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Chapter I: Introduce to Supercapacitor and Literature Survey of Rare Earth Chalcogenides

1.1.  General Introduction:

Due to climate change and fast development of the global economy, energy has become a
primary spotlight in the scientific and industrial communities. With concerns of the environment
pollution, increasing mining cost and the reduction of fossil fuel, there is an urgent need for a
capable, clean and renewable energy source, and energy storage procedure [1].

Even though great hard works have been made on the development of high performance Li-
ion batteries and fuel cells [2-4], the poor power capability and high maintenance cost have kept them
away from many applications. Newly, supercapacitors have drawn great attention because of their
high charge discharge rate, long life cycle, outstanding power density and no short circuit concern
that are of concern with current batteries or fuel cells. The supercapacitors, also known as
ultracapacitors or electrochemical capacitors, store energy with an electric double layer capacitance
(EDLC) achieved by ion adsorption or pseudocapacitance dominated by surface redox reaction.
Pseudocapacitors with conducting polymers or metal oxides as electrode material, although
demonstrate a high capacitive performance, but cannot maintain this performance after prolonged
cycling. On the other hand, EDLC can be charged and discharged as many as one million cycles
without performance degradation [5].

Moreover, ion transportation is faster than a redox reaction, resulting in a high charge-
discharge rate and power density in EDLC. At this time, the energy density of EDLC is generally 3-5
Wh/kg™, which is one order of magnitude below commercialized lithium-ion batteries (100-275
Wh/kg™) [6,7]. Therefore, increasing the energy capacity with minimum sacrifice of power density is
noOw a major topic in supercapacitor research.

1.1.1. Need of Energy Storage Devices
There is an increasing requirement for high-quality energy supplies for portable, stationary

and mobile applications. Different types of electrochemical energy storage applications such as fuel
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cells [8, 9], batteries [10,11] and supercapacitors [12, 13] have received a great attention in the past
decade due to mounting concerns about environmental protection and energy saving. In the past,
lithium-ion batteries were widely used in various applications such as cell phones, laptops, computers
etc. But in general, electrochemical devices have a great aptitude for large-scale applications such as
hybrid electric vehicles and smart grids [14, 15] and the requirements differ depending on the
applications in terms of scale, energy and power supply.

Currently, modern day electrical and electronic device demand high current, energy and
power requirements with extreme safety and precautions. Supercapacitors are one of the solutions to
meet these tremendous requirements of high power density, emitting a large amount of energy in a
short time period. And at ideal conditions, supercapacitors can replace batteries satisfying power
requirements in electric vehicle systems combining both high power density of supercapacitors and
high energy density of batteries. When in need of rapid acceleration, supercapacitors can dispense
large amounts of power batteries could help in electrically charging the capacitors and to power the
vehicle. These supercapacitors require a high recyclability, high energy and power densities higher
than the batteries under the same operating potential and reliable discharge characteristics [16].

1.1.2. Supercapacitor and their classification:

Supercapacitors (also known as ultra-capacitors or electric double layer capacitor) are energy
storage devices that have low internal resistivity and very high capacitance behavior. The energy
storage mechanism involves the separation of charges between the interface of the electrode and the
electrolyte [17, 18]. This device, in particular, can store and deliver energy at a relatively high
capacity in comparison to batteries [19]. A supercapacitor comprises of a separator, two electrodes
and an electrolyte but the electrode material plays the major role in determining its performance [20,
21]. Major benefits of using a supercapacitor are its flexible packaging, high power, long life cycle,

wide operational ranges (-40°C to 77°C), lightweight and low maintenance [22].
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A supercapacitor can be best used in applications that require short load cycle and high
reliability. Some of the examples of these types of devices are electric vehicles, load cranes, and
forklifts [23]. In addition, some of the most promising applications of supercapacitors are low
emission hybrid vehicles and fuel cell vehicles [24, 25]. Although, the energy density of a
supercapacitor is more than conventional capacitors, but still they are not up to the mark of fuel cells
and batteries, as be seen in Fig. 1.1. So, in such devices, supercapacitors can be used along with fuel
cells or batteries serving as a temporary storage energy device with high power capacity to store

energy while banking [26].
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Fig.1.1: Energy vs. Power density Ragon plot of different energy storage devices [115].

