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Due to the unstoppable depletion of natural fossil fuels and ongoing climate change, the world
is currently developing new eco-friendly renewable energy sources that are abundant on the
planet. Consequently, electrochemical energy storage devices are an effective approach to
replacing fossil fuels. Here, for the first time, Cobalt-doped Zinc molybdenum oxide
nanostructures (Co-ZnMoO4 NSs) with 29%,4% and 6% concentrations were synthesized via
a hydrothermal process and annealing treatment and were subsequently characterized using a
variety of characterization methods to explore their electrochemical and physical properties.
SEM micrographs showed particle like structure with random agglomeration morphology.
The doping of Co into ZnMoOs was verified by the EDX results. Raman spectroscopy
showed the new emerging peak of the nanostructure and gives information about the
vibrational modes. Ultraviolet spectroscopy study indicated the band gap decreases as the
concentration of Co increases. Additionally, for the first time, the electrochemical properties
of Co-ZnMoO; NSs were investigated. For high-performance supercapacitors, the
synthesized electrode material is a better choice to address continued demands for energy

storage devices.

1. Introduction

Today, the two biggest problems mankind facing are environmental pollution and energy crisis. The
scientific community is in search of an appropriate solution for these problems. Water is the most critical
resource for terrestrial life and without water there would be no life [1]. One of the main issues is water
quality. It has high sensitivity to release of toxic effluents from industries like textile industries which involve
a number of complex processes like washing, bleaching, dyeing, printing and sizing into water ecosystem
[2]. Fossil fuels, solar and nuclear energy are the primary energy sources. Solar energy is one of the most
vital to life, as if the amount of solar radiation were to be reduced, all life would stop [3]. Less than one
billionth of the sun's energy reaches the earth and less than 30% is absorbed by the land and ocean, the rest
is reflected back into space [4]. Nevertheless, solar cells are a key element in transforming this energy into
electrical energy, where they are used in today's buildings and even in satellites [5]. However, fossil fuels
still provide approximately 80% of world energy supply, though fossil fuel and water are natural resources
that are directly endangered by the accelerated industrialization. Oil and natural gas are still used extensively
for transportation, cooking and heating. Due to their limited availability, new technologies have emerged

over the last few years that aim to diminish their reliance on these technologies [6]. Air pollution, ozone
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depletion and severe health effects, such as being responsible for 2% of all cancer deaths [7] are caused by
their combustion. An alternative and environmentally friendly solution is to use energy produced by the
controlled fission of heavy atoms in a reactor to produce steam for driving turbines and producing
electricity [8]. Renewable energy sources are sources that can be regenerated and that can help reduce the
rate of climate change. These are hydroelectric, wind, geothermal and solar energy, and historically
hydropower has accounted for over 50% of the global clean energy generation capacity [9]. While non-
renewable energy resources are inexpensive and convenient to use, they are limited and pollute extensively
and currently have an increasing competitive survival alternative of renewable energy sources that emit zero
carbon [10]. Only approximately 10% of globally consumed energy comes from renewables while 90%
comes from non-renewable sources [11]. This highlights the need for energy storage devices with
electrochemical characteristics to enable this transition, which this chapter aims to solve by the use of metal
oxide semiconductors. There are five categories of energy storage devices: electrochemical, thermal, electric,
mechanical and chemical [12]. These include superior charge/discharge rate performance and cycle life
compared to supercapacitors and electrochemical capacitors [13] and they are ideally suited for high power

applications [14].

