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oO4 nanorod electrode materials
for flexible and asymmetric energy storage devices

Qi He, Xingyu Liu and Xiang Wu *

Recently, ternary metal oxides as cathode materials have been the focus of research into supercapacitors

owing to their high power density and cost-efficient features. The development of excellent electrode

materials is the key to improving supercapacitor total performance. Herein, we report several kinds of

NiMoO4 nanostructures grown on nickel foam using a simple hydrothermal strategy. The assembled

hybrid devices show an energy density of 35.9 W h kg−1 at a power density of 2708 W kg−1. After

repeated charging and discharging cycling and bending tests, they show excellent durability

performance and mechanical stability performance.
1 Introduction

The creation of some sustainable energy sources is essential in
light of the increasing popularity of exible, portable
electronics.1–5 Thereinto, supercapacitors have attracted wide
attention as extremely efficient and highly powerful electro-
chemical energy storage systems.6–9 However, their energy
density is far behind commercial demands, which limits their
large-scale applications.10–13 Therefore, it is indispensable to
explore desired electrode materials that combine high specic
capacity and energy density simultaneously.14–17

Compared to binary transition metal oxides, the ternary
NiMoO4 compound shows richer oxidation states because of the
synergistic effect of bimetallic interactions.18–20 It results in highly
reversible redox reactions and excellent electrochemical perfor-
mance.21,22 In previous reports, Wang et al. prepared Pr2CrMnO6

electrode materials with a specic capacitance of 177.4 F g−1 at
2 A g−1.23 Co2S4@NiMo-LDH nanocomposites deliver a specic
capacitance of 1346 F g−1 at 1 A g−1 and aer 10 000 cycles, the
capacitance retention rate is 80%.24 He's group synthesized
a NiMoO4–Ag/rGO product with 1132.8 F g−1 at 1 A g−1, which
retains 95% of the initial capacitance aer 1000 cycles.25 We also
prepared NiMoCo-LDH materials on nickel foam using a hydro-
thermal route. It showed a specic capacitance of 1284.2 F g−1 at
1 A g−1 and a capacitance retention of 85.3% aer 8000 cycles.26

Althoughmuch progress has beenmade in the past two decades,
this has been made using excessively complex preparation
routines to obtain similar specic capacities. We have reduced
the complexity of themanufacturing process and production cost
via a simple preparationmethod to increase the practical value of
supercapacitors. NiMoO4 nanorods on NF for supercapacitors
possess the advantages of low cost, excellent electrical
ng, Shenyang University of Technology,

iang05@163.com

the Royal Society of Chemistry
conductivity, excellent chemical stability, light weight, exibility
and high porosity. The open space between the nanorods allows
easy diffusion of electrolytes and avoids the use of polymer
binders.27

In this work, we synthesize several NiMoO4 samples on
nickel foam (NF) using a simple hydrothermal process. Many
characterization studies are performed to assess the micro-
structural and capacitance performance of the as-obtained
samples. By adjusting the Ni/Mo molar ratio, it is found that
the NiMoO4-2 electrode material delivers a specic capacitance
of 1194 F g−1 of 1 A g−1 when Ni/Mo = 1 : 1. Moreover, the as-
prepared samples are used as cathodes in the assembly of
asymmetric supercapacitors (ASC). They provide an energy
density of 35.9 W h kg−1 at a power density of 2708 W kg−1. At
the same time, the as-fabricated devices retain 89.2% of initial
capacitance aer 10 000 cycles. Also, the bending experiments
demonstrate their outstanding mechanical stability, indicating
potential for applications in exible electronics elds.
2 Experimental section
2.1 Materials

The NF was purchased from Kunshan Guangjia New Material
Co., Ltd. Ni(NO3)2$6H2O and urea were obtained from Shanghai
Aladdin Biochemical Technology Co. Na2MoO4$2H2O and NH4F
were sourced from Tianjin Damao Chemical Reagent Factory.
N,N-Dimethylformamide (DMF), acetylene black, poly-
vinylidene uoride (PVDF), N-methylpyrrolidone (NMP) were
acquired from Taiyuan Lizhiyuan Technology Co., Ltd. All
chemicals were directly used in the experiments without
purication.
2.2 Preparation of nickel foam (NF)