Classification of Supercapacitors:

The operation principle of a supercapacitor is based on the amount of energy stored as ions
between the electrolyte and the electrode. Based on different types of storage mechanisms, as shown
in Fig.1.2, supercapacitors are classified into three major types: as electrochemical double layer

capacitor (EDLCs), pseudo-capacitor and hybrid supercapacitor.
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Super capacitors

Electrical Double Pseudocapacitors Hybridcapacitors
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Fig.1.2: Classification of Supercapacitor

A) Electric double layer Capacitor (EDLCs):

EDLCs are constructed using two carbon based materials as electrodes, an electrolyte and a
separator. EDLCs can either store charge electrostatically or via non faradic process, which involves
no transfer of charge between electrode and the electrolyte [27-29]. The principle of energy storage
used by EDLCs is the electrochemical double layer. When voltage is applied, there is an
accumulation of charge on electrode surfaces, due to the difference in potential there is an attraction
of opposite charges, these results to ions in electrolyte diffusing over the separator and onto pores of
the opposite charged electrode. To avoid recombination of ions at electrodes a Helmholtz double
layer of charge is formed as shown in Fig.1.3. The double layer, combined with the increase in
specific surface area and distances between electrodes decreased, allows EDLCs to attain higher

energy density [30-31]. Additionally, due to the EDLCs storage mechanism this allows for very fast
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energy uptake, delivery and better power performance. Due to non-faradic process, that is no

chemical reaction. It eliminates swelling observed in active material which batteries demonstrate

during charging and discharging. A few differences between EDLCs and batteries can be noticed as

(i) EDLCs can withstand millions of cycles unlike batteries that can withstand few thousands at best.

(if) Charge storage mechanism does not involve solvent of the electrolyte; in Li-ion batteries it

contributes to solid electrolyte inter phase when high-potential cathodes are used or graphite anodes

[32-34]. However, due to the electrostatic surface charging mechanism, EDLCs devices experience a

limited energy density, which is why today’s EDLCs research is mainly focused on increasing energy

performance and improving temperature range where batteries cannot operate. Performance of EDLC

can be adjusted depending on the type of electrolyte used.
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Fig. 1.3: shows Helmholtz double layer formation at the electrode-electrolyte interface [116].

B) Pseudocapacitors:

Compared to EDLCs, that store charge electro-statically. Pseudocapacitors store charge via

faradic process which involves the transfer of charge between electrode and electrolyte in Fig.1.4 [35].

When a potential is applied to a pseudocapacitor reduction and oxidation takes place on the electrode
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material, which involves the passage of charge across the double layer, resulting in faradic current
passing through the supercapacitor cell. The faradic process involved in pseudocapacitors allows them
to achieve greater specific capacitance and energy densities compared to EDLCs. Examples are metal
oxides, conducting polymers. Which leads to interest in these materials but due the faradic nature, it
involves reduction-oxidation reaction just like in the case of batteries; hence they also suffer lack of

stability during cycling and low power density [36-40].
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Fig. 1.4: shows electrochemical charge storage involved in the pseudocapacitor [117].

C) Hybrid Supercapacitor:

As mentioned earlier, EDLCs possess good power performance and life cycle whereas
pseudocapacitors exhibit comparatively higher capacitance and energy density. But still they lack in
cyclic performance and also the material gets deteriorated with time. So in hybrid capacitors a
combined performance characteristics is demonstrated which was formerly unattainable. By
combining the features of both, that is by combining the power density of supercapacitor electrodes
and the energy source of pseudo capacitive materials, they were able to outperform EDLCs and