Supercapacitors (SCs) emerge as a groundbreaking energy storage solution. They are able to provide larger
surface area electrodes and thin-dielectrics for higher capacitance than traditional capacitors and batteries
[15]. This allows them to be used rather than batteries in automobiles and heavy industrial equipment, for
which they have a high power density [16]. SCs are able to work in a limited window (2.5-2.7¢V) and have
several benefits including long cycle life, high specific capacitance, broad operating temperature range and
environmental friendliness. These benefits detive from the redox reactions that are at the heart of their
capacitive behavior, which are driven by electrode materials such as carbon nanotubes, graphene,
conducting polymers, activated carbon, metal oxides and metal sulphides. They are also accompanied by
liquid or gel electrolytes for high energy density and long cycle life [17], current collectors for high cell
potential and durability [18], binders for maintaining the structure of the electrodes [19] and separators for
ion transfer without contact between the electrodes. There are three types of SC. Electrostatic, non-Faradic
charge storage techniques: electric double-layer capacitors (EDLCs) can provide high conductivity, high
surface and excellent stability [20]. However, pseudocapacitors are able to store charge faradaically by the
redox reactions at the electrode surface with the electrolyte whereas the EDLCs store less charge but have
a longer life span [21, 22]. Hybrid capacitors use both mechanisms to get longer cycle life and stable voltage,
but are more expensive and less energy dense than batteries [23]. The selection of electrode material is still
the main factor in electrode performance, which should have high conductivity, thermal stability, chemical
inertness, large surface area, corrosion resistance, and low price [21]. The advantages of overall SC
characteristics are: fast charge/discharge, high energy and power density, long cycle and electrochemical
stability, and flexibility in temperature and charge/discharge rate [24]. They ate used for electric/hybrid
cars, wind and photovoltaic power generation, electric power storage, elevators, pacemakers, cranes and

UPS. The principal drawback is its low operating voltage which can be overcome by series connection of
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multiple SCs. Although high cost, low surface area, and toxicity are some drawbacks, transition metal oxides
(TMOs) like NiO, Fe»O3, Co203, and V2Os have become popular materials for pseudocapacitors because
of their high power density, tunable oxidation state and potential for improving properties by doping 25,
26]. Doping introduces beneficial defects that enhance the conductivity, mobility of the carriers and the
optical/electrical properties of the material [26]. Nanowites, nanotubes, and nanoflowers are examples of
metal oxide nanostructures that are used in photocatalysis, energy harvesting, and quantum computing [27,
28]. In this regard, zinc molybdenum oxide, which can be reversibly charged, can be a semiconductor with
high electrochemical capacity (952 mAh/g) and multiple oxidation state, and also has a large sutface area,
has been explored as a supercapacitor and lithium-ion battery material, but presents poor cycle stability [29,
30]. But the study of Co doped ZnMoO4 (Co-ZnMoQOs) has not been done yet before. The motivation for
this research is the gap between the low power density and specific capacitance of supercapacitors that can
be addressed by using porous electrode materials with desirable charge/discharge properties. The ultimate
goal is to provide a material with high specific capacitance and energy density that is both efficient and

environmentally friendly and that could help alleviate the wotld energy crisis [31].

Various routes for the synthesis of ZnMoOy, nanostructures with a controlled morphology and improved
functional properties have been reported in the literature. Hydrothermal synthesis is the most popular
method since it allows the precise control of particle size, crystal phase and morphology. Ramezani et al.
synthesized rod-like nanostructures of ZnMoQOy using various surfactant and solvents, and found that the
morphology was affected by the use of polyethylene glycol and sodium dodecyl sulphate surfactants [32].
They showed that these nanostructures degraded 90% of the methyl orange after 6 hours under visible light
after synthesis. In accordance with this, Pengxi Li et al. synthesized porous ZnMoO,4 nanosheets with
oxygen vacancies and obtained high performance asymmetric supercapacitors by hydrothermal method and
hydrogenation reduction method [33]. «-ZnMoO, nanoparticles were synthesized by Jie Fei et al., which
were reported to be a possible anode material for lithium-ion batteries with high reversible capacity and
strong cycling stability, under hydrothermal process [34]. D.M. Chernyak et al. optimized the growth of
ZnMoOQOy, crystals by doping with a small concentration of tungsten oxide without causing significant
changes in the scintillation efficiency and the optical transmittance [35]. Bao-gai Zhai et al. prepared triclinic
ZnMoO4 nanowires by air vapor deposition and achieved the single-crystalline nanowires with strong green
PL [36]. Monoclinic ZnMoO, nanoparticles exhibited visible photoluminescence through hydrothermal
synthesis with template agents reported by Runping Jia et al. [37] and flower-like rhombus-sheet

morphologies with increasing reaction time reported by Gaoke Zhang et al. [38] using the same approach.