A piece of NF (4 × 4 cm2) was immersed for 30 minutes in
a solution of 1 MHCl to remove the surface grease and the oxide
RSC Adv., 2024, 14, 24749–24755 | 24749
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View Article Online
lm layer. Subsequently, the nickel foam was washed repeatedly
with anhydrous ethanol and deionized water under sonication
and dried in an oven at 60 °C for 24 h.
2.3 Synthesis of NiMoO4 samples

NiMoO4 cathode materials were prepared by a simple one-step
hydrothermal method. In detail, 0.5816 g of Ni(NO3)2$6H2O,
0.4839 g of Na2MoO4$2H2O, 0.037 g of NH4F and 0.06 g of urea
were subsequently dissolved in varied molar ratios of 50 mL of
deionized water (Table 1). Aer magnetic stirring for 0.5 h,
a clean NF was placed in a reaction autoclave and heated at
150 °C for 6 h. Following room temperature cooling, the NF was
washed three times with anhydrous ethanol and deionized
water and calcined in the air at 350 °C for 2 h with a heating rate
of 2 °C min−1. The light green materials were prepared. The
corresponding samples were named as NiMoO4-1, NiMoO4-2,
NiMoO4-3 and Ni(OH)2. The way to determine the mass loading
is to take the difference between the mass per unit area of NF
with active substance and the mass of NF per unit area. Their
mass loadings were 2, 1.2, 1.3 and 1 mg cm−2, respectively.
2.4 Preparation of activated carbon anode material

Activated carbon, acetylene black and PVDF were mixed in the
ratio of 7 : 2 : 1 in an onyx mortar and ground by adding anhy-
drous ethanol. Each time, the ethanol in the agate mortar was
completely ground and evaporated before the next grinding.
Aer the third time, NMP solution was added dropwise to the
agate mortar and ground well. The resulting slurry was
uniformly coated on the pre-treated NF with a spatula and dried
in a vacuum oven at 60 °C for 10 h.
2.5 Preparation of PVA–KOH gel electrolyte

To prevent the hydrogels from clumping and agglomerating,
slow and uniformmagnetic stirring wasmaintained throughout
the preparation process. A beaker containing 20 mL of deion-
ized water was rst placed in a water bath. When the temper-
ature of the beaker was heated to 60 °C, 2 g PVA was slowly
poured into the beaker. When the temperature of the beaker
was heated to 90 °C, 1.5 M KOH solution was slowly dropped
into the PVA hydrogel in the water bath. The heating was
stopped and the gel was cooled to room temperature. Aer the
hydrogel was claried, the PVA–KOH hydrogel was obtained.
2.6 Structure characterization

The as-synthesized materials' crystallographic structure was
examined using an X-ray diffraction analyzer (XRD, 7000,
Table 1 Reagent dosage ratio and load mass of electrode materials

Labels Ni(NO3)2$6H2O Na2MoO4$2H2O

Ni(OH)2 2 0
NiMoO4-1 4 2
NiMoO4-2 2 2
NiMoO4-3 2 4

24750 | RSC Adv., 2024, 14, 24749–24755
Shimadzu). In the phase of testing, Cu target Ka radiation with
a wavelength of 1.5405 Å was used with the tube voltage set at 40
kV. The range that was covered was 10 to 90°, and the speed of
10° min−1 was maintained. X-ray photoelectron spectra (XPS,
ESCALAB250) measurement was performed to investigate the
element composition. The X-ray photoelectron spectrometer
from Thermo Fisher Scientic, USA, which was equipped by an
Al-Ka target was used in this investigation. The experimental
data was calibrated with the C 1s (284.8 eV) standard peak. Next,
using a transmission electron microscope (TEM, JEM2100 Plus,
200 kV) and a microscope equipped with a scanning electron
microscope (SEM, Hitachi-4800), respectively, that we examined
their morphological aspects. Finally, a surface and aperture
apparatus (JW-TB220A) was used to perform the specic surface
area and aperture by the Barrett-Joyner-Hallenda (BJH, JW-
TB220A) method.
2.7 Electrochemical characterization

The electrochemical performance of the samples was carried
out at in an electrochemical workstation (Shanghai Chenhua
CHI600E). The prepared material, Hg/HgO and Pt foils were
utilized as working, reference and counter electrodes, respec-
tively. The specic capacity (C g−1) of the electrodes was
calculated by following equations.

