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Abstract

Pseudocapacitors have recently attracted attention from the scientific community as a
promising new energy storage system, which can potentially bridge the performance gap

between lithium ion batteries and conventional capacitors. To further improve the
performance of these pseudocapacitors, tailoring the binary metal oxide along with

developing new methods for controlling resultant nanostructures in a predictive way is an
essential requirement for achieving more favorable electrochemical kinetics. Here, through a
simple hydrothermal synthetic procedure that uses different supersaturation states to alter the

driving force for crystal growth, we have managed to obtain one-dimensional (1-D) Nickel

Molybdenum Oxide (NiMoOa) electrodes on a nickel foam. The morphology of the 1-D
NiMoO4 nanostructures can be tuned from a low to a high aspect ratio (over a range of
diameter sizes from 80 to 800 nm). Such a controllable structure provides a platform for

understanding the electrochemical relationships in terms of fast retention times and improved
ion diffusion coefficients, enabling the demonstration of promising electrochemical storage

properties. We show that the 1-D NiMoOs electrode with a high aspect ratio (HAR) exhibits a
much higher specific capacitance of 1335 F g'l at a current density of 1 A g'l, which is due to
the unique physical and chemical structure being suitable for electrochemical kinetics. We

further demonstrate that an asymmetric supercapacitor consisting of the tailored HAR-

NiMoOjs electrode can achieve an energy density of 40.7 Wh kg™ and a power density of 16
kW kg™.

Keywords: Energy storage material, Electrochemical reaction kinetics, Nanowire architecture,

Controlled aspect ratio, Asymmetric supercapacitor
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1. INTRODUCTION
Electrochemical supercapacitors are currently being considered as promising

candidates for next-generation energy storage applications since they have the potential to

bridge the gap between batteries and conventional capacitors for the production of high
power and high energy densities. Furthermore, they have been shown to exhibit a good rate
capability, long cycling life time, and environmentally friendly characteristics.*® In

particular, pseudocapacitors, which possess the capability to store large amounts of charge via

fast and reversible electrochemical Faradaic redox reactions, have enormous potential in a
broad variety of applications, including electric vehicles and portable electronic devices.**
Currently, transition metal oxides/hydroxides such as RuOz, Ni(OH)2, CosO4 and MnO;, are
most commonly used as the electrode materials with high theoretical capacitances because of

their multiple oxidation states, enabling rich electrochemical Faradaic reactions.®®

Despite their compelling benefits combined with the inherently high electrochemical

activities, their low conductivity and structural instability, which leads to a reduction in the
performance, continuously hinders the successful exploitation of pseudocapacitor technology

in practical applications.®® To overcome these limitations, numerous studies have been

devoted to enhancing the electrochemical properties of the pseudocapacitors by focusing on
the development of new electrode materials that are based on binary transition metal
oxides.'*"** These materials typically exhibit a higher electrical conductivity and richer
chemical valence states than the single-component transition metal oxides, which arises from

the combined contributions from both metal atoms.**** Among the various binary metal

oxides, transition metal molybdates such as NiMoO4 and CoMoQO4 are an emerging class of
pseudocapacitor materials that have received considerable attention due to their cost-
effectiveness, abundance, and chemical stability.">'® More specifically, the primary interest in

NiMoOs lies in the fact that the high specific capacitance from the Ni atom and the high



oo~ OO B WN B

electrical conductivity from the Mo atom can contribute collectively to the superior
electrochemical behavior when used in energy storage devices.” Combined, these features

demonstrate that NiMoO A has potential in future pseudocapacitor energy storage systems.

Alternatively, various nanostructuring approaches have been developed to address
issues related to limited electrochemical kinetics on the surface, which are strongly associated
with a low degree of surface contact areas and low ion diffusion rates.’**° These more recent

strategies have shown that hierarchical nanostructures with diverse morphologies and

dimensions (D) can provide more active sites and shorter ion diffusion pathways, which then
stimulate and facilitate the Kkinetics associated with the electrochemical reactions. In
particular, 1-D nanostructures are one of the most widely used architectures for
electrochemical storage devices mainly because 1) the unique geometry results in a large

contact surface area; 2) the structures exhibit short diffusion distance; 3) they exhibit good

structural stability and 4) they possess a favorable charge carrier path during the
charge/discharge processes. Nevertheless, synthesizing these 1-D structures in binary metal
oxides in a controlled way still remains a challenge and is mainly due to the complex
stoichiometry-dependent synthetic reactions. Further, even though there have been few

20-21

reports that have studied the dependence of the electrochemical storage performance on

the different nanostructures, there are no detailed studies that directly describe the
electrochemical ion intercalation mechanism for engineering 1-D nanostructures with tailored
aspect ratios.