The structural, optical, and dielectric properties of ZnMoO, prepared by different methods such as solid-
state, co-precipitation, precipitation, and sonochemical have been studied by several researchers. The
synthesis of triclinic crystals of ZnMoQOy using the solid state reaction method was reported by P. Yadav

et al., who also reported a direct band gap of 4.12 eV with strong green photoluminescence, which makes

Emerging Functional Materials for a Sustainable Energy Future

61



Chapter 4: Synthesis and Characterization of Cobalt Doped Zinc Molybdenum Oxide (Co-ZnMoOq) Nanostructure for Energy Applications

it suitable for phosphors, microwave devices, LEDs and transducers [39]. In a similar fashion, Sameer
Kumar Tiwari et al. investigated the effect of Cu doping in a-ZnMoQy, which resulted in a decrease in
band gap from 3.6 to 2.78 eV and an improvement in the photoluminescence intensity with the
improvement in the microwave dielectric properties /40/. Yu-Rou Jiang et al. synthesized B-ZnMoO,
hydrothermally and found it to be an excellent visible-light photocatalyst for the degradation of phenol and
Victoria Blue R [41]. ZnMoOy nanofibers were synthesized by Reza Roshani et al. by an ultrasonic bath
process and excellent cycling stability was obtained along with high specific capacitance for use in
supercapacitor applications [42]. Yanee Keereeta et al. used the electrospinning and calcination method to
create the ZnMoOy nanofibers with an excellent optical property [43]. Li Lv et al. reported that complete
degradation of methyl orange was achieved under UV irradiation with hydrothermally synthesized
monoclinic ZnMoO, with blue-green photoluminescence [44]. H. Ait Ahsaine et al. prepared triclinic
ZnMoOy by co-precipitation and observed the triclinic to monoclinic transition at 466 °C by thermal
analysis [45]. Qingyun Ma et al. prepared cubic-like ZnMoOy, by precipitation-freeze drying which exhibited
better electrochemical performance and cycling stability than the conventional ZnMoOy [46].

The recent research has focused on the optimization of the morphology of ZnMoOy for electrochemical,
photocatalytic, and optoelectronic properties. Y. Liang et al. have prepared nanorods and nanoplates of
ZnMoOy by the ECLAL method and reported the improvement of optical properties of the resulting
materials after annealing, suggesting their potential applications in photoelectric nanodevices [46]. ZnMoO4
nanorods synthesized using CT'AB assisted hydrothermal method were found to be promising electrodes
for supercapacitors due to its high specific capacitance of 779 Fg—1 and excellent cyclic stability over 3000
cycles as reported by Harichandran Gurusamy et al. [30]. B. Joji Reddy et al. synthesized a-ZnMoOy,
microspheres by a straightforward synthesis method and found that the specific capacitance of the material
was 234.75 Fg™' with 82% capacitance retention after 1600 charge—discharge cycles [47]. Under UV
irradiation, high photocatalytic degradation efficiencies of the dye methylene blue and rhodamine B were
achieved using a sonochemical method to synthesize nanopatticles of zinc molybdate (ZnMoOy,) by Indah
Raya et al. Zahra Shahri et al. have designed a simple precipitation technique to produce uniform rod-like
ZnMoQOy4 nanostructures of high purity and desired morphology [48]. Last but not least, Jahangeer Ahmed
et al. synthesized ZnMoO, submicron plates via hydrothermal method and found that they are greatly
electrocatalytic for the hydrogen evolution reaction, which will have potential application for energy
conversion [49].

