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Abstract: A novel electrode material of three-dimensional (3D) multicomponent oxide
NiC0,04@NiMoQOy4 core/shell was synthesized via a facile two-step hydrothermal
method with a post annealing procedure. The uniform NiMoO, nanosheets were grown
on the seaurchin-like backbone NiCo0,04 to form NiCo,O4@NiMoO, core/shell
materials constructed by interconnected ultrathin nanosheets, so that to produce
hierarchical mesopores with a large specific surface area of 100.3 m? g”. The porous
feature and core/shell structure can facilitate the penetration of electrolytic ions and
increases the amount of electroactive sites. Hence, the NiCo,O4@NiMoO, materials
exhibited a high specific capacitance of 2474 F g'land 2080 F g'1 at current densities of
1 A g' and 20 A g’ respectively, suggesting that it not only has a very large specific
capacitance, but laso a good rate performance. In addition, the capacitance lost only
5.0% after 1000 cycles of charge and discharge test at the current density of 10A g,
indicating high stability. The excellent electrochemical performance is mainly attributed
to its 3D core/shell and hierarchical mesoporous structures which can provides
unobstructed pathways for the fast diffusion and transportation of ions and electrons, a

large number of active sites and good strain accommodation.
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hydrothermal method

1. Introduction

Developing sustainable and renewable energy is one of the most important tasks
for scientists and engineers worldwide to address the rapidly increasing global energy
consumption, coupled with the critical issue of climate change [1-5]. Electrochemical
capacitors (ECs) are widely investigated due to their interesting characteristics of high
power density, fast charging capability, exceptional cycle life, high coulombic
efficiency and safety [6-10]. As complementary or substituting power source for
rechargeable batteries and fuel cells, ECs have been used in many applications, such
as electric vehicles, power back-up and pacemakers [11].

As a typical metal oxide electrode material for ECs, ruthenium oxide has shown
the best performance [12]. However, it is hardly to be commercialized due to the high
cost.[13] To date, many efforts have been devoted to find cost-effectively alternative
transition metal oxides with good capacitive characteristics, especially those possess
multiple oxidation states/structures that enable rich redox reactions such as metal
oxides MnO;[ 14, 15], NiO [16, 17], Co304[18, 19], etc. Nickel-cobalt metal oxide has
drawn intensive research attention because it has a high theoretical capacitance, and it
is low-cost, abundant and environmental-friendly. Besides, it is expected to offer
richer redox reactions, including contributions from both nickel and cobalt oxides,
than that of two corresponding single-component oxides [20]. However, transition
metal oxides including NiCo,0O4 usually showed limited kinetics during the redox
reaction due to their low electrical conductivity and low surface area[21]. Interestingly,
metal molybdates like NiMoO,4 possesses a high specific capacitance, owing to the
high electrochemical activity of nickel ion, but its rate performance is poor[22].

Recently, the research on the complex heterostructured nanomaterials is a hot
topic. These heterostructured complexes show higher electrochemical performance
than mono-metal oxides. Mai et al. reported that the hierarchical-pores nanowires of
heterostructured MnMoO,/CoMoO4 have a specific capacitance of 187.1 F g at a

current density of 1 A g with a cycling efficiency of 98% after 1,000 cycles, and are
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superior to mono-metal oxide of MnO, or Co0304[23]. The hetero-nanostructured
NiC0,04@NiCo0,04 and NiCo,04@NiO at 0.5 A g'1 demonstrate excellent
electrochemical performance with high specific capacitance (1925 and 2210 F -g”,
respectively), good rate capability, and superior cycling stability than pure
NiCo0,04[24]. Various heterostructured materials showed superior electrochemical
performance owing to their synergistic effects [22-25].