It is, therefore, highly desirable that a novel and facile synthetic route for the

preparation of 1-D nanostructured binary metal oxides with different aspect ratios be
developed that can enhance the charge transfer Kkinetics so as to improve charge
transportation. Moreover, developing such a procedure would enable us to understand how

the charge storage dynamics and electrochemical stability depends upon the nanostructure
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and how this can lead to a superior pseudocapacitor performance. To this end, we have
employed the fundamental principle of hydrothermal reaction kinetics whereby the nucleation

and crystallization growth rates can depend crucially on the supersaturation states of the

solvents, which are the major driving forces for solution-based synthetic processes as shown
in Figures 1a-c.?> Controlling the rational supersaturated environments enables the synthesis
of 1-D NiMoO4 nanostructures with different, but predictable, morphologies. In this regard,

we propose a simple and facile way for the rational and precise design of the desirable

supersaturation levels, which in turn affects the crystal nucleation rates and preferred crystal
growth geometries and directions thereby leading to different 1-D aspect ratios. Moreover,
the different 1-D NiMoO4 nanostructures can result in a diverse range of electrochemical
behavior including specific capacitance as well as ion diffusion and charge transfer dynamics.

Through the control of these properties, it therefore provides one of the best routes for the

design of new electrode materials for high-performance supercapacitors.

2. EXPERIMENTAL DETAILS

2.1 Material synthesis: NiM0oO4 nanostructures on a Ni foam.

Different 1-D NiMoOs nanostructures with different aspect ratios on nickel foams
were synthesized by a hydrothermal method. First, a conductive Ni foam (1 cm x 1 cm) was
cleaned using 1 M HCI, ethanol, and deionized water. In a typical synthesis, 1.0 mmol of
Ni(NOz)2:6H20 and 1.0 mmol of NaxMoOs were dissolved in deionized water at room

temperature to form a clear green solution. After being stirred for an hour, the solution was

transferred into a 45 ml Teflon-lined cup, and then the Ni foam was transferred into the
Teflon-lined cup and a stainless steel autoclave. The hydrothermal reaction was carried out at
140 °C for 4 hr. After cooling down naturally to room temperature, the Ni foam was collected

and washed several times with water and ethanol to remove loosely attached NiMoOjs on the
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Ni foam. The foam was then fully dried at 60 °C for 12 hr. In order to obtain the crystallized
NiMoOs nanostructures, the Ni foam with the NiMoOx nanostructure was calcined at 400 °C

for 2 hr in an argon atmosphere. The different nanostructures of the NiMoO 4material were

synthesized using various solvents with different mixtures of solvents such as water, ethanol
and hydrochloric acids.
2.2 Material characterization

Morphologies of the samples were characterized by SEM (Hitachi S-4300) and TEM

(JEOL JEM-2200MCO FEGTEM). The crystal structure of the samples was examined by
high resolution XRD (Rigaku Medel Smartlab) in a two theta range of 10-80°. The specific
BET surface area was calculated on the basis of nitrogen adsorption isotherms using
Micromeritics Gemini VI. XPS were recorded using a Thermo Scientific K-Alpha XPS

instrument equipped with a micro-focused mono-chromated Al X-ray source. The XPS

source was operated at 12 keV and a 400 um spot size was used. The spectrometer was
adjusted to align a binding energy of 284.5eV for the C 1s line.
2.3 Electrochemical characterization

The electrochemical properties of the NiMoOs samples with different aspect ratios

were measured in a three-electrode system consisting of HAR-, MAR-, and LAR-NiMoO4
electrodes as working electrodes, Pt mesh as a counter electrode, and an Ag/AgCI electrode
(in saturated 3 M KCI) as a reference electrode. These were used to analyze CV, galvanostatic
charge/discharge, and EIS curves using a potentiostat (PGSTAT302N, Metrohm, Autolab).