pseudo-capacitors [41-46]. But technically, an increase in energy density occurs still at the expense
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of good cyclic stability which poses as a drawback of hybrid supercapacitors [47]. So recently, a lot
of research works have been reported testing hybrid supercapacitor with several combinations of
different electrode materials along with inorganic and organic electrolytes with the interest of
improving the energy and power density and still having a good life cycle [49, 50].
1.1.3. New Trend in Supercapacitor
The supercapacitors are the new emerging energy storage technology that will take a
key role in the future of energy systems. The higher energy storage capacity of supercapacitors is
the main feature which makes them a required option among different manufacturers [51]. With
steady progress in research, supercapacitors are attaining more attention in markets all over the
world. For instance, automotive and rail sections are opening new possibilities in emerging
sections such as grid energy storage. Increase in demand of hybrid/electric vehicles because of
severe government rules regarding emissions is proposed to promote the development of
supercapacitor market [52-54]. Indeed, the new consumer’s electronic devices like cell phones
and sensors require different power demand because of their multiple functionalities. Batteries
respond very slowly at room temperature due to their chemical reactions. Therefore, in many
cases, batteries will not provide complete power needs of all these electronic appliances in next
generation energy storage systems. The growing demand for supercapacitors from industries is
due to its advantages over lithium-ion batteries in terms of power density and number of cycles.
Supercapacitors can convey large amount of energy at high power and fast charge-discharge rates,
which make them appropriate for supplying high power in multifunctional electronic devices.
Even these good features of supercapacitors, the commercial applicability of supercapacitors is
restricted due to its low energy density. Currently, researchers are trying to enhance the energy

density of supercapacitors by applying various approaches without hindering their other features.
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In past few decades, carbon-based materials are most frequently used in commercial
supercapacitors [57-60]. Nevertheless, the low specific capacitance of carbon-based materials
restricts its commercial use. Current research suggests that, pseudocapacitive transition metal
oxides are more promising electrode materials for supercapacitors due to their low cost, lower
resistance value and environmental compatibility [61]. Also, the fast and reversible surface redox
reactions of pseudocapacitive materials significantly improve the specific capacitance and energy
storage capacity of the supercapacitors. The cyclic stability of pseudocapacitive materials is
inadequate due to the dissolution of active electrode material in liquid electrolyte during cycling.

Therefore, the study of solid-state supercapacitors is more important in which solid
polymer electrolyte is used as an alternative to liquid electrolyte. The solid-state supercapacitors
have advantages over agueous capacitors as it overcomes the problem of electrolyte leakage,
flexibility and ease of handling [62-64]. Also, the current research is focused on the development
of supercapacitors using different ionic liquid electrolytes. These electrolytes are more
advantageous, as they are non-flammable, nontoxic and thermally stable at temperature up to 300
°C [65-70]. Further, the potential window of supercapacitors with this ionic liquid electrolyte is
increased up to 4-6 V [71]. The overall electrochemical performance of supercapacitor depends
not only on the electrode material used but also on the electrolyte, separator and supporting
substrate [72]. The choice of superior electrode material along with appropriate electrolyte
effectively increases the specific capacitance and energy density of supercapacitor [73-76]. The
utilization of high performance, nontoxic and low-cost electrode materials with proper electrolyte
helps to achieve peak values of specific capacitance and energy density of supercapacitor [77-79].