2. MATERIALS AND METHODS

2.1 Material used

Chemicals and materials used for synthesis of ZnMoO4 and Co-ZnMoO4 NSs are Zinc nitrate hexahydrate
[(Zn (NO3)26H20)], Sodium molybdate dehydrate [NaxMoO4.2H20]|, Ammonium fluoride [(NH4F)],
Cobalt nitrate hexahydrate [Co(INO3)2.6H2O], Distilled water (H20), and Ethanol (C;HsOH). All solutions
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were prepared in deionized water, and ethanol was used for washing prepared solid samples. 2M KOH

Alkaline solution was employed as an electrolyte for electrochemical analysis.

2.2 Synthesis Process

Heat Treatment Final Product

Washing

Autoclave Micro-Flowers

Hydrothermal Synthesis Method
Figure 4.1: Working diagram of ZnMoO4 NSs.

There are several methods available for the synthesis of pure zinc molybdate (ZnMoOy) and cobalt-doped
zinc molybdate (Co—ZnMoQOy,) nanostructures, including sol-gel, co-precipitation, solid-state reaction, and
hydrothermal techniques. Among these, the hydrothermal method was selected in the present study because
it is a simple, cost-effective, and environmentally friendly approach that produces highly crystalline
nanostructures with high yield, controlled morphology, and excellent purity under relatively mild reaction

conditions.

The hydrothermal method was employed for the synthesis of pure ZnMoO, nanostructures, and the
schematic representation of the synthesis procedure is shown in Figure 4.1. Initially, the required quantities
of the precursor materials were accurately weighed using a digital analytical balance. Specifically, 0.29749 ¢
of zinc nitrate hexahydrate [Zn(NOj3)2'6H20], 1.23586 g of sodium molybdate dehydrate
(NazMoO42H;0), and 0.0741 g of ammonium fluoride (NH4F) were dissolved in a mixed solvent
containing 25 mL of deionized water and 5 mL of ethanol. The resulting solution was continuously stirred

on a magnetic stirrer for 30 minutes to obtain a homogeneous reaction mixture.

After complete mixing, the prepared solution was transferred into a 50 mL Teflon-lined stainless-steel
autoclave, which was tightly sealed and placed in a temperature-controlled oven. The hydrothermal reaction
was cartried out at 160°C for 12 hours. Upon completion of the reaction, the autoclave was allowed to cool
naturally to room temperature before opening. The obtained precipitate was then collected by filtration and
thoroughly washed three times with distilled water and once with ethanol to remove any unreacted
precursors and impurities. The washed product was transferred to a china dish and dried in an oven at 60°C
for 4 hours. After drying, pure ZnMoQO, powder was obtained and preserved for further characterization.

In addition to the undoped ZnMoO4 sample, four cobalt-doped ZnMoO, samples were synthesized by
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introducing cobalt at different concentrations, including 2 wt.%, while keeping the remaining synthesis

conditions unchanged, as illustrated in Figure 4.1.

2.3 Material Characterizations

The structural, morphological, optical, and electrochemical properties of the synthesized electrode material
were systematically investigated using various diagnostic instruments. Crystallographic phases were
evaluated via X-ray diffraction (XRD, Tongda TD-3700) using Cu — Kyradiation (1 = 1.54064 across
a 20 range of 20° — 60°. Dopant incorporation was verified using a GMD PROTRUSTECH Raman
spectrometer, while surface morphology was examined using a scanning electron microscope (SEM,
MAIA3 TESCAN). Optical absorption characteristics were recorded in the 350-900 nm spectral range with
a C7200 UV-Vis spectrophotometer. Finally, the electrochemical performance of the electrode material was
measured using a GAMRY Potentiostat Interface 5000 (Model 14543).