For the fabrication of the anode electrodes, active carbon was prepared as an active material,

with poly(vinylidene difluoride) as a binder and Ketjen black as a conductive material, and
this was then coated onto the compressed nickel foam as a current collector. All
electrochemical results of the AC//HAR-NiMoOs ASC were measured using a two electrode

system under 1.0 M KOH solution at room temperature.
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3. RESULTS AND DISCUSSION

The morphology and structural characteristics of the as-prepared NiMoO  materials

were investigated by scanning electron microscopy (SEM). As shown in Figures 1d-f, the
controlled growth of the 1-D NiMoOs nanostructures with different aspect ratios was
successfully achieved on a nickel foam through a hydrothermal process by adjusting the

solubility level in the reaction solution and hence introducing various different

supersaturation states during the growth phase. Obviously, as the relative solubility decreases,
the morphology of the 1-D nanostructures is transformed through a series of distinct aspect
ratios between length to breadth from a low (LAR) to a high value (HAR) through a medium
value (MAR). Figure 1d shows an SEM image of the MAR-NiMoO4 sample obtained from

the DI water-only solution, which results in 1-D nanostructures with a diameter size of ~250

nm. In contrast, the HAR-NiMoOs sample with a diameter of about 80 nm is grown under
low solubility conditions induced by adding an alkaline solvent into the water solution
(Figure 1d). Finally, the LAR-NiMoO, sample has a diameter of 800 nm and was constructed

by introducing an additional acidic solvent (Figure 1f). These findings indicate that

introducing a low (high) solubility environment to the hydrothermal precursor solution
induces the relatively high (low) degree of supersaturation, leading to a higher (lower)
driving force for crystal nucleation and growth process. Therefore, the selective synthesis
mechanism responsible for the different 1-D NiMoOs structures can be understood in terms

of the control of the solvent solubility that leads to different degrees of supersaturation.

Moreover, a predictable 1-D nanostructure synthetic route so as to grow the active materials
directly on to a metal collector means that the driving force for nucleation and crystal growth
can be controlled by changing the supersaturation states.

Next, the nanostructures of the HAR-, MAR- and LAR-NiMoOs; samples were
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further characterized by transmission electron microscopy (TEM) to provide more insight
regarding their unique 1-D structure, as shown in inset images of Figures 1d-f. The TEM

images clearly demonstrate that the diameter of 1-D nanostructures for the as-prepared

NiMoO4 samples is in good agreement with the SEM results. As a result of tuning the
solubility of the solvents, three different types of 1-D NiMoO4 material with mean aspect
ratios of 21.6 (HAR-NiMo0Os), 12.8 (MAR-NiM00Os), and 4.7 (LAR-NiMoOs) were

successfully prepared for use in a supercapacitor application (Supporting Information Figure

S1).

To evaluate the crystallographic phase of the NiMoOs electrode samples, X-ray
diffraction (XRD) spectra were analyzed, which are shown in Figure 2a. All the diffraction
patterns obtained from the 1-D NiMoOs4 nanostructures with different aspect ratios are

unambiguously assigned to the NiMoO4phase (JCPDS Card No. 86-0361) without any

noticeable differences.® Moreover, to confirm the surface electronic states and chemical
compositions of the NiMoOs samples, X-ray photoelectron spectroscopy (XPS)
measurements were carried out. Figures 2c-d compare the high resolution XPS spectra of the

Ni 2p and Mo 3d of the 1-D NiMoO4 samples with different aspect ratios, respectively. The

Ni 2p doublet is clearly observed at 854.9 eV (Ni** 2pa») and at 872.5 eV (Ni** 2p12) with a p

spin-orbit splitting of 17.6 eV.** Moreover, the two peaks at binding energies of 232.0 eV and
235.1 eV with the d spin-orbit splitting of 3.1 eV correspond to Mo®" 3ds;z and Mo®" 3dap,
respectively.”® These XPS results suggest that there are only chemical oxidation states and

compositions of the Ni** and Mo®* in the as-prepared 1-D NiMoO 4Whereby the Ni cations,

distributed in octahedral sites, are electrochemically active with OH" electrolyte ions and the
Mo cations in tetrahedral sites contribute to the electrochemical stability.
To further examine the specific surface area characteristics of the 1-D NiMoO4

structures, measurements of the N> adsorption-desorption were carried out (Supporting
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Information Figure S2). As shown in Figure 2b, the calculated Brunauer-Emmett-Teller

(BET) surface area of the HAR-NiM0oO4 sample has the largest value (97.26 m? g) and is
much larger than the areas for the MAR-NiMoO4 (50.32 m? g™) and LAR-NiMoOy (25.66 m?

g'l) samples, which is mainly due to the different aspect ratios of the nanostructures. This
implies that the high surface area of the HAR-NiMoOs electrodes provides a sufficient
electrolyte contact interface and can thus enhance the kinetics of ion diffusion. Consequently,

a high aspect ratio can improve the electrochemical capacitance and the charge transfer

Kinetics.