1.2. Literature Survey of Rare Earth Metal Chalcogenides:

[A] Literature Survey of Rare Earth Metal Chalcogenides Thin Films and Their Properties-
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Rare earth metal chalcogenides (S, Te, and Se) has been studied for different
applications such as magnetic, optical, nuclear and superconducting etc. Many intermetallic
compound systems between rare earths have been reported. In last few years, rare earth based films
have exhibited outstanding superconducting properties. Kanna et al [80] et al synthesized copper
and rare earth-doped (lanthanum, neodymium and gadolinium) thin films and studied their
magnetic properties. The optical band gap energy of copper nano ferrites was 1.72 eV; it shifted to
5.01 to 5.14 eV on doping the rare-earth (La, Nd and Gd) element into the copper nanoferrites. The
X-ray diffraction confirmed with tetragonal crystal structure and grains-like surface morphology.
Kumbhar and Lokhande [81] prepared dysprosium compound from aqueous acidic bath onto
stainless steel, copper, brass, titanium and indium-tin oxide (ITO) substrates by electrodeposition
method. The films deposited between temperature range of 25 to 55° C were-gray, uniform and
adherent and thickness up to 0.25 microns. Kumbhar and Lokhande [82] prepared dysprosium
compound from non-aqueous ethanol bath onto different substrates by electrodeposition method
and obtained film thickness up to 0.20 microns. Ramay et al [83] deposited uniform and
homogeneous thin films of Dy,03, Cr/Dy,03 and Cu/Dy,03 on Si substrate in thickness range of
100£5 nm using reactive magnetron sputtering process. The structural analysis exhibited the
crystalline nature with cubic structure and uniform distribution of nano-sized grains like surface
morphology. Kruk et al [84] studied physicochemical properties of yttrium oxide doped with
neodymium and lanthanum. The transparent La, Nd, YO3; were prepared by use of the ethylene
diamine tetraacetic acid (EDTA) gel process. The optical properties were measured in between 500
and 1000 nm. The X-ray pattern shows cubic crystal structure and grains like surface morphology
obtained. Jundale and Lokhande [85] synthesized Sm film from a Sm tartarate bath was carried out
onto different substrates (stainless steel, brass, copper and titanium) by electrodeposition method.

The concentration of tartaric acid, pH, temperature etc here optimized. The effect of pH and
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temperature on deposition showed that the good quality films could be deposited at pH = 2 and at
room temperature. Jundale and Lokhande [86] electro synthesized Sm-Se thin films. From aqueous
bath on different substrates (stainless steel, brass, copper, titanium and FTO coated glass). It was
found that different compounds of Sm-Se are formed depending upon the concentration of selenide
ions in the bath. All the thin films were polycrystalline in nature and band gap energy of Sm-Se
thin film was 2.82 eV. Jundale and Lokhande [87] synthesized Sm,S; thin film by
electrodeposition method. A deposited film was found to be polycrystalline cubic crystal structure
and optical band gap is 2.08 eV. The photoelectrochemical technique showed that the films are p-
type. Jundale and Lokhande [88] prepared Sm-Te from aqueous solution by electrodeposition
method onto different substrates. These films show polycrystalline cubic crystal structure and

spongy and fibrous surface morphology with band gap energy of 2.52 eV. Jundale and lokhande

[89] electro synthesized p-Sm,S; films were from aqueous onto Ti and stainless steel coated
substrates. X-ray diffraction showed that films are microcrystalline and free from elemental Sm
and S. The optical absorption studies showed that the band gap is 2.08 eV. The photo
electrochemical studies of the films were carried out by forming a p-Sm,S3/KI-1,-KC1/C cell
configuration. The current voltage characteristics were studied in the dark and under white light
illumination and at different temperatures. The capacitance-voltage characteristics were studied at
1 kHz frequency. Jeong and Bae [90] prepared Y,03 by a modified solvothermal method and used
in transparent ceramics and luminescent devices. An X-ray diffraction analysis of the synthesized
powders indicated the formation of the Y,O3; cubic structure. The surface morphology of
synthesized powder spherical grains like and hexagonal in shape. Mohite and Lokhande [91]
prepared yttrium chalcogenides thin films by electrodeposition method. The cracked surface
morphology was found and the x-ray diffraction patterns of ytrrium chalcogenides show the

polycrystalline nature. From optical absorption studies the band gap energies of films were found
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to be 1.85, 1.6 and 1.7 eV for YS, YSe, and YTe films, respectively. Mohite and Lokhande [92]

prepared yttrium selenide (YSe) thin film on different substrates from non-aqueous bath by

electrodeposition method. The nature of contact between Y-Se and stainless steel was ohmic and

the band gap was 1.6 eVV. Mohite and Lokhande [93] prepared Y-Te thin film by electrodeposition

method from non-aqueous bath. The deposited films were amorphous or consisted of fine grains

like surface morphology with band gap energy of 1.84 eV. Jodgudri et al [94] prepared SnS and

YS thin films by room temperature electrodeposition method. The composition of films

corresponds SnS and YS having band gap of 1.41 eV and 1.85 eV, respectively.