In the present work, a novel heterostructured NiCo,04@NiMoO4 core/shell
electrode material was designed. Because both individual salts NiMoO4 and NiC0,04
them-self are promising candidate materials for supercapacitors, the combination of
the two materials to form sophisticated core/shell structure is expected to enhance
greatly the surface area to provide more electroactive sites for Faradaic reactions and
create fast pathways for electrolytic ions and electrons’ diffusion and transportation,
and enabling synergistical effect of NiCo,Os and NiMoO4 so that improve
significantly the electrochemical performance of the heterostructured material. The
strategy is to deposit NiMoO, nanospecies outside of the NiCo,O4 nanopatricles to
form core/shell heterostructure. Therefore a two-step approach of hydrothermal
synthesis and calcination was proposed. NiCo,O4 was prepared as “core”; than

NiMoO, was deposited as “shell”.

2. Experimental

2.1. Preparation of NiCo20:@NiMoO4 Composite

All reagents are of analytical grade and were purchased from Sinopharm Chemical
Reagent Co. Ltd and used without any purification.
(1) Synthesis of NiCo0,04: In a typical synthesis, 1 mmol of NiCl,-6H,0, 2 mmol of
CoCl,-6H,0 and 12 mmol urea were dissolved in 80 mL deionized (DI) water under
constant magnetic stirring to form a transparent pink solution. The solution was
transferred to a 100 mL Teflon-lined stainless steel autoclave; the hydrothermal
reaction was carried out at 120°C for 12 h. After the reactor cooled to room
temperature, the product was collected, washed, vacuum-dried, and calcinated at

300°C in air atmosphere for 3h, then moved into an oven at 60°C for 12 h.
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(2) Synthesis of NiCo0,04@NiMo00O,4 hybrid material: The NiMoO4 was on the
prepared NiCo,04 to form NiCo,04@NiMoO,4 material by hydrothermal method too.
0.25 g of above synthesized NiCo,04 was dispersed in 80 ml deionized water with
ultrasonic stirring for 10 min. Then, 2 mmol of NiSO47H,O and 2 mmol
Na,MoO4-7H,0O was added, the mixture was kept under ultrasonic stirring for 5
minutes and then transferred to a 100 mL Teflon-lined stainless steel autoclave, and
heated to 120°C for 12h. After cooling down to room temperature, the products were
taken out and rinsed with deionized water and alcohol several times, then dried at

60°C for 12 h.
2.2. Characterization

The prepared sample was examined by X-ray diffraction (XRD; D8, Bruker), field
emission scanning electron microscope (FESEM; XL30, Philips), and high-resolution
transmission electron microscope (HRTEM; JEM-2100, JEOL) and N, adsorption

(Micromeritics, Tristar 3000 gas adsorption analyzer).

2.3. Electrochemical Measurements

A three-electrode cell was used for electrochemical measurements with as-prepared
samples as the working electrode, and a nickel mesh and Hg/HgO as the counter and
reference electrodes, respectively. 6 M KOH solution was used as electrolyte. The
working electrode containing 2-3 mg active materials were prepared by mixing active
materials, carbon black and polytetrafluoroethylene (PTFE) in a mass ratio of 8:1:1. A
small amount of ethanol was added into the mixture to form a paste and pressed into a
sheet of about 1 mm in thickness, then, a small wafer of 10 mm in diameter is cut off
with a hole puncher to obtain electrodes, which is pressed by bead machine under 10
MPa on Ni mesh substrate to form the working electrodes. The working electrode was

impregnated with the electrolyte for 30 min to ensure the nanocomposite electrode
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was thoroughly wet and then activated with a small current with chronopotentiometry.
The electrochemical measurements were performed on a CHI660C electrochemical
workstation (Chenhua, Shanghai). The specific capacitance is calculated according to

the following equation:

IAt
c =L 1
P omAV M

Where C(F-g") is the specific capacitance, I (A) represents the discharge current, and

m(mg), AV(V), and A¢ (s) designates the mass of active materials, potential drop

during discharge, and total discharge time respectively.