C = IDt/m (1)

where I is named the discharge current (A), Dt is the discharge
time (s) and m refers to the weight of active materials (g).
2.8 Assembly of the exible supercapacitors

ASC were assembled with NiMoO4-2 samples as positive mate-
rials, active carbon as negative ones and PVA–KOH gel as an
electrolyte. According to the conservation law of charge (Q+ =

Q−), the loading of negative materials is governed by the
following equations:

Q = It = CmDV (2)

m+/m− = Cm−(DV)−/Cm+(DV)+ (3)

where Q is the charge storage capacity, I is discharge current (A),
t is discharge time (s), C is specic capacity (C g−1), m is the
mass of the materials (g) and DV is the voltage window (V).

The energy density (E) and power density (P) of the NiMoO4-2
samples were calculated as follows:

P = 1800CDV2/Dt (4)
Urea NH4F Molar ratios

1 1 2 : 0
1 1 2 : 1
1 1 1 : 1
1 1 1 : 2

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where Dt refers to the discharge time, DV represents the
potential window, respectively.
3 Results and discussion

Firstly, we study the crystal structure and phase purity of the
sample. From Fig. 1a, the diffraction peaks at 19.25°, 33.06°,
38.54°, 52.10°, 60.24° 62.72°, 70.47° and 73.12° belong to the
(001), (100), (101), (102), (003), (111), (103) and (112) planes,
respectively, of the Ni(OH)2 phase (JCPDS No. 14-0117). NiMoO4

phases locate the diffraction peaks at 27.3°, 29.85°, 33.40° and
53.54° (JCPDS No. 13-0128).28 It is found that the density of
peaks at 2q of 27.3° and 29.8° gradually weakens as Mo content
increases. In addition, there is no appearance of other peaks,
indicating the high crystallinity of the prepared samples.

XPS is then employed to exam the surface chemical
composition of NiMoO4-2 electrode. From the Ni 2p spectra in
Fig. 1b, two spin–orbit peaks at 856.1 and 873.8 eV correspond
to Ni 2p3/2 and Ni 2p1/2, respectively. The peaks at 879.58 and
861.88 eV can be assigned to the satellites.29 The photoelectron
spectra of Mo 3d (Fig. 1c) show the characteristic peaks of Mo
3d3/2 at 232.2 eV and Mo 3d5/2 at 235.4 eV. It proves that Mo6+

possesses a high oxidation state.30 Fig. 1d is divided into three
peaks: O1 (530.1 eV), O2 (531.3 eV) and O3 (532.9 eV) peaks.
They represent metal–oxygen bonds (M–O), –OH bonds and
oxygen species in the adsorbed water/defect, respectively.31

Fig. 1e and f show the N2 isotherms of the two samples with
a typical IV isotherm loop. It demonstrates that the samples
possess a mesoporous structure and a broad pore-size distri-
bution. The NiMoO4-2 products possess a larger specic area
(48.589 m2 g−1) than Ni(OH)2 samples (18.054 m2 g−1). In
addition, the total pore volumes of the NiMoO4-2 and Ni(OH)2
samples are 0.175 and 0.056 cm3 g−1, respectively. The results
Fig. 1 Structural characterization. (a) XRD patterns. (b)–(d) XPS spectra o
(the insets: the pore size distribution curves).

© 2024 The Author(s). Published by the Royal Society of Chemistry
reveal that the introduction of Mo elements increase the
specic surface area and active sites.

Aer that, we study the morphologies and structures of the
samples. As shown in Fig. 2a and e, the Ni(OH)2 microplates
overlap with each other. They present an average thickness of
100 nm. With the addition of Mo, the crystal structure and
growth rate of the NiMoO4 material change compared to the
Ni(OH)2 sample, resulting in a change in the morphology. From
Fig. 2b and f, when the ratio of Ni/Mo is 2 : 1, the NiMoO4-1
sample evolves into a rod-like nanostructure with a high specic
surface area relative to the nanoplate. When the Ni/Mo molar
ratio decreased to 1 : 1 (Fig. 2c and g), the nanorod density
increased. It provides more transmission channels for ion
diffusion and storage.32 At this time, the nanorods have
a diameter of 100 nm. As shown in Fig. 2d and h, the nanorods
begin to aggregate and adhere when the ratio of Ni/Mo is further
reduced to 1 : 2, which blocks the electron charge channels. A
low magnication TEM image (Fig. 2i) shows that NiMoO4-2
sample has a diameter of 100 nm, which is consistent with the
above SEM results. The corresponding HRTEM (Fig. 2j) reveals
that the calculated d-spacing of 0.427 nm is well matched with
the NiMoO4-2 crystal phase (JCPDS No. 13-0128). From Fig. 2k,
the element mappings demonstrate that Ni, Mo and O elements
are uniformly distributed on the surface of the nanorod.