In order to evaluate the electrochemical performance of the different 1-D
morphologies, the HAR-, MAR- and LAR-NiMoOs were applied directly as working
electrodes in a three electrode system. Supporting Information Figure S3 shows the cyclic

voltammetry (CV) and the galvanostatic charge-discharge curves of the each NiMoO .

electrode. First, the CV curves of all the NiMoOs electrodes have similar shapes with

increasing scan rates, indicating that all the electrodes have good pseudocapacitive
behavior.?® For a direct CV performance comparison between the electrodes, Figure 3a

presents the CV curves of the three different types of NiMoO electrodes with the potential
window ranging from 0.0 to 0.6 V at a scan rate of 5 mV s™. It can be clearly observed that
all the NiMoOs electrodes have a couple of Faradaic reaction peaks that can be ascribed to
the reversible redox reaction between Ni(Il) and Ni(l11).>” The area surrounded within the CV

curve of the HAR-NiMoO4 sample occupies the largest area, indicating the highest value for

the electrochemical capacitance. This large CV area might be attributed to the larger

electrolyte contact area for the HAR-NiMoOs electrode. Consistent with the CV results, the
galvanostatic charge-discharge curves demonstrate that the HAR-NiMoOs electrode has the
longest discharge time (Supporting Information Figure S3). Moreover, the calculated specific

capacitance of the HAR-, MAR-, and LAR-NiMoO4 samples at a current density of 1 A g'1
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are 1335 F g, 1106 F g™ and 672 F g™, respectively (Supporting Information Figure S4).
In order to better understand the ion diffusion behavior and charge transfer dynamics

of the NiMoO . electrodes with tailored aspect ratios, kinetic electrochemical analysis was

carried out. The inset of Figure 3a indicates the potential difference of each electrode between

the anodic and cathodic peak, representing the degree of reversible intercalation and de-
intercalation dynamics during the CV charge-discharge.® It can be seen that the HAR-

NiMoOs electrode provides a much more appreciable OH™ ion access and faster charge

transfer rate. Moreover, the cathodic peak current densities of the NiMoOs electrodes were
plotted as a function of the square root of the scan rates in Figure 3b. The cathodic peak
currents increase linearly, showing that redox reactions at the surface are followed by a
diffusion-controlled process with the OH™ ions.* Also, it is evident that the cathodic peak

current of the HAR-NiMoO . sample shows a steeper dependence compared to the other

electrodes, indicating a larger diffusion coefficient. For a direct comparison of the ion

diffusivity, the diffusion coefficients of the NiMoOs electrodes were calculated according to

the following Randles-Sevcik equation.®

3 1 1
i, = (2.69%10°) * nZx A D} * Cy * V2

where ip is the cathodic peak current density, n is the number of electrons, A is the electrode
area, Do is the diffusion coefficient, Cois the electrolyte concentration, and v is the scan rate.
We can assume that n, A, Co have the same values in the same three electrode system.

Therefore, the diffusion coefficient of the 1-D NiMoOs samples can be directly compared

1

st 1
from the slope of the curve (Dj « i,,/v2) . The diffusion coefficient of the HAR-NiMoO4 sample
is found to be 1.82 and 17.9 times larger than that of the MAR- and LAR-NiMoO4 samples,

respectively.

Figure 3c presents the specific rate retention data as a function of the current density
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in the electrodes. From a low current density of 1 A g™ to a high current density of 20 A g™,
the capacitance of the HAR-NiMoOs electrode shows good rate retention behavior, which is

found to be 882.4 F g™ at 20 A g™ with ~ 66.1 % retention compared to that for 1 A g™. On the

other hand, for the MAR and LAR-NiMoOs electrodes the capacitance is recorded to be
668.8 F g and 146.0 F g™ with 60.5 % and 21.8 % rate retention, respectively. In other
words, the presence of the fast diffusion rate from the surface to the internal structure means

that the HAR-NiMoOs electrode exhibits much better retention performance.

