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Transition metal molybdates are widely used as electrode materials for supercapacitors due to their high

theoretical specific capacitance and excellent electrochemical activity. It is an effective strategy to

improve the electrochemical performance by reasonably designing electrode materials. Herein, we

prepared several Ni;_,Co,Mo0O4-nH,O nanostructures through facile hydrothermal strategies. Benefiting

Received 19th March 2022 from the synergistic effects between Ni and Co elements, the obtained electrode materials delivered
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a specific capacitance of 1390 F g~* at 1 A g~. The as-assembled device shows an energy density of

DOI: 10.1035/d2ra01778d 72.45W h kg™* at a power density of 2688.8 W kg~™. It also presents excellent cycling and mechanical
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Introduction

At present, the rapid development of portable electronic devices
has prompted one to seek for some clean and sustainable
energy sources, such as wind energy, hydrogen energy, and solar
energy."* Among various energy storage systems, super-
capacitors have been extensively studied because of their high
power density, short charging time and superior energy
density.>® However, the faradaic redox reaction occurs only on
and near the surface of electrode materials, which makes their
energy density lower than many rechargeable batteries.' This
greatly limits their practical application. According to previous
reports, one of the strategies to solve this problem is to ratio-
nally construct advanced electrode materials with high specific
capacitance.”™ An important task is to efficiently control the
morphology and structures of the active components.
Recently, transition metal oxides have been regarded as
promising electrode materials for electrochemical capacitors
due to their rich valence states.*®*® NiMoO, electrode materials
are considered an ideal candidate for supercapacitor cathodes.
However, it shows poor cycle stability. In contrast, CoMoO,
electrode materials present excellent rate performance but low
charge storage capacity.” In general, the co-existence of Ni and
Co ions can generate various redox reactions during the reac-
tion process, which is beneficial to improve the electrochemical
activity.”** For instance, Zhuo et al. synthesized hierarchical
CoMo00,-NiMoO, nanostructures with a specific capacitance of
1079 F g~ at 5 A g '.* Similarly, NiM0oO,@CoMoO, nano-
spheres can be obtained through adjusting the proportion of
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stability after many times of charging and discharging processes and bending.

NiMoO, and CoMoO,. It delivers a specific capacitance of
1601.6 Fg 'at2 Ag "%

Herein, we synthesized several hydrous Ni; ,Co,Mo00O,-
-nH,0 products through a facile hydrothermal approach. By
tailoring the Ni/Co ratio, it is found that when Ni: Co = 3 : 1,
the composite materials deliver excellent specific capacitance
compared to others. In addition, we assembled an asymmetric
supercapacitor (ASC) using the as-synthesized sample as
a positive electrode material. As expected, the maximum energy
density is 72.45 W h kg~ " at 2688.8 W kg™ . The device retains
94.4% of initial capacity after 11 000 cycles, demonstrating its
excellent cycling stability.

Experimental section

All reagents are analytically pure without further purification. In
a typical procedure, a piece of 3 x 3 cm? nickel foam (NF) was
immersed into 1 M HCI solution and sonicated for 30 min. Next,
the NF was repeatedly washed with ethanol and deionized
water, respectively, and then dried overnight.

Synthesis of Ni,Co; ,M00,-nH,0 samples

A Ni,Co;_,M00,-nH,0 hybrid structure was prepared by a one-
step hydrothermal approach. In detail, Ni(NO;),-6H,0,
Co(NO3),-6H,0 and Na,MoO,-2H,0 were in turn dissolved into
50 mL deionized water with different molar ratios (Table 1).
After magnetic stirring for 0.5 h, a clean NF was put into
a reaction kettle and heated at 150 °C for 6 h. Then, the
precursors are taken out and annealed to obtain different Ni/Co
molybdates. The detailed annealing parameters were kept at
350 °C for 2 h at 2 °C min. Their load masses are 1.8, 1.2, 1, 1.6,
1.4 mg cm 2, respectively. The corresponding products were
denoted as NMOH, NCMOH-1, NCMOH-2, NCMOH-3 and CMO.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Reagent dosage ratio and load mass of electrode materials
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Labels Ni(NO3),6H,0 Co(NO3),-6H,0 Na,MoO,-2H,0 Molar ratios
NMOH 2 0 2 1:0
NCMOH-1 0.5 1.5 2 1:3
NCMOH-2 1 1 2 1:1
NCMOH-3 1.5 0.5 2 3:1
CMO 0 2 2 0:1