1.2.1 Literature Survey of Rare Earth Metal Chalcogenides Thin Films and Their Properties-

Sr. Material Deposition Method Crystal Band gap | Ref
No. Structure

1. Cu doped La,Ne and | Sonochemical Tetragonal 1.72 eV 80

Ga film method
2. Dy Films Electrodeposition - - 81
3. Dy Films Electrodeposition - - 82
4, Dy,0; film Magnetron Cubic 83
sputtering system
5. Lagl, Ndol, Y;50;| EDTA gel Cubic - 84
powder technique process
6. Sm thin film Electrodeposition - - 85
7. Sm-Se Thin film Electrodeposition Orthorohmbic - 86
8. Sm,S; Films Electrodeposition Cubic 2.08 eV 87
9. SmTe films Electrodeposition Cubic 2.52 eV 88
10. Sm,S; Electrodeposition - 2.08 eV 89
11. Y ,03 nanopowder Solvothermal Cubic - 90
method
12. Yttrium (Y-S, Te,Se) Electrodeposition - 1.85,1.6 91
1.7eV
13. Y-Se film Electrodeposition - 1.6eV 92
14. Y-Te film Electrodeposition - 1.84 eV 93
15 Y-S film Electrodeposition - 1.85eV 94
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From the literature survey, it is revealed that the rare earth metal chalcogenides based thin films
showed good electronic, magnetic, optical and structural properties as seen in Table. 1.2.1. In
particular, these rare earth materials can be used for energy storage devices because of good electrical
conductivity.

[B] Literature Survey of Rare Earth Metal Chalcogenides Thin Films and Their
Supercapacitor application:

According on literature survey, rare earth metal chalcogenides materials showed good
chemical and physical properties for different applications. The physical and chemical methods of
electrode preparation strongly affect the electrical conductivity and hence the electrochemical
performance [95]. The rare earth materials are a special class of materials which exhibits the
dielectric and magnetic properties due to the electron transition and morphological variation. Now a
days, rare earth based chalcogenides thin films have been used in energy storage device such as
supercapacitor, Yadav [96] prepared La,Os thin film by CBD method and reported specific
capacitance of 147 Fg™* in 1 M KOH electrolyte within -0.1 to 0.8 V/SCE potential window and
cycling stability measured for 2,000 CV cycles of 96 % with ED and PD of 35 Whkg™ and 23
kWkg . Patil et al [97] prepared a-La,S; thin film using successive ionic layer adsorption and
reaction (SILAR) method and obtained maximum capacitance of 256 Fg™ in 1 M LiClO, electrolyte
within -1.2 to 0 V/SCE potential window with cycling stability of 85 % over 1000 cycles for nano-
grains like surface morphology. Patil et al [98] prepared lanthanum telluride (La,Tes) thin film by
CBD method and obtained specific capacitance 469 Fg™ with ED and PD of 126 Wh kg™ and 2.5 kW
kg, respectively in 1 M KOH electrolyte. Patil et al [99] prepared lanthanum sulfide (La,S3) thin
film prepared by CBD method and obtained specific capacitance 294 Fg™* with ED and PD 43 Wh
kg™ and 25 kW kg™, respectively with cycling stability of 89 % over 1000 CV cycles. Patil et al

[100] synthesized lanthanum selenide (La,Ses) nanoflakes from an aqueous medium by means of a

Chapter I Page 12



Chapter I: Introduce to Supercapacitor and Literature Survey of Rare Earth Chalcogenides