Finally, to elucidate further the ion diffusion and charge transfer behavior,
electrochemical impedance spectroscopy (EIS) measurements with Bode phase plots and
Nyquist plots were conducted and plotted, respectively (Figure 3d and Supporting
Information Figures S5). All the Nyquist plots for the NiMoOs electrodes show that the

charge transfer resistances (R C), recorded from the diameters of the semicircle, are very low.

This outcome demonstrates that the NiMoOs electrodes grown directly on the Ni foam

current collector have nearly equal electrolyte resistance and superior charge transfer, which
minimizes interfacial resistant and facilitates charge transfer at the interface between the

current collector and electrode material. Furthermore, the linear part in the plot of the HAR-

NiMoO4 sample in the low frequency region (Warburg impedance) is significantly steeper
than that for the MAR- and LAR-NiMoO4 samples, suggesting that the HAR-NiMoO, has the
fastest ion diffusion and electrolyte access to the surface, which is consistent with the results
of the capacitance rate retention in Figure 3c.**

Figure 3d shows the Bode phase plots for the NiMoO 4electrodes with the different

relaxation time constant (t0). A relaxation time constant can be calculated from the x-axis
frequency when the curve reaches -45° on the Bode plot. The relaxation time constant is an
important parameter so as to compare between capacitive and resistive behaviors of a

supercapacitors dependence on frequency.** As shown in Figure 3d, the HAR-NiMoOs
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sample exhibits the fastest relaxation time constant (to = 1.73 s) compared to that of the
MAR- and LAR-NiMoO4 samples which are 3.49 s and 6.87 s, respectively. Here, it should

be noted that the fast relaxation time constant implies that the HAR-NiMoO 4sample can

introduce a fast capacitive response. It can be clearly observed that the phase angle of HAR-
NiMoOs at a low frequency of f = 0.01 Hz was about -81°, which is the closest value to -90°,
implying ideal capacitor behavior because of its low electrolyte resistance and fast electrolyte

intercalation.®® Overall, the electrochemical relationships for the NiMoOs electrodes with the

different 1-D morphologies are illustrated in Figure 3e. The HAR-NiMoOs electrode
nanostructure not only provides the largest contact sites, which lead to a large density of
electrolyte ions near the surface, but also facilitates more efficient electrochemical reactions
through the highest degree of ion diffusion towards the inside of the electrode. Additionally,

its high electrical conductivity and low surface resistance enable fast charge transfer through

a pseudocapacitor system. Such behavior is strongly correlated to the high capacitance, fast
retention rate and charge transfer mechanism of the HAR-NiMoOs electrode.
To further demonstrate the potential of the NiMoOs electrode for practical

supercapacitor applications, an asymmetric supercapacitor (ASC) was fabricated using the

HAR-NiMoO4 material as the cathode and active carbon (AC) as the anode. Figure 4a shows
the comparative CV plots of the individual positive and negative electrodes in the ASC at a
scan rate of 5 mV s™. The AC exhibits a typical rectangular electric double-layer capacitor
(EDLC) performance within the range of -1.0 to 0.0 V, and the HAR-NiMoOs shows

pseudocapacitance behavior within the range of 0.0 to 0.6 V. Therefore, the AC//HAR-

NiMoO4 ASC can operate from 0 to 1.6 V with a wide operating potential. To design the ASC
with the ideal capacitance, the mass of the individual electrodes is optimized according to the

following formula.®



my  C_ox AV
m_ C,.*xAV,

Q: =Q-—

where C. and C. are the calculated capacitance of the negative and positive electrodes,
respectively, and AV. and AV. are the operating potential windows of the negative and
positive electrodes, respectively. Therefore, on the basis of C.and the potential window of the
AC electrode, the optimum loading ratio of HAR-NiMoO4 to AC is 1:3.126.

Figure 4b shows CV curves of the ASC device at various scan rates, ranging from 50

to 5 mV s It can be seen that the shape of the CV curves involves both EDLC and
pseudocapacitance contribution from the rectangular shape and the redox humps. The CV
curves of the ASC are found to maintain a similar profile with increasing scan rates,

indicating good capacitive behavior. As shown in the inset of Figure 4c, galvanostatic

charge/discharge curves for the ASC were measured at current densities from 1 to 20 A g™tin

a potential window of 0 to 1.6 V. In addition, the calculated capacitance as a function of the
discharge current density is plotted (Supporting Information Figure S4). This device shows
good electrochemical performance and the specific capacitance was calculated to be 114.4 F

g™t at a current density of 1 A g™. Furthermore, the ASC exhibits good cycling stability,