Structural characterizations

The morphology of the as-synthesized Ni,Co,_,M00,-nH,0
materials was characterized by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM), respec-
tively. The crystal structure and element distribution were
confirmed by X-ray powder diffraction (XRD, Shimadzu-7000)
and X-ray photoelectron spectrum (XPS) measurements (ESCA-
LAB250, Themo VG) with an Al Ka source. The electrochemical
measurements were performed in a 3 M KOH solution on
a CHI660E electrochemical workstation with a three-electrode
system. The as-prepared electrode, Pt foil and Hg/HgO elec-
trode (+0.098 V vs. SHE) were used as the working electrode,
counter electrode and reference electrode, respectively. The
electrochemical tests include cyclic voltammetry (CV), galva-
nostatic charge-discharge (GCD) and electrochemical imped-
ance spectroscopy (EIS). The mass specific capacitance (Cs),
energy density (E) and power density (P) are calculated by the
following equations:

Cs=1x Atlm )]
E=12x Cx V? (2)
P = 3600 x E/At 3)

where I, At, and V are the current density (A g~ "), discharge time
(s) and potential window (V), respectively.

Assembly of hybrid supercapacitor

Finally, the negative electrode was obtained by coating a nickel
foam with a slurry of activated carbon (70 wt%), carbon black
(20 wt%) and PVDF (10 wt%) and dried at 80 °C for 24 h. An
asymmetric device was assembled with the NCMOH-1 sample
as positive materials, active carbon as negative ones and PVA-
KOH gel as an electrolyte. In order to balance the charges
between positive and negative electrodes, the following
formulae were used:*®

Q=1It=CmAV (4)
m*/m™ = Cp, AV /C,"AV* (5)

In above formula, C,," and C, represent the specific
capacitance of the positive and negative electrodes (F g™ %),
respectively. m" and m~ stand for the mass loading of the
positive and negative electrodes (mg), respectively. Q is the
electric quantity. AV" and AV~ denote the voltage windows of

© 2022 The Author(s). Published by the Royal Society of Chemistry

the positive and negative electrode (V), respectively. The mass
loading of NCMOH-1 and AC on the Ni foam was optimized to

be around 1.5 and 2.5 mg cm 2, respectively.

Results and discussion

First, we studied the crystal structure and phase purity of the
obtained samples by XRD. From Fig. 1a, the diffraction peaks of
the CMO sample correspond to the CoMoO, crystal structure
(PDF#21-0868), and there are no miscellaneous peaks, revealing
its good crystallinity. Similarly, the main diffraction peaks of
NMOH samples can be indexed to the triclinic NiMoO,-nH,0
phase (PDF# 13-0128).%” Also, the (001) and (312) crystal plane
belongs to the NiMoO, phase (PDF# 45-0142). From Fig. 1b,
after a small amount of Co atoms was substituted by Ni atoms,
the lattice parameters of NiMoO, remain unchanged. As the Co
content increases, the strong diffraction peak of the NiMoO,
structure at 29.8° gradually weakens and disappears. Moreover,
the main diffraction peak of the CoMoO, structure appears at
26.5°. It can be clearly observed that the (201), (112), (311) and
(131) crystal planes of the CoMoO, phase appear when the ratio
of Ni: Co is 1: 1. This may be due to the partial phase change
from NiMoO, to CoMo0O, during the process of Co gradually
replacing Ni ions.