3. Results and Discussion
3.1 Scanning Electron Microscopy (SEM)

SEM analysis revealed the morphology of synthesized undoped ZnMoOy4 and Co-ZnMoO4 NSs with 2%
and 6% concentration as observe in Figure 4.2. Figure 4.2(ai-a3) exhibited the particle-like structure with
random agglomeration of undoped ZnMoO4 NSs at different magnification. Figure 4.2(bi-bs) shows the
micrographs of the as-synthesized 2% Co-ZnMoO4 NSs. It is clearly observed that the morphology of
prepared material changed due to co doping. Figure 4.2(ci-cs) of prepared sample (6 % Co-ZnMoO4 NSs)
at different magnification depict that the size of particles decreases by increasing dopant (Co) concentration

and morphology changed with spherical particle and uniformly distributed.

3.2 X-ray Diffraction Analysis (XRD)
The crystallographic structure of the as-prepared material was analyzed by an X-ray diffractometer. XRD
diffractograms of ZnMoO4 NSs and 2% and 4% Co-doped ZnMoO4 NSs are shown in Figure 4.3 (a- b).
All well-defined peaks associated with planes (110), (020), (002), (112), (220) and (131) correspond to the
2025710, 203180, 203660 , 2044.1°, and 205070 and 205490 respectively. These distinct peaks are assigned to the
monoclinic phase and are in accord with the “JCPDS card No. 25-1024" of ZnMoO4. The characteristics
peak (110) at 26=25.71%1s the strong agreement of ZnMoO4NSs. The extremely crystalline nature of the
prepared NSs is shown by sharp peaks.
Debye Scherrer formula was used to determine the average crystallite size (D) of the prepared materials (eq
4.1) [49].

D =KA /BCos8 (4.1)
Where ) is the wavelength of Cu Ko radiation (A = 1.5406 A), B is the full-width at half maximum, 6 is the
diffraction angle, and K is the shape factor (0.88). The average grain size of ZnMoO4 NSs was reduced by
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increasing Co concentration. The computed crystallite sizes were 26.63 , 20.37, and 18.10 nm for undoped
ZnMoOy NSs, 2% Co- ZnMoO4 NSs and 6% Co- ZnMoO4 NSs respectively
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Figure 4.2: SEM micrographs (ai-as) undoped ZnMoOy4 NSs, (bi-bs) 2% Co- ZnMoO4 NSs and (ci-c3) 6% Co-
ZnMoOy4 NSs at various magnifications.

3.3 Fourier Transform Infrared Spectroscopy (FTIR)

An efficient analytical technique for examining how molecules interact with infrared light is FTIR
spectroscopy. It involves measuring the absorption of infrared light by a sample and generating a spectrum

that represents this absorption as a function of frequency. FTIR spectroscopy was utilized to
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Figure 4.3: XRD pattern of a) Undoped ZnMoO, NSs b) Undoped ZnMoQO,, 2% and 6% Co-
ZnMoO,4 NSs.

analyze chemical bonds and identify functional groups present in as-prepared ZnMoOy and 2%, 4%, 6%,
Co doped ZnMoOs. In the case of the provided figures, Figure 4.4 (a) represents the spectrum of pure
MoOgsnanosheets (NSs), while Figure 4.4 (b) displays the spectra of pure MoO4NSs, ZnMoO4 NSs, 2%
Co-ZnMoO4 NSs, 4% Co-ZnMoO4NSs, and 6% Co-ZnMoO4 NSs. The frequency range between 700 and
980 cm! corresponds to specific vibration modes associated with distorted (MoO4)?~ tetrahedrons, as

reported in previous studies [50-52].