retaining up to 82.2 % after 2000 charge-discharge cycles at a current density of 5 A g™
(Figure 4c). To compare the energy density and power density with other reported ASCs, the
Ragone plots of the AC//HAR-NiMoOs ASC were derived in Figure 4d, showing that an
energy density of 40.6 Wh kg™ and a power density of 16 kW kg™ can be achieved. Clearly,

the device performance compares favorably with other asymmetric supercapacitors.®>* It is

shown that the HAR-NiMoO4 exhibits a high specific capacitance and high ionic and electric
transfer rates, along with good electrochemical behavior because: (1) the direct growth of the
1-D NiMoO4 sample on the Ni foam provides good electron transfer due to the low contact

resistance between the active material and the current collector; (2) the highly ordered 1-D
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nanostructure with a high aspect ratio not only leads to a large diffusion coefficient, but also
results in a large contact area and (3) this gives rises to numerous ion diffusion channels,

thereby inducing a high rate retention response.

CONCLUSION
In summary, we have demonstrated that 1-D NiMoOs electrodes grown directly onto

a nickel foam have been successfully prepared via a simple supersaturation-controlled

hydrothermal process. The resulting 1-D NiMoOs electrodes, each with a different aspect
ratio, can be predictively adjusted by changing the supersaturation states and consequently
the driving force for nucleation and crystal growth. Moreover, electrochemical measurements
indicate that the HAR-NiMoO4 electrode exhibits the best specific capacitance and superior

rate retention performance such as a large specific capacitance of 1335 F g™ at a current

density of 1 A g'l with a good rate retention of 66.1 %. We also showed that the AC//HAR-
NiMoOs ASC with a wide potential window of 1.6 V exhibits the energy density of 40.7 Wh
kg and the power density of 16 kW kg compared to other reported pseudo-capacitive

ASCs. Furthermore, we successfully demonstrated that the HAR-NiMoOs electrode provides

a better contact surface area, ion diffusion behavior and enhanced charge transfer kinetics
based on the hierarchical 1-D nanostructure. This deterministic and predictive synthesis
method, which is controlled by adjusting the solubility in a hydrothermal approach, is a
promising technique to producing highly efficient pseudo-capacitive electrodes with 1-D

nanostructures. Such electrodes can easily promote dynamic electrochemical Kkinetics,

including high Faradaic capacitance, high retention and fast charge transfer rate for practical

pseudocapacitor applications.
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Figure captions
Figure 1. llustration of the nanostructures and crystal growth mechanisms of (a) HAR-, (b)

MAR- and (c) LAR-NiMoO , 1-D nanostructures with different aspect ratios. 1-D

nanostructures are systematically controlled by using different supersaturation states during

the growth phase. (d-f) SEM images of the HAR-, MAR- and LAR-NiMoOs; 1-D
nanostructures. Inset images show the corresponding TEM images of the three different 1-D

nanostructures.

Figure 2. (a) XRD patterns of the as-prepared NiMoOa4 nanostructures. Asterisks show XRD

patterns of the nickel foam. (b) Calculated BET specific surface areas of the as-prepared

NiMoO4 nanostructures. (¢) Ni 2p and (d) Mo 3d XPS spectra of the as-prepared NiMoO4
nanostructures. Inset: images show that Ni cations in the octahedral site and Mo cations in the

tetrahedral site contribute to the electrochemical reaction and stability, respectively.

Figure 3. (a) CV curves for HAR-, MAR-, and LAR-NiMoOs electrodes at a scan rate of 5
mV st in 1.0 M KOH. The inset shows the redox potential gap (AEp) for the different

NiMoO . samples. (b) Cathodic peak current density as a function of the square root of the

scan rate for the three different samples. (¢) Comparison of the capacitance retention and (d)
Bode phase plots for the HAR-, MAR-, and LAR-NiMoO4 samples. (e) Illustration of the
relationship between the tailored NiMoO4 nanostructures and the pseudo-capacitive behavior

including electrolyte ion diffusion and electron transfer dynamics.

Figure 4. (a) Comparative CV curves of the HAR-NiMoO, and AC electrodes at 5 mV s in

a three electrode system. (b) CV curves and (c) Cycling stability of the AC//HAR-NiMoO4

ASC. The inset image shows galvanostatic charge-discharge curves of the ASC. (d) Ragone

plot of the AC//HAR-NiMoO4 ASC in comparison with other reported ASCs.
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