XPS spectroscopy is employed to investigate the surface
chemical compositions of the as-synthesized NCMOH-1 elec-
trode. Co 2p spectra (Fig. 1c) consists of two spin doublets
located at 780.0 eV and 795.5 eV, which can be indexed to Co**
species, while those at 782.1 eV and 798.7 eV correspond to Co>*
species. The presence of the satellite peaks further proves the co-
existence of Co®" and Co®" in the obtained NCMOH-1 structure.?®
Ni 2p spectra are shown in Fig. 1d. Two main peaks at 856.5 and
874.2 eV correspond to Ni 2p;, and Ni 2p,),, suggesting the
existence of a Ni*" oxidation state.?” From Fig. 1e, Mo 3d high-
resolution spectra also show two characteristic peaks of Mo
3ds/, and Mo 3ds, at 231.9 €V and 235.1 €V, indicating Mo®* with
a high oxidation state.** Furthermore, Fig. 1f shows the O 1s
spectra. O1 (533.2 eV), 02 (531.6 €V), and 03 (533.2 eV) peaks
represent metal-oxygen bonds, defective oxygen, and OH groups
from surface-adsorbed moisture, respectively.**

The morphology and structure of the as-prepared samples
are then characterized by SEM and TEM, respectively. Fig. 2a
shows that the NMOH nanorods with the average diameter of
about 10-50 nm are homogeneously grown on NF. From Fig. 2b
and f, when Ni/Co = 3 : 1, the Co ion concentration is so low
that the NCMOH-1 sample still shows one-dimensional nano-
rods. In addition, it can be clearly seen that the average
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Fig. 1 Structural characterization of the as-prepared samples (a and b) XRD patterns (c—f) XPS spectra of the NCMOH-1 sample.

diameter of NCMOH-1 increases. When the Ni/Co molar ratio is
1: 1, the morphology of the sample becomes a CoMoO, sheet-
like structure (Fig. 2c and g). As shown in Fig. 2d and h,
numerous sheets are the interconnected network structure. The
morphology of CMO product is shown in Fig. 2e when Ni atoms
are completely replaced by Co atoms. It is completely trans-
formed into a uniform nanosheet network structure. The low

magnification TEM image of the NCMOH-1 sample in Fig. 3a
shows a layered structure composed of numerous nanorods,
which is in good agreement with the SEM result. The corre-
sponding HRTEM (Fig. 3b) indicates that the d-spacing value of
0.82 nm belongs to the NiMoO,-nH,O crystal phase. In Fig. 2c,
the lattice spacing of 0.32 nm corresponds well to the (202)
crystal plane of the CoMoO, structure, indicating that the

Fig.2 Low and high magnification SEM images of the as-prepared samples. (a) NMOH nanorods, (b) and (f) NCMOH-1, (c) and (g) NCMOH-2, (d)

and (h) NCMOH-3, and (e) CMO nanosheets.
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Fig. 3
nanorod and the corresponding EDS element mappings.

NCMOH-1 sample has been successfully prepared. As shown in
Fig. 3d, the elemental mapping images further prove that the
elements of Ni, Co, Mo and O are well coated on the surface of
NCMOH-1 nanorods.

Then, we studied the electrochemical performance of
different samples in a 3 M KOH electrolyte. Fig. 4a presents the
CV curves of several electrode materials at 10 mV s~ . Evidently,
the NCMOH-1 material shows the largest integral area, indi-
cating excellent specific capacitance. Moreover, a pair of
obvious redox peaks represents a typical faradaic behavior of
electrode materials.> The redox process of electrode materials
in an electrolyte can be described by the following formulas:**

(@) TEM and (b and c) HRTEM images of the NCMOH-1 product. (d) HAADF-STEM image with the line—scan profiles across a single

Ni(OH), + OH~ < NiOOH + H,0 + ¢~ (6)
Co(OH), + OH™ < CoOOH + H,0 + ¢~ (7)
CoOOH + OH™ & Co0,+H,0 + ¢~ (8)