These vibrational modes provide valuable information about the structure and behavior of the (MoO4)2~
tetrahedrons within the analyzed samples. The attribution of these modes has been documented in the
literature, indicating that researchers have previously identified and characterized these specific vibrational
features. Additionally, the bands at 1633 cm! and 3435 cm! in the spectra that were observed correspond
to vibrations of the molecules H-O-H bending and stretching, respectively. These vibrational motions
involve the bending of hydrogen-oxygen-hydrogen bonds and the stretching of oxygen-hydrogen bonds
within the molecules or ions under investigation. By analyzing the FTIR spectra and identifying these
vibrational modes and bands, researchers gain insights into the composition, structural features, and
molecular behavior of the samples. This information is valuable for understanding the characteristics and
potential uses of the materials under study, as well as for future study and development in related fields.
Such structural changes are known to create more oxygen vacancies and defect sites, increasing electrical
conductivity and the number of electrochemically active centers. Furthermore, the presence of surface
hydroxyl groups enhances electrolyte wettability, allowing for effective ion transport during charge-
discharge operations. These combined effects improve the capacitance, charge-transfer kinetics, and cycling

stability of the doped oxide electrode.
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Figure 4.4: FTIR spectra of a) Undoped ZnMoO4 NSs and (b) Undoped ZnMoO4 and 2%, 4%, and 6%
Co- ZnMoOy4 NSs.

3.4 Raman Spectroscopy

Figure 4.5 (a -b) presents the Raman spectra of synthesized samples of undoped ZnMoO4 NSs, 2% and
6% Co-ZnMoOy4 NSs. The spectrum exhibits normal Raman scattering bands characteristic of MoOgy
crystalline phase. MoQOy vibration is responsible for the strong band at 321 cm-!, which indicates that the
synthesized sample contains Mo-O bonds as shown in Figure 4.5 (a). The doubly coordinated oxygen
(Mo2-O») extending mode, which accounts for the peak at about 821 cm!, results from two octahedral
molecules sharing a corner of oxygen [53, 54]. This peak is a signature of MoOj and confirms the existence
of crystalline phase. Molybdenum oxide is present in the sample as indicated by the peak at 880 cm-!, which
is attributed to the Mo=O bond. Finally, the peak at approximately 905 cm-!, which results from an
unshared oxygen in Mo, is caused by the ZnMoO4 mode. The peak positions agree well with the literature
values for the o -MoOjy crystalline phase, indicating that the synthesized sample is of high purity [55, 56].
By increasing Co doping, the peak shifted slightly towards higher wave number that confirmed the
incorporation of Co-doped in ZnMoOy as exhibit in Figure 4.5(b). The Raman spectroscopy analysis
provides valuable evidence about the chemical and structural characteristics, of the synthesized sample,
which is crucial for comprehending the synthetic sample's potential applications in numerous fields,

including photocatalysis and energy storage devices and photocatalysis.
3.5 Ultraviolet Visible Spectroscopy of ZnMoQ, nanostructures

Ultraviolet Visible spectroscopy technique used to analyze how molecules interact with ultraviolet (UV)
and visible light. When monochromatic light strikes the synthetic material, atomic electrons absorb it and
continue to do so until they enter their excited states, which results in an adsorption peak. This fascination
reduces the intensity of transmitted or reflected light. By measuring this light, a spectrophotometer provides

information about a substance's electronic structute, composition, and concentration. The resulting
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absorption spectrum displays peaks at wavelengths of absorbed light, aiding in characterization and analysis.

UV-visible spectroscopy of as prepared. ZnMoO4and 2%, 4% and 6%
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Figure 4.5: Raman Spectra of synthesized a) Undoped ZnMoO4NNs (b) Undoped ZnMoO4 NSs and 2%, 4% and
6% Co- ZnMoOy4 NSs.

