled and

diffusion-controlled contribution at various scanning rates for NCNMW-2/NF and NCNMS-2/NF; and (j) cycling performance of NC-NW, NCNMW-1,
NCNMW-2, NCNMW-3, NC-NS, NCNMS-1, NCNMS-2 and NCNMS-3 electrodes.

cycling stability of all the prepared electrodes at a current
density of 10 mA cm 2. An excellent cycling behavior for the
NCNMS-2 electrode with a capacity retention of 102.78% after
5000 charging/discharging cycles could be observed, which was
higher than those of NC-NW (50.12%), NCNMW-1 (66.08%),
NCNMW-2 (87.18%), NCNMW-3 (82.85%), NC-NS (72.06%),
NCNMS-1 (87.89%) and NCNMS-3 (88.17%).

During the first 1400 cycles of NCNMS-2, the specific capa-
city significantly enhanced. There are two possible explanations
for this observation. First, with the repeated penetration of
electrolyte during the charging/discharging cycles, the surface
wetting of the electrode could have improved.>” Besides, the
electrode could be activated creating more active sites for redox
reactions during the cycles. In addition, after coating the
electrode with NiMoO, nanosheets, the electrochemical proper-
ties improved in comparison to those of the pure NiCo,0,
nanostructure.

As a result, we attributed the excellent cycling stability of
NCNMS-2 to a number of reasons. First, the stable nanostruc-
ture derived from the NC-NS allowed all nanosheets to support
each other during the charging/discharging cycles. Second,
after coating with NiMoO, layer, the original NC-NS could be
protected, further ensuring the structural integrity of the
NCNMS-2 electrode. Next, the core-shell nanostructure materi-
als created more space for electrolyte penetration and had more
active sites. As for the NC-NW electrode and the series electro-
des, the nanowire structure could hardly accommodate the

1062 | Mater. Chem. Front., 2022, 6, 1056-1067

volume expansion due to the structural collapse during the
cycles. Therefore, among all of the electrodes, the NCNMS-2
had the best cycling stability for use in BSH devices.

NCNMS-2 and NCNMW-2 electrodes had a high electroche-
mical performance in the corresponding series of electrodes.
Therefore, the BSH devices included NCNMS-2 and NCNMW-2
electrodes as the positive electrodes, together with activated
carbon as the negative electrode (named NCNMS-2//AC and
NCNMW-2//AC). In addition, 2 M KOH served as the electrolyte
in the design. Fig. 6a shows the CV curves of the assembled
NCNMS-2//AC BSH device with different potential windows
ranging from 0-1.0 V to 0-1.6 V at a scan rate of 10 mV s~ .
The figure fails to display evidence for polarization even when
the voltage is enhanced to 1.6 V.

Additionally, the GCD curves of the NCNMS-2//AC device at a
current density of 10 mA cm ™2 in different potential ranges are
displayed in Fig. 6b. The curves exhibit the same shape even at
the potential windows of 1.6 V, indicating good capacitive
performance. Therefore, we chose 1.6 V as the BSH device
voltage to further evaluate the electrochemical performances.

Fig. 6¢c shows the CV curves of the fabricated NCNMS-2 BSH
device in the voltage window of 0-1.6 V at various scan rates
from 5 to 60 mV s '. All the CV curves showed a quasi-
rectangular geometry, implying a capacitive behavior. More-
over, with increasing scan rates, the CV curves show slight peak
shifts, which suggests the enhanced charge-discharge kinetics
for the BSH device'. As shown in Fig. 6d, the GCD curves of the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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Fig. 6 (a) CV curves of the NCNMS-2//AC BSH device collected at different potential windows at a scan rate of 10 mV s%; (b) GCD curves of NCNMS-2//
AC BSH device at a current density of 10 mA cm™~2 with various potential windows; (c) CV curves of NCNMS-2//AC BSH device at different scan rates; (d)
GCD curves at various current densities; (e) cycling performance of NCNMS-2//AC and NCNMW-2//AC BSH devices up to 5000 cycles; (f) Ragone plots

(energy density vs. power density curves) of the BSH device.

NCNMS-2 BSH device retained symmetry when the voltage was up
to 1.6 V, indicating the outstanding capacitive characteristics.>
(The electrochemical performances of NCNMW-2//AC BSH device
are shown in Fig. S4, ESIY)

The specific capacitances of these two BSH devices could be
calculated from typical GCD curves at different currents using
eqn (4). At an applied current density of 3 mA cm ™2, the NCNMS-
2//AC device exhibited a high capacitance of 85.99 F g~ . More-
over, at a large current density of 50 mA cm ™2, the BSH device still
maintained a high capacitance of 64.26 F g~ ', showing a 74.73%
capacitance retention of that at 3 mA cm™>. Another important
observance is how the capacitances of the NCNMW-2//AC BSH
device were changed from 74.55 to 46.17 F g ' at the current
density ranging from 3 to 50 mA cm % with a capacitance
retention of 61.93%. The electrochemical properties of these
two devices are shown in detail in Table S4 and Fig. S5 (ESIt).