Then we examine the electrochemical performance of all the
samples in a three-electrode system. Fig. 3a presents the CV
curves of the several electrode materials. The curve area of as-
prepared NiMoO4-2 product is larger than that of other prod-
ucts. The reaction dynamics during the electrochemical process
can be described as follows:33

NiMoO4 4 Ni2+ + MoO42− (5)
f the NiMoO4-2 sample. (e) and (f) N2 adsorption–desorption isotherms

RSC Adv., 2024, 14, 24749–24755 | 24751
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Fig. 2 Morphology characterization. (a) and (e) SEM image of the Ni(OH)2 nanosheets. (b) and (f) SEM image of the NiMoO4-1 nanorods. (c) and
(g) SEM image of the NiMoO4-2 nanorods. (d) and (h) SEM image of the NiMoO4-3 nanorods. (i) TEM image of NiMoO4-2 samples. (j) HRTEM
image. (k) EDS element mappings.
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Ni2+ + 2OH− 4 Ni(OH)2 (6)

Ni(OH)2 + OH− 4 NiOOH + H2O + e− (7)

Although Mo is not involved in the electrochemical process,
it can improve the conductivity of the hybrid electrode. The
GCD curve of four samples at 1 A g−1 are presented in Fig. 3b. It
can be found that the specic capacity of the NiMoO4 material
shows a growing and subsequently declining pattern as the
addition ratio of Mo element increases. The reason for this is
that the nanorod consistency increases with the increase of Mo
ratio in the early stage, which in turn makes the material obtain
more effective active sites and the electrochemical performance
is enhanced. At Ni/Mo = 1 : 1, the nanorod density reaches the
optimum and the specic capacity reaches the maximum. With
the further increase of the addition ratio of Mo element, the
density of the nanorod structure of NiMoO4 material increases
again and adhesion occurs, which affects the adequate contact
between the electrolyte and the active material as well as the
smoothness of the electron charge inlet and outlet channels.
24752 | RSC Adv., 2024, 14, 24749–24755
Thus, the effective active area of the electrode material was
reduced, leading to a decrease in the specic capacitance.
Fig. 3c indicates their CV curves at various scan rates. Further-
more, the peak currents (anodic and cathodic) present a slight
increase as the scan rate increases. It could be attributed to the
reaction kinetics of the electrode materials. As shown on the
NiMoO4-2 electrode GCD curves (Fig. 3d), there are obvious
charging and discharging platforms at different current densi-
ties, indicating their battery-type characteristics. At the current
density of 1, 2, 4, 6, 8 and 10 A g−1, the specic capacitance of
the electrode materials is 1194, 984, 824, 612, 512 and 420 F g−1,
respectively. Electrochemical impedance spectroscopy (EIS) of
the devices are shown in Fig. 3e. For a high-frequency region,
NiMoO4-2 electrode possesses an internal resistance (Rs) value
of 0.53 U, which is superior to Ni(OH)2 (0.81 U), NiMoO4-1 (0.65
U) and NiMoO4-3 (0.55 U) electrode materials. The larger the
linear slope of the low frequency region, the smaller the diffu-
sion impedance (Zw). The inset shows the EIS of the device
before and aer the cycling. Fig. 3f indicates the specic
capacitance of the samples at 1, 2, 4, 6, 8 and 10 A g−1. NiMoO4-
2 electrode delivers three times larger specic capacitance than
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electrochemical performance of the electrode materials. (a) CV curves. (b) GCD curves. (c) CV curves of NiMoO4-2 sample at different
scan rates. (d) GCD curves of NiMoO4-2 sample at different current densities. (e) Nyquist plots. (f) Specific capacitance. (g) b value of NiMoO4-2.
(h) Contribution ratio between surface and diffusion-limited capacities. (i) Cycling performance.
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NiMoO4-1 and NiMoO4-3 electrodes at a current density of
1 A g−1. It also maintains a moderate specic capacitance at
high current densities. Fig. 3g depicts the slope values of anode
and cathode peaks. The b values of NiMoO4-2 nanorod are 0.508
and 0.599, respectively. This implies that surface capacitance
and diffusion control both contribute to the current response of
the NiMoO4-2 electrode. Fig. 3h shows the surface capacitive
contribution and diffusion controlled one of NiMoO4-2 at
different scan rates. The diffusion controlled capacity reduces
with the scan rate increasing. This is due to the limited diffu-
sion time. The surface capacitive contributions reach 78.4% at
100 mV s−1, which indicates fast reaction kinetics. Fig. 3i
presents the cycling curves of four electrode materials at the
current density of 10 A g−1. It is found that NiMoO4-2 electrode
material keeps a retention rate of 84% aer 10 000 cycles, which
is better than other electrode materials. NiMoO4-2 electrode
material during 1500 times, it is completely saturated by the
electrolyte, thus increasing the specic capacity of the material.
However, as the number of cycles increased, the internal
microstructure of the electrode material collapsed, thus
decreasing the specic capacity.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Also, we fabricate ASC with a sandwich structure to explore
the practical applications. Fig. 4a indicates the CV curves of
active carbon and NiMoO4-2//AC samples at 100 mV s−1. The
device reaches a theoretical potential of 1.6 V. From Fig. 4b, the
CV curves of the device retain similar shapes and prove to have
good reversibility as scan rates increase. The corresponding
GCD curves (Fig. 4c) reveal that the device presents a specic
capacitance of 115 F g−1 at a current density of 1 A g−1. Fig. 4d
indicates the EIS of the device with a Rs value of 1.28 U, which
proves its excellent electrical conductivity and the inset above
le shows the appropriate equivalent circuit. The lower right
inset shows the increase in the Rs value to 1.99 aer cycling,
indicating the decay of the capacitance. As shown in Fig. 4e, the
device achieves the energy density of 36.03 W h kg−1 when the
power density is 2699 W kg−1, and it can retain 25.5 W h kg−1 at
16 200 W kg−1. Table 2 lists the power and energy densities of
several reported devices.34–37 It demonstrates that our assem-
bled device is dominant compared with the others. Fig. 4f shows
the capacitance contribution of NiMoO4-2//AC at different scan
rates. The role of diffusion control is gradually substituted by
surface-controlled behavior. The dominance of surface-
RSC Adv., 2024, 14, 24749–24755 | 24753
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Fig. 4 Electrochemical performance of the asymmetric device. (a) CV curves at different scan rates. (b) CV curves with different scan rates and
voltage windows. (c) GCD curves. (d) Nyquist plots. (e) Ragone plots. (f) Contribution ratio between surface and diffusion-limited capacities. (g)
Digital photographs of the folded device. (h) CV curves with various bending angles. (i) Cycling performance.