CBD method and obtained specific capacitance of 331 F g * with ED of 31.62 Whkg™ at a PD of 7
kWkg™ and electrochemical stability for 1000 CV of 81%. Patil et al [101] synthesized lanthanum
selenide (La,Ses) nanocubes thin film via successive ionic layer adsorption and reaction (SILAR)
method and utilized for energy storage application with specific capacitance 363 Fg*, ED
80 Wh kg and PD 2.5 kW kg * in 0.8 M LiCIO./PC electrolyte and cyclic stability for 1000 CV of
83%. Kumbhar et al [102] synthesized a-Sm,S3 thin film by SILAR method and reported specific
capacitance of 294 Fg™ in 1 M LiCIO, electrolyte. An electrode stability of 89% retained after 1000
cycles. The honeycomb like surface morphology of a-Sm,S; thin film plays an important role in
supercapacitive behavior of material, since better surface morphology provides high surface area.
Kumbhar et al [103] synthesized samarium sulfide (Sm,S3) by successive ionic layered adsorption
and reaction (SILAR) method and reported specific capacitance of 248 Fg' in 1.5 M LiCIO,
electrolyte. The highest PD and ED of 15.6 kWhkg' and 54.6 Whkg" are obtained. An
electrochemical stability of 94% is retained after 1500 cycles. Kumbhar et al [104] synthesized of
samarium selenide (SmySes) thin films through one step chemical route method and used for
supercapacitor application with specific capacitance 316 Fg™ in 1 M LiClO, electrolyte. The nanorods
like porous network of the electrode resulted from this assembly exhibited excellent cycling stability
87% for 1000 charge-discharge cycles. Kumbhar et al [105] synthesized of samarium telluride
(Sm,Tes) by SILAR method and reported specific capacitance and ED of 144 Fg™* and 10 Whkg™ in 1
M LiClO4-PC electrolyte. The film surface consists of cloud-like morphology. The electrochemical
stability of 69.3% for 1000 CV cycles was reported. Kumbhar et al [106] synthesized samarium
sulfide (Sm,S3) thin films with diffused nanoflakes morphology by facial chemical synthesis method
and used for supercapactor application with specific capacitance of 213 Fg™, ED and PD of 39.39
Whkg™ and 4.33 kWkg™, respectively in 1 M LiClO4-PC electrolyte. The highest PD and ED of 15.6

kWhkg™ and 54.6 Whkg™, respectively are obtained.
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1.2.2. Literature Survey of Rare Earth Metal Chalcogenides Thin Films Supercapacitor-

Sr. | Material | Deposition | Surface Electrolyte ED and Specific Electrochem | Ref
No. method | morphology PD capacitfmce ical stability
(Fg™)
1. | LayOs3 thin CBD Rod shaped 1M KOH ED-35 147 2,000 CV 96
film Whkg™ 96%
PD-23
kWkg
2. a-LaySs SILAR Nano-grains 1M LiCIO4 256 1000 CV 97
thin film 85%
3. La,Tes CBD Cinnamon 1M KOH ED-126 469 1000 CV 98
thin film Wh kg 74 %
PD- 2.5
kW kg*
4. | LayS;thin CBD Grains 1M LiCIO4 ED-43 294 1000 CV 99
film Wh kg™ 89 %
PD- 25
kW kg™
5. La,Ses CBD Nano falkes 2M KOH E.D- 331 1000 CV 100
thin film 31.62 81%
Whkg™
P.D-7
kWkg™
6. La,Se; SILAR Nanocubes 0.8 M ED- 363 1000 CV 101
thin film LiCIO4/PC | 80 Wh kg 83%
-, PD-
2.5 kW k
g—l
7. 0-Sm,S3 SILAR Honeycomb 1M 294 1000 CV 102
thin film LiClO4/PC 89%
8. Sm,S3 SILAR Porous 1.5M ED-15.6 248 1500 CV 103
thin film network LiClO4/PC kWhkg™* 94%
PD- 54.6
Whkg™
9. Sm,Se; Chemical | Nanorods 1M 316 1000 CV 104
thin film route LiClIO4/PC 87%
10. | Sm,Te; SILAR | Cloud-like 1M ED-144 144 1000 CV 105
thin film LiClO4/PC Fg™ 69.3%
PD- 10
Whkg™
11. Sm,S; Chemical | Flakes 1M ED-39.39 248 1500 CV 106
thin film synthesis LiClO4/PC Whkg™ 94%
method PD-4.33
kWkg™
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Literature survey reveals that the rare earth metal chalcogenides based pseudocapacitor is still in initial
stage as seen in Table. 1.2.2. In particular, high capacitance, high redox activity of rare earth metal
chalcogenides should be extensively investigated.
[C] Literature Survey of Graphene oxide Based Composite Thin Films and Their
Supercapacitor application:

Zhang et al [107] prepared layered graphene oxide nanostructures with sandwiched conducting
polymers composite film by exfoliated method and used as electrode for supercapacitor application. The
sandwich like surface morphology exhibited an excellent electrocapacitive performance with a high
specific capacitance over 500 Fg™. An electrochemical stability of 70 % is retained after 1000 cycles.
Gund et al [108] prepared GO/MoO3; composite electrode by SILAR method and used for supercapacitor
application. The X-ray diffraction pattern of composite electrode shows tetragonal crystal structure ad SEM
images demonstrate that the surface structure of GO and Mn3zO, thin films can be easily tuned by forming
the composite of GO and Mn30,4 materials leading to excellent processability of a system. This composite

electrode demonstrates good specific capacitance (344 Fg™') and ED (93 Wh/kg™?), and long cycling life

time (3000), since the GO sheets significantly alters surface structure and provides strong support to limit
the dissolution of Mn3QO, particles in electrolyte solution during the fast charging—discharging. Zhang et al
[109] synthesized nanocomposites of reduced graphene oxide/lanthanum oxide by a simple reflux process.
The rod-like surface morphology is obtained for reduced graphene oxide/lanthanum oxide composites. The
supercapacitor device displayed a specific capacitance of 156.25 Fg™ at a current density of 0.1 A/g and
excellent cycle stability of 78% of after 500 cycles.

Rajagopal et al [110] synthesized of lanthanum oxide/hydroxide nanoparticle (LaNPs)-doped rGO
composite nanosheets. The uniform deposited LaNPs on the rGO composite nanosheetsc showed a areal

capacitance of 889.29 Fcm™ than LaG (428.58 Fcm™) and LaG (260.72 Fecm™). Dezfuli et al [111]
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synthesized Sm,03 nanoparticles (SmNs) and anchored them onto the surface of reduced graphene oxide
(RGO) through a self-assembly thereof by utilizing a facile sonochemical procedure. The SmNs decorated
RGO (SmMNRGO) nanocomposites were found to possess a specific capacitance (SC) of 321 Fg*ina 0.5 M
Na,SO, solution. The nanocomposite revealed a unique cycling durability (maintaining 99 % of its SC
even after 4000 cycles). Majumder et al [112] synthesized polypyrrole/copper oxide/europium oxide
(PPY/CuO/Eu,03); via a facile in situ chemical oxidative polymerization method, which exhibited the
maximum specific capacitance of 320 Fg™ at the current density of 1 Ag™ in 1 M H,SO, electrolyte. The
maximum ED for pure PPY was found to be 4.2 Wh/kg™ with the PD 249.26 W/kg™ at the current density
of 1 Ag™. The PPY/CuO/Eu,0; ternary nanocomposite incorporated with inorganic fillers (CuO and
Eu,03) has endured 3000 charge/ discharge cycles with 92.89% capacitance retention.

Huang et al [113] synthesized graphene oxide/carbon nanotube (GO/CNT) hybrid films self-
assembled on a Ti substrate via simple casting of aqueous dispersion by chemical vapor deposition method.
The electrochemical performance with specific capacitances of 428 and 145 Fg™ at current densities of 0.5
and 100 A g™ in 1 mL™ H,S0, electrolyte, respectively as well as a remarkable retention rate of 98% of the
initial value after 10,000 charge/discharge cycles was obtained. Huang et al [114] studied a novel
composite of CuS-rGO is successfully synthesized through a facile solvothermal method assisted by
ethylene glycol. The CuS hollow spheres are wrapped by flexible rGO to overcome the issues of structural
change and aggregation of rGO nanosheets during charge and discharge process and greatly improved the
conductivity. The CuS/rGO electrode displayed a significantly enhanced specific capacitance of 