Long-term cycling performance was carried out to further
examine the cycling stability of the fabricated BSH devices. As
shown in Fig. 6e, the electrochemical stability of these two BSH
devices was evaluated at the current density of 10 mA cm™> for
5000 cycles. The as-assembled NCNMS-2//AC BSH device
retained 92.71% of its initial specific capacitance at a high
current density of 10 mA cm™> after 5000 cycles, which was
higher than that of the NCNMW-2//AC BSH device (82.85% of
its initial specific capacitance).

Energy/power densities are important factors to determine
the practical applications of BSH devices. The energy density
and power density were evaluated through the use of eqn (5)
and (6). The calculated values were better than most of the
previously reported supercapacitors, as shown in the Ragone
plots of Fig. 6f. Remarkably, the fabricated NCNMS-2//AC BSH
device could store a maximum energy density of 30.57 W h kg™"
at a power density of 676.06 W kg~ '. Even at a high-power
density of 11267.51 W kg™, the device still achieves an energy

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022

density of 22.85 W h kg~ '. The corresponding energy density
and power density of this BSH device are much higher than those
in some recently reported supercapacitor devices (Fig. 4h),
such as NiCo,0, nanospheres//AC,>" NiC0,0,//AC-ASC,>
NiCo0,S./GA//AC,*® NiC0,0,@Ni, g5Se//AC,”” NiC0,0,@MnO,/
MWCNT-symmetric SC,*® and NiMoO,4 nanorods//AC.>° Based
on the above records, the assembled NCNMS-2//AC BSH device
and the NCNMW-2//AC BSH device exhibited high energy
density and favorable cycling performance. Based on these
results, they are promising candidates for potential applica-
tions in the area of energy storage devices.

3.3 Oxygen evolution reaction

As discussed above, the prepared electrodes could be used in
the application of BSH devices. Furthermore, these electrodes
are also found to be good catalysts for OER activity. All of the
prepared materials were directly used as binder-free working
electrodes for an electrocatalytic OER reaction, together with
Ag/AgCl as the reference electrode and a platinum plate as the
counter electrode in 1 M KOH (pH = 14) for a three-electrode
system. The OER activities of the prepared electrodes were
tested by linear sweep voltammetry (LSV), and the results are
shown in Fig. 7. The voltage applied on the working electrode
was linearly swept at a scan rate of 10 mV s~ * between 1.1 and
2.0 V (as against the reversible hydrogen electrode, RHE).

Fig. 7a shows the LSV curves of the prepared four electrodes.
As shown in Fig. 7b, the overpotential at 10 mA cm > of
NCNMS-2 was 175 mV, which was lower than that of
NCNMW-2 (189 mV), NC-NS (253 mV), and NC-NW (320 mV),
indicating acceptable OER activity for the NCNMS-2 electrode.
Tafel analysis in Fig. 7c shows that the Tafel slope of NCNMS-2
is 59 mV dec™ ', which is smaller than those of NCNMW-2
(79 mV dec™ "), NC-NS (81 mV dec™ '), and NC-NW (88 mV dec™ ).
These records further support how, after coating with a NiMoO,
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nanosheet layer, the core-shell nanostructure materials enhanced
OER kinetics and electrochemical properties. Furthermore, the
OER activity reported herein was found to be much better than
those reported previously (as shown in Fig. 7d).*"¢°73

4. Conclusion

This paper reports the design and syntheses of hierarchical
core-shell NiCo,0,@NiMo0O, nanowires and nanosheets arrays
directly on the Ni foam via a two-step controllable hydrother-
mal process. The synergistic effect between the NiCo,0O, core
and the NiMoO, shell provides short ion diffusion length in
addition to ample reaction sites. These merits enable them to
be used as promising electrode materials for energy storage and
electrocatalysis. In the supercapacitor, the NCNMS-2 electrode
delivers a high specific capacity of 1770.95 C g~ " at a current
density of 3 mA cm ™ and retains 102.78% capability retention
after 5000 cycles at 10 mA cm ™ 2. Moreover, the BSH device with
NCNMS-2 as the positive electrode and AC as the negative
electrode yields a high energy density of 30.57 W h kg ' at
the power density of 676.06 W kg~ ' and excellent stability with
capacitance retention of 92.71% after 5000 continuous cycles at
a current density of 10 mA cm™>. As an electrocatalyst, the
NCNMS-2 has excellent electrocatalytic activity for OER (an
overpotential of 175 mV at 10 mA em ™) in 1 M KOH solution.

Considering both the simple preparation process and out-
standing electrochemical properties, such novel electrode
materials may have great potential for applications in both
energy storage and electrocatalysis.
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