Table 2 Comparison of the energy density and power density of
several devices

Electrode materials
Energy density
(W h kg−1)

Power density
(W kg−1) Ref.

NiCo2O4//AC 27.4 493.2 34
MoS2/Ni3S2//AC 33.75 2700 35
Ni–Mo–S@Ni–P//AC 31.57 377.59 36
CoS2@NiMo2S4//AC 32.1 1130.3 37
NiMoO4//AC 36.03 2699 This work
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controlled capacitance can be attributed to the limited ion
diffusion time at high scan rates.

Finally, we explore the mechanical stability of the device.
Fig. 4h shows the digital photos of the device bending at
different angles. It is observed that the shapes of the CV curves
maintain similar shapes with essentially the same area of
integration when the device is twisted to 150°, 120°, 90° and
60°, respectively (Fig. 4g). From the cycling curves shown in
Fig. 4i, the device retains 89.2% of its original capacitance at
a current density of 1 A g−1 aer 10 000 cycles. A blue LED lamp
may be lit by three ASC devices connected in series for almost
24754 | RSC Adv., 2024, 14, 24749–24755
9 min, demonstrating their potential applications in future
energy storage elds.
4 Conclusions

In summary, we have prepared several NiMoO4 cathode mate-
rials with different Ni/Mo molar ratios. The prepared NiMoO4-2
samples demonstrate superior electrochemical performance
with a ratio of Ni and Mo of 1 : 1. The electrode materials show
improved specic capacity and stability during cycles due to the
synergistic effect of high conductivity Ni and Mo ions. In
addition, the assembled ASC delivers high energy and power
density and shows excellent mechanical stability. The reported
synthetic protocol can be widened to prepare certain additional
transition metals, such as sulde and phosphide, for high-
performance electrode materials for exible capacitors.
Data availability
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