As shown in Fig. 4b, the GCD curves of the samples indicate
obvious charge-discharge platforms, which further confirm the
occurrence of a faradaic redox reaction. Among them, the
NCMOH-1 electrode delivers a specific capacitance of 695C g~
at 1 A g . It is superior to some previous reports (Table 2).%3-38
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(a) KO ( ) 1A/g NMOH (c)_;().
NeMOH:L 10 mv/s 5] NCMOH-1 NMOH
0.05 . g - NCMOH-2 NCMOH-1
05 NCMOH-2 NCMOH-3 NCMOH-2
NCMOH-3 ~ 04 y NCMOH-3
- CMO 4
< CMO z £ 0 g
= = 034 =
5 < g
= 0.00 g B
5 £ 024 N 104 i
© =
0.1
005 +——————————————— 00 ——— 0 — — .
00 01 02 03 04 05 06 0 200 400 600 800 1000 1200 1400 1600 0 10 20 30
Potential (V) Time (s) Z" (ohm)
< 120
A(d) o == E%A"éﬂ"“ (e) Diffusion controlled (f)A = o
e 9. —_ Surface controlled X | Fanp, —— it -
= 12004 \ —e—CMO & 1004 < e o et gt
;’ ? ;’ s NCMOH-1
g \‘)\ E 801 E P 83.7 %
s ° 2 i, SR -
£ 8004 e & S 2 Pt * NCMOH-2
] g 604 — = - PISTE 556 %
2 2 3 3 NCMOH-3
g s 2 - = g
s 2 404 & = N74.17%
o | —_ = & = .
= 400 — = = g CMO
g = .
i 8 20 E 3 73.78 %
@n
0 : . ; . . ol B Z 7 . 2 = . . —
0 2 4 6 8 10 10 20 30 40 50 0 000 4000 6000 8000 10000

Current density (A g")

Scan rate (mV/s)

Cycle nmber

Fig. 4 Electrochemical performance of the electrode materials. (a) CV curves at 10 mV s~2, (b) GCD curves at 1 A g%, (c) Nyquist plots of the
electrode materials, (d) specific capacitance values of the samples, (e) the normalized contribution ratio with capacitive and diffusion contri-

bution at different scan rates, and (f) cycling stability.
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Table 2 Electrochemical performance of various electrode materials

Electrode materials Capacitance (F g™ ') Current density (A g —1) Electrolyte Ref.
NiMoO,-H,O nanoclusters 680 1 6 M KOH 33
CoMoO, nanoparticles 771.6 1 2 M KOH 34
NiMoO,@CoMo0, hollow nanorods 1329 0.5 6 M KOH 35
NiMoO, nanorods 594 1 6 M KOH 36
NiMoO,/CoMo0O, clusters 740 1 3 M KOH 37
Co-Mo-S nanosheets 1020 1 3 M KOH 38
NCMOH-1 nanorods 1400 1 3 M KOH This work

EIS was further used to investigate the electrochemical perfor-
mance of electrode materials in the frequency range from 100
kHz to 0.01 Hz. The corresponding Nyquist plots are shown in
Fig. 4c. The straight line in a low frequency zone refers to the
diffusive resistance of electrolyte ions (R,,). It is associated with
the diffusivity of electrolyte ions within electroactive mate-
rials.*” In a high frequency region, the intersection with the real
axis refers to bulk resistance (R) and the diameter of semicircle

represents the charge transfer resistance (R.). The Ry value of
NCMOH-1 is 0.52 Q, which is lower than those of the others.
Fig. 4d shows the specific capacitance of several electrode
materials at different current densities. It indicates that the
specific capacitance of the NCMOH-1 sample is twice that of
single electrode materials at 1 A g~ ". It keeps a high specific
capacitance even at large current density, demonstrating its
excellent rate performance. As is known, the charge storage of
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Fig.5 (a) CV curves of the electrodes at 100 mV' s

, (b) CV curves at different scanning rates, (c) CV curves at different voltages, (d) GCD curves,

(e) cycling performance of the device, (f) Ragone plot, (g) capacitance retention after bending, and (h) digital photo of an electronic clock by 3

devices in series.
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electrode materials consists of two different electrochemical
processes, including surface-controlled process and diffusion-
controlled one. To further explore the electrochemical reac-
tion kinetics of the electrode materials, capacitive contribution
can be calculated according to the following equation:*

i=a’ 9)

b values are used to judge whether the as-prepared product has
pseudocapacitive behavior during charging and discharging
processes.