CO-doped ZnMoO4 NSs were done at room temperature with ethanol as a solvent. Each solution was
prepared by adding the same ratio of sample to 10ml of ethanol. The Figure 4.6 (a) exhibit pure MoO4
absorption spectra, the UV-visible spectrum show absorption peaks related to the electronic transitions in
the MoOy ion at 425 nm. Pure MoOy ions typically absorb in the visible region, with peaks in the range of
200-500 nm. Various elements, including pH and the presence of other ions, can affect the precise location
and intensity of the peaks. The Figure 4.6 (b) shows ZnMoOys, 2%, 4%, and 6% Co-ZnMoO4 NSs that
contains both Zn?* and MoOj4 2- ions. Due to electronic transitions in both the MoOy4 2- and Zn2* ions,
ZnMoO#4 exhibits absorption peaks in the UV-visible spectrum. The specific electronic configurations and
the coordination environment surrounding each ion determine the locations and intensities of these peaks.
The samples with 2%, 4%, and 6% Co-ZnMoOs refer to Co-doped ZnMoOy samples. The presence of
cobalt ions introduce additional electronic transitions and may modify the absorption characteristics
compared to pure MoOy and absorption peak slightly shift towards higher wavelength indicted the in
incorporation of co doping. Depending on the cobalt ion concentration and how they interact with the
MoOy matrix, different absorption peaks and their intensities are observed. The spectra obtained would
provide specific information about the absorption characteristics of each sample in terms of peak positions,
intensities, and shapes, allowing for a more comprehensive analysis of their electronic structure. Utilizing

the Tauc relation or Tauc plot, the energy band gap of the prepared sample was determined.
(ahv)" = C(hv — Eg) 4.2)

Where hv is the photon energy, Eg is the energy band gap, C is the constant value, and the value of n= 2,

1/2, 3/2 denoted the different energy band gap such as direct, indirect, and forbidden similarly. This
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relation is utilized to calculate the energy bandgap of Pure MoQOs, ZnMoOys, 2%, 4%, and 6%Co doped
ZnMoOy NSs.
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Figure 4.6: UV-Visible spectra of (a) ZnMoO4NSs, (b) ZnMoOy 2%, 4%, and 6% Co-doped ZnMoO4 NSs, (c)
Direct band gap energy of ZnMoO42%, 4%, and 6% Co-doped ZnMoO4NSs.

The calculated optical direct energy band gap of ZnMoOy4 and 2%, 4%, 6% Co-doped ZnMoO4 NSs were
3.35eV, 3.25¢V, 3.15¢V, 3.11eV respectively. The observed direct energy band gaps of as-prepared NSs
decreased with increasing the concentration of Co from 3.35eV to 3.11eV as shown in Figure 4.6(c-d)

and presented in Table 4.1.
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Table 4.1. Reported ZnMoO4 NSs energy bandgap.

Material Direct bandgap (eV) Reference
ZnMoO, NSs 3.29 [36]
ZnMoO4 NSs 3.35 This work
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Figure 4.7: Cyclic Voltammogram of ZnMoOyj (a-c) and 2%, 6% Co- ZnMoO4 NSs.

3.6 Cyclic Voltammetry (CV)

In three-electrode systems, cyclic voltammetry is an eminent electrochemical characterization technique
behind the charge storage mechanism. CV measurements of ZnMoOy, 2% Co- ZnMoQys, and 6% Co-
ZnMoOy4 NCs as shown in the Figure 4.7(a-c) were carried out at different scan speeds of ImVs-, 10
mVs1 15 mVs', 25mVs, 75mVs ! and 100mVs! with an operating potential window (PW) -0.2 to 0.6 eV
by using 2M KOH solution. The CV analysis expresses the noticeable redox peak at the particular potential
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that indicates the enrich redox nature of the prepated material. During the charging and discharging
mechanism, faradic reactions of the of the electrode material are indicated by cluster of redox peaks. The
reaction mechanism is significantly influenced by the potential scan speed. The area under the CV curves
represents the overall charge that has been stored in the electrodes. As the potential scan speed dectreases
from 75 mVs' to 5 mVs! by shifting the anodic peak to a negative potential and the cathodic peak to a
positive potential, it appears that the redox current is decreases. On the other hand the area of curve
increases by increasing the san rate, indicating that the electrode has improved charge storage and good
reversibility. The well-defined peaks at all conceivable scan rates, which may be explained by a capacitive
charge storage mechanism, demonstrate the existence of the faradic charge transfer. The charge storage
capacity was seen in the region under the curve.
The Cp of the fabricated electrodes was attained by equation.