3. Results and discussion

3.1 Formation mechanism of NiC0o204@NiMo0O4 core/shell nanomaterials

The formation mechanism of NiCo0,04@NiMoOy core/shell nanomaterials was
presumed as shown in Scheme 1. Firstly, Seaurchin-like nano-NiCo,04 cores were
prepared. Second, a thin layer of NiMoQO4 was coated onto the surface of the NiCo,04
core to form the final products of hierarchical NiCo,O4@NiMoO4 core/shell

nanomaterials.
3.2 Physicochemical Characterization.

TG and DTG measurements were performed to assess the follow-up calcination
process of the as-prepared NiCo,04 precursors. As depicted in Fig. 1a, the sample
undergoes a weight loss of 24.18% in the multistep weight loss process involving the
dehydration and decomposition of precursors. The weight loss (1.4%) below 150°C is
ascribed to the removal of adsorbed water and the evaporation of the intercalated
water molecules.[26]The subsequent weight loss (21.8%) with a strong
endothermic peak at 250-300 °C arises from the loss of water and CO, generated by
the dehydroxylation and decomposition of precursors.[27] At 300 °C, almost all the

intercalated water molecules and gas molecules escaped from the interslab space
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completely, leading to the formation of porous spinel NiC0,04. At higher temperature,
no obvious weight loss is observed indicating that there is no additional phase or
structural change in NiCo0,04. Therefore, in order to obtain the NiCo,0O4 with high
purity, 300 °C is chosen as the calcination temperature.

The crystal structures of as-synthesized NiCo0,Os, NiMoO, and
NiCo0,04@NiMo0O,4 were studied by XRD as shown in Fig.1(b). The diffraction peaks
at 18.9, 31.2, 36.7, 38.4, 44.6, 55.4, 59.1, 65.0° can be indexed as the (111), (220),
(311), (222) (400), (422), (611) and (440) crystal planes of NiCo0,04 (JCPDS card no.
73-1702). The broad diffraction peaks indicate the poor crystallinity of the pristine
NiCo0,04. The patterns of single NiMoQ, are in good agreement with the standard
patterns for NiMoO4-xH,O (JCPDS, card no. 13-0128). In addition, several diffraction
peaks were attributed to the impurity phase of NiMoO, (JCPDS, card no.
12-0348). After the hydrothermal growth of the NiMoO,4 nanoshets, the pattern of
NiC0,04@NiMo0O4 contains the peaks of NiCo,Os, NiMoOs (JCPDS, card
n0.12-0348) and NiMoO,-xH,O (JCPDS, card no.13-0128), indicating two phase of
as-synthesized NiMoQOy are coexisted on the surface of NiCo,04. The intensity
diffraction peaks corresponds to the NiC0,O4 reduced in the patterns of
NiCo0,04@NiMoQO4 materials, probably due to the winding of NiMoO4 nanosheets on
the surface of the NiCo0,04 nanostructure and covering up by the strong diffraction
peaks of NiMoOs.

In order to further understand the elemental compostion and the oxidation state
of as-prepared NiCo0,04@NiMoO4, XPS measurements were carried out and the
results are presented in Fig. 2. Fig. 2a indicates the presence of Ni, Mo, Co, and O as
well as C from the reference and no other elements are detected. The Ni 2p core level
spectrum (Fig. 2b) is reasonably deconvoluted into four peaks. The binding energy
peak at 856.2 eV and its satellite peak at 861.9 eV correspond to Ni 2p3,, whereas, the
binding energy peaks at 874 eV and its satellite peak at 879.8 eV correspond to the Ni
2pi12 level. The main binding energy peaks of Ni 2ps;» and Ni 2p; are separated by
17.8 eV, which is a signature of the Ni?" oxidation state.[28] The Mo 3d core level

spectrum (Fig. 2c) shows two peaks with binding energies of 232.2 eV and 235.3 eV
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corresponding to Mo 3ds, and Mo 3djp, respectively. The binding energy peaks of
Mo 3d are separated by 3.1 eV, which also signifies a Mo(VI) oxidation state.[29] In
Co yp spectra (Figure 2d), two kinds of Co species can also be observed and assigned
to the species containing Co(II) and Co(III) ions.[30,31] Specifically, the fitting peaks
at binding energies (EB) of Co(II) ions at 781.7 and 796.9 eV are attributed to Co*",
while the other two fitting peaks at 780.1 and 795.2 eV belong to Co’* and two
shakeup satellites (identified as “Sat.” ) . The high-resolution spectrum for the O 1s
region (Figure 5d) shows three oxygen contributions. Specifically, the peak at 530.2
eV is typical of metal-oxygen bonds.[30,31]The peak sitting at 531.4 eV is usually
associated with defects, contaminants, and a number of surface species including
hydroxyls, chemisorbed oxygen, under-coordinated lattice oxygen, or species intrinsic
to the surface of the spinel.[32] The peaks at 532.6 eV can be attributed to multiplicity
of physi- and chemi-sorbed water at or near the surface.[30,31] These results show
that the surface of the as-synthesized NiCo,04@NiMoQO, materials has a composition
containing NiZ*, Ni**, Mo(V]), Co*", Co**and O%, which is in good agreement with
the results of NiMoO4 and NiCo,04. Here, the surface quantitative analysis of the
NiCo0,04@NiMo0O,4 materials based on the XPS were also conducted, which displays
that the surface Ni/Mo/O atomic ratio of the materials is 1.06/0.85/4.25, which is
close to 1/1/4 for the stoichiometric NiMoO,. The surface Co atomic percentage of
the materials is only 1.51%, indicating that most of the surface materials are NiMoO4
with only a few NiCo,04. This result agrees well with the NiCo0,04@NiMoQO4
core/shell structure: NiCo,04 was prepared as “core”; than NiMoO4 was deposited as
“shell”

Moreover, energy-dispersive X-ray spectrometry (EDS) spectrometry analysis
was applied to further confirm the NiCo0,04@NiMoQ, core/shell structure as shown in
Fig.3. It is clear that it consist of Ni, Co, Mo and O elements and the nanosheets
grown on the surface are mainly made of NiMoO4 and the parent hierarchical
heterostructures are a mixture of NiCo,O4 and NiMoO,, which agrees well with the
results of XRD.

The morphologies of the NiC0,04and NiCo,04@NiMoO4 were characterized by
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FESEM as shown in Fig.4. The NiCo0,04 material has a seaurchin-like feature of
3-5um in diameter with sharp nano-needles emanated from the ball center, so that
create large amount of open-free space in the balls as shown in Fig.4 (a) and (b).
Fig.4(c,d) displays the SEM image of NiC0,04@NiMoO,4 core—shell materials. It is
clear that the basic framework of NiCo,0y is still retained, however, the needles of
NiCo,04 were uniformly wraped by NiMoO, of short nanorods to form a core/shell
nanostructure NiCo0,04@NiMo0O4 nanomaterials, resulting in the formation of
NiCo0,04@NiMo0O; bristled nanorods of about 200 nm in diameter. Furthermore, Fig
4(d) reveals that the covered nanorods outside of NiCo,O4 needles have pine
leaves-like shape.

More details of the morphology and structure of the as-obtained NiCo0,0O4 and
NiC0,04@NiMoQO, core/shell nanomaterials are studied by TEM, HRTEM. Fig. 5a
reveals that NiCo,Os has the seaurchin-like structure with sharp nano-needles
emanated from the ball center. It is well consistent with the FESEM observation. The
lattice spacing of the (311) crystal plane of NiCo,04 is 0.24 nm as shown by high
-resolution TEM (HRTEM) image, Fig.5b. The nanorods NiCo,04@NiMoO, have a
diameter about 200 nm (the edge of dark image) as shown in Fig.5c, it is in good
agreement with that of SEM. The HRTEM image of the NiMoO4 shell is displayed in
Fig.5d. The interplanar spacing are of 0.31 nm and 0.35 nm, which are close to 0.312
nm and 0.35 nm given in the JCPDS 12-0348 file, the lattice spacing of 0.30 nm is
close to that of 0.299 nm given in the JCPDS 13-0128 file. Unfortunately, the crystal
structure of NiMoOy is not clear, it is still unknown which plane the obtained spacing
corresponds to.

The N, adsorption-desorption isotherms and pore size distributions of the
NiCo0,04, NiMo00O,4 and NiCo,04@NiMoOy coll/shell nanomaterials are shown in Fig.
6. It is clear that pure NiMoOy has a typical type II isotherm with a very low adsorbed
amount at low relative pressures and a negligible desorpotion loop, indicating almost
non-porous material; NiCo,O4 has a combination of Type II and IV isotherm with a
very low adsorbed amount at low relative pressures and a small desorpotion loop,

indicating the existence of a few mesorpores; NiCo,04@NiMoO, has a typical Type
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IV isotherm with a visible adsorbed amount at low relative pressures and a high
adsorbed amount and a large desorpotion loop, indicating the existence of a large
amount of mesorpores as shown in Fig 6(a). Fig 6(b) show that NiMoQO,, NiCo0,04
and NiCo,04@NiMoO,4 have a few pores located about 3 nm, a number of pores at
about 7 nm and a large amount of pores at about 5 nm with some pores ranged from
10-23 nm, respectively, indicating that NiCo,O4@NiMoO4 has hierarchical
mesoporous characteristics.

The calculated BET specific surface areas, total pore volumes are given in Table
1. NiC0,04@NiMoO4 has the largest Sger of 100.3 ng'l, and Vi of 0.241 cm’ g'1
much higher than that of NiM0oO4 (39.2 m”g™ 0.080 cm®-g™) and NiCo,04 (42.2 m’g™,
0.118 cm’ ~g'1). The highly porosity and large surface of NiCo,O4@NiMoOQO, materials
are attributed to the aggregation and gathering of NiMoO, nanorods grown on the

NiCo0,04 needles to form hierarchical mesopores.
3.3. Electrochemical Measurements

Figure 7a shows the cyclic voltammetry (CV) curves of NiCo0,04, NiM0O4 and
NiC0,04@NiMo0Qy electrodes at a scan rate of 10 mV s, It is clear that the three
electrodes display evidently a pair of redox peaks, i.e., oxidation peak at 0.26, 0.32,
0.27V and reduction peaks at 0.05, 0.11, -0.08 V for NiCo0,0s, NiMoO, and
NiC0,04@NiMo0Qy, respectively, which is mainly attributed to the redox reactions of
Ni and Co species in the alkaline electrolyte[23,33-34].

The integral CV area and height of oxidation peak are in the order of
NiC0,04@NiMo00Oy4 > pure NiCo0,04 > NiMoOy, indicating that the former electrode
has a larger specific capacitance than the latter two. The core/shell nanoflake arrays
have higher electrochemical reaction activity, it should be attributed to the additional
pseudocapacitance contributed by the NiMoOQj shell. It is in good agreement with that
of the nitrogen adsorption and SEM observation. With a large surface area and porous
structures, the as-synthesized NiCo0,0s@NiMoO4 nanomaterials have potential
application in electrochemical supercapacitors since they may facilitate the ion

transfer at the electrode/electrolyte interface[35]. Meanwhile, compared with that of
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NiMoOy, the area for the NiC0,04gNiMoOjy electrode obvious increase at the left side
of the redox peaks. This increased area is mainly contributed by NiCo,04. This means
that both NiMoO, and NiCo,0O4 are helpful to improve the supercapacitive
performance of the NiCo,04@NiMoO; electrode materials.

Fig. 7b shows the CV curves of the NiCo,04@NiMoQy electrode at a scan rate of 2,
5,10, 20 mV s in the potential range of - 0.2— 0.45 V (vs. SCE). It is evident that the
peak current increases with increasing scan rate, suggesting that the kinetics of the
interfacial and the rates of electronic and ionic transport are rapid enough at the scan
rates presented. The anodic peaks shifted towards positive potential and the cathodic
peaks shifted towards negative potential, which is attributed to the polarization effect

of the electrode [36].

In order to get more information about the ability of the as-synthesized
seaurchin-like NiC0,04@NiMoO4 nanostructure electrodes, the galvanostatic
charge—discharge tests were conducted at various charge—discharge current densities
with the potential window between 0 and 0.35V, with a series of current densities up
to 20 A g™ are presented in Fig.7c. A distinct plateau region can be observed during
the process, suggesting the pseudocapacitive behavior of the electrodes. The specific
capacitances at various discharge current densities for the three electrodes are
calculated and shown in Fig.7d. At the current density of 1A g'l, the specific
capacitace of NiCo,O4@NiMoOy (2474F g'l) are much larger than pristine NiCo0,04
(1471F g'l) and NiMoOQ, (1228F g'l). Although the specific capacitance gradually
decreases with increasing current density due to the incremental voltage drop and that
there is insufficient active material involved in the redox reaction at high current
densities, the specific capacitance is still as high as 2080F g'1 as the current density
increase 20 times, from 1 to 20 A g™, implying that the NiC0,04@NiMoO, electrode
has super high rate charge-discharge performance. It is worth to mention that the
specific capacitance of NiCo,0O4@NiMoO, electrode of this work is also higher than
that of other previously reported core/shell nanoarchitectured materials, such as

NiCo,O4@ graphene nanoarchitectures (778F g' at 1 A g') [37], and
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NiC0,04@NiC0,04 (1917 F g at 1 A g!), NiCo,O4@NiO (2105 F g at 1 A g) [24],
Co/NiO core/shell nanowire arrays( 956 F g At 2A g) [38].

Fig.7e displays the EIS of NiCo,04, NiM0OQy4, and the hierarchical NiCo,O4@
NiMoOjy electrode. The inset shows the semicircle evident at high frequency. All the
impedance spectra are similar, being composed of one semicircle at high frequency
followed by a linear component at low frequency. There are two differences in these
curves. Firstly, in the high frequency intercept of the real axis, the internal resistances
(Rp) were different. Compared with NiMoOs, the Ry, of NiCo,0O4@NiMoOy, electrode
was decreased, suggesting that the introduction of NiCo,04 improved the electron
conductivity of NiCo,04@NiMoQ,. Secondly, the diffusive resistance (Warburg
impedance) of the NiCo,O4@NiMoO; electrode, represented by the straight line at
low frequency, was lower than that of NiMoQO,, indicating that the porous structure of
the NiCo0,04@NiMoQO4 composite can reduce the mass-transfer resistance and
enhance the electrolyte penetration as well as ion diffusion in the host material. What
is more, the NiCo,04@NiMoO; electrode also shows a small pseudo charge transfer
resistance (Rct), which corresponds to the small semicircle in the impedance plots.
The low Ry, R, and Warburg impedance reveal the excellent electrochemical
capacitive properties of these binary metal oxide based composite materials.

The cycling stability of the NiC0,04, NiM0O4 and NiCo,04@NiMoO4 electrode
were carried out at 10A g and the result are shown in Fig.7f. It is clear that the
NiCo0,04, NiM0O, display a specific capacitance of 857F g'l, 1170 F g'1 and
capacitance retention of 93.8% and 98%, respectively, after 1000 cycles at 10A g™
NiC0,04@NiMo0Oy4 hybrid electrode has not only a good capacitance retention of
95%, but also exhibits a very high specific capacitance of 2148 F g'1 after 1000
cycles.

In view of the high capacitance and excellent rate capability, we further calculate
the specific energy and power densities, which are the two key factors for the practical
applications of electrochemical supercapacitors. The specific energy density (E) and

power density (P) are obtained based on the following equations, respectively:
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E=%CAV2 ()
E

P=— 3
A 3)

Where FE is the specific energy density, Crefers to the specific capacitance, AV is
the voltage range, P represents the power density, and A¢ is the discharge time. The
results are presented as Ragone plots in Fig. 8. The NiCo,04@NiMoO4 sample can
deliver high power output in the range of 175 and 3539 W kg'1 with little sacrifice of
the high energy density (from 42.1 to 35.4 Wh kg™'). Whereas the other two samples
exhibit slightly reduced but still quite impressive energy densities with the similar
power densities. The excellent capability of delivering high specific power and energy
densities makes the present mesoporous NiCo,O4@NiMoO, hierarchical structures
very appealing as electrode materials for advanced supercapacitors.

The results demonstrate that NiCo,04@NiMoQOs core/shell nanomaterials
electrode has excellent electrochemical performance reflected by an extreme large
specific capacitance, low resistance, high cycling stability and capacitance retention,
and good rate capability. All these merits are important for the practical application in

supercapacitors.

4. Conclusions

A novel nanostructured core/shell NiCo,O4@NiMoQO4 hybrid was successfully
synthesized through a facile two—step hydrothermal method free of templates and
catalysts. The NiCo0,04@NiMoQO4 electrode exhibits good electrochemical
performance with an extreme large capacitance of 2474 F g 'at 1A g”'. At the high
current density of 20 A/g, it still possesses 2080 F g'l, indicating a good rate capability.
It also exhibits a high capacitance retention of 95% after 1000 cycles of
charge-discharge, suggesting a high recycle stability. The excellent electrochemical
performance indicates that the integration of two metal oxides into one sophisticated
core/shell hybrid nanostructure that is directly aligned on the current collector
significantly enhances the areal capacitance. The results demonstrate that the

NiCo,04@NiMo0O;, core/shell electrode material would have a great application



Page 13 of 24

Physical Chemistry Chemical Physics

potential in the electrochemical energy storage for supercapacitors.
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Scheme 1. Schematic illustration of the two-step synthesis of NiCo,O4@NiMoO4
core/shell nanomaterials
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Fig.1(a) TG (black) and DTG (red) curves of NiC0,04 (b) XRD patterns of backbone
NiCo,04 (bule line) and hierarchical NiCo0,04@NiMoQ, core/shell nanomaterials
(red line)
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Fig. 2 XPS spectra of (a) survey spectrum, (b) Ni 2p, (¢) Co 2p, (d) Mo 3d and (e) O 1s for
seaurchin-like NiCo,04@NiMoO, microspheres
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Fig.3 EDS analysis of the NiCo,04@NiMoO, core/shell nanomaterials
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Fig. 4 (a,b) SEM image of the backbone NiCo,04 nanostructures; (d,e,) SEM images of
hierarchical NiCo,04@NiMoQ;, core/shell nanostructures



Physical Chemistry Chemical Physics Page 20 of 24

0.2um - 2nm

0.2pm

Fig. 5 (a) Low-magnification TEM image, (b) HRTEM image of NiC0,04
nanostructures ; (c) low-magnification TEM image and (d) HRTEM image of the
NiCo,04@NiMoOy core/shell nanostructures
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Tablel. The specific surface area and total pore volume of the NiCo,04, NiMoO4 and
NiC0,04@NiMo0O, samples

Sample SgeT( mz'gfl) Viot( cm’ gfl)
NiCo0,04 42.2 0.118
NiMoO;4 39.2 0.080

NiC0,04@NiMoO4 100.3 0.241
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Figure 7. Electrochemical performances of NiCo,Os , NiMoO,s and
NiC0,04@NiMo0Oy electrodes: (a) comparative CV curves recorded at a scan rate of
10mV s for the three different electrodes; (b) CV curves at different scan rates for
NiC0,04@NiMoQOy electrode; (c) charge - discharge curves at different current
densities of NiCo0,04@NiMoOy electrode; (d) specific capacitance as a function of
discharge current density; (¢) AC impedance plots of three electrodes; (f) variation of
specific capacitance with cycle numbers at a current density of 10A g ™!
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Fig. 8 Ragone plot of the estimated specific energy and specific power at various charge -
discharge rates.