The capacitive contribution ratio can be further quantified
by the equation:

i= kv + k' (10
where i, v, k; and k, are the measured current, scan rate, and
constants, respectively. The calculated capacitive contribution
at different scan rates is shown in Fig. 4e. It can be found that
the increase in the scan rate is inversely proportional to the
contribution of diffusion-controlled capacitance. It indicates
that the optimized ratio is favorable for the rapid penetration of
OH" on the electrode surface.'® Apart from specific capacitance,
cyclic stability is a crucial factor for evaluating the performance
of electrode materials. Fig. 4f is the capacitance curves of the
electrode materials after 10 000 cycles of charge-discharge at
10 A g~ '. The NMOH-1 electrode material still retains 83.7% of
its initial capacitance after 10 000 cycles, confirming its excel-
lent durability.

To explore the potential application of electrode materials,
several supercapacitors were assembled. The NCMOH-1 product,
activated carbon, and KOH gel were used as the positive elec-
trode, negative electrode, and electrolyte, respectively, to form
a sandwich structure. As shown in Fig. 5a, the positive and
negative materials are well matched, and the operating voltage of
the device reached 1.6 V. Fig. 5b shows the CV curves of the device
at different scan rates. All CV curves present almost similar
shapes as the scan rate increases, indicating that they possess
good capacitive performance. The CV curve tests at different
voltage windows are conducted to study the suitable voltage
range of the device (Fig. 5¢). It shows that the device can operate
stably at 1.6 V without any obvious polarization phenomenon.
The electrochemical behavior was further investigated by GCD
tests (Fig. 5d). It can be found that the curves are nearly
symmetric, revealing the ideal battery-type behavior and rate
capability. Moreover, the capacitance of the device only reduces
5.6% after 10 000 cycles (Fig. 5e), indicating its excellent dura-
bility. The inset in Fig. 5e shows that the NCMOH-1 material
retains its original morphology after multiple charge-discharge
processes. The Ragone plot (Fig. 5f) lists the energy and power
density of some supercapacitors. The NCMOH-1//AC device
delivers a maximum energy density of 72.45 W h kg™ " at a power
density of 2688.8 W kg™, which is higher than those of the
previously reported works.*>** The inset shows a blue LED pow-
ered by 3 devices in series (the voltage window is about 2.8 V).

Finally, we studied the effects of folds on the electrochemical
behavior of the assembled device. Fig. 5¢ shows that the shape

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of CV curves almost does not change after bending, indicating
its excellent mechanical stability. This may be attributed to the
three-dimensionally porous structure of the electrode materials.
In addition, three devices in series were used to power an
electronic clock for more than 10 h, as shown in Fig. 5h. It
suggests that the prepared electrode materials can be used in
future portable flexible electronic devices.

Conclusions

In summary, we have synthesized several nickel/cobalt mixed
molybdates with different Ni/Co molar ratios through a simple
hydrothermal strategy. The as-prepared NCMOH-1 (Ni/Co =
3:1) sample demonstrates superior electrochemical perfor-
mance than single metal molybdates such as NMOH and CMO
electrodes. The results show that the synergistic effect of Ni and
Co ions can improve the specific capacitance and rate perfor-
mance of electrode materials, while Co ions can enhance the
cycling stability. Therefore, it is feasible to design multi-
component electrode materials to improve their electro-
chemical performance. The assembled asymmetric capacitors
can drive small electronic equipment and show excellent
mechanical stability.
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