Cp = A/2KmAV (4.3)
Where, AV (V3 - Vi) is the potential window, m is the mass of active material, K is the scan rate, A is the
absolute surface area. The computed values of Cp for all the designed electrodes are presented in Table
4.2. Remarkably, the maximum Cp value obtained from CV curve at scan rate of mVs EIS of ZnMoO4
and Co- ZnMoOy4 NSs,

Table 4.2: The C, values for all the designed electrodes

50 mV/s 25 mV/s 15 mV/s 5mV/s 1mV/s
Materials
F/g F/g F/g F/g F/g
Undoped ZnMoOy 81 135 167 286 1022
2% Co-ZnMoO, 134 192 232 464 1281
6% Co-ZnMoOy 180 282 469 606 1535

3.7 Electrochemical Impedance Spectroscopy (EIS)

The electrochemical behavior (current conductivity and internal resistance) of the as-synthesized material
is characterized using the EIS technique. EIS analysis was evaluated at open circuits between the frequencies
of 100 KHz and 0.1 Hz. The low, medium, and high regions frequently exhibit impedance character.
Supercapacitors frequently have electrochemical characteristics halfway between those of capacitors and
resistors. At low frequency the electrochemical system act as capacitor and at high frequency like a
resistance. At high frequencies, the electrochemical capacitor behaves like a resistor, while at low
frequencies, it behaves like a capacitor, as shown in Figure 4.8(a, b).

Compared to the ZnMoOyand 2% Co-ZnMoOy samples, the diameter semicircle of the 6% Co-ZnMoO4
sample is considerably smaller. Due to the increased conductivity, this smaller semicircle suggests lower

charge transfer resistance. Low charge transfer resistance and high conductivity are characteristics of the
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smaller semicircle. The diffusion of ions between the electrolyte and electrode surface is responsible for the

vertical line, which also demonstrates that electrode material is approaching to nearly an ideal capacitor [58].

1000 | —g— ™ 1000 - —a— Pure ZnMoO4 NSs
=— ZnMoO4 Nss| / —e— 2% Co-ZnMoO4 NSs
8004 . 500 | —— 6% Co-ZnMoO4 NSs
./
& 600- y S 600
= Ve =
- - =
N 400- /_/ N 4004
./
200 4 .,l' 200
0 f 04
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'
7' (Q) 7' (Q)

Figure 4.8: EIS spectra of ZnMoOy and 2%, 6% Co-ZnMoOy4 NSs.

4. Conclusion
In summary, for the first time Zinc molybdenum oxide (ZnMoO4 NSs) and Cobalt-doped Zinc
Molybdenum oxide nanostructures (Co-ZnMoO4NSs) with 2%, 4% and 6% were synthesized via
affordable hydrothermal method. The formation of nanoparticles was confirmed by SEM micrographs.
SEM micrographs showed randomly particle like morphology. EDX spectra confirmed the successful
doping in ZnMoOy4 NSs. The crystalline size of ZnMoO4 NSs were examined by XRD. The Raman
spectroscopy gave the information about the vibrational modes. The absorption spectra and energy band
gap of prepared samples were calculated by Tauc relation in Ultra- Violet visible Spectroscopy. Uv-Vis
analysis showed the band gap decreases as the concentration of Co increases. In Cyclic Voltammetry the
specific capacitance of ZnMoO4 NSs, 2% and 6% Co-ZnMoO4 NSs was to be calculated. Based on the
findings, Co-ZnMoOs nanostructures is useful electrode material for electrochemical supercapacitor
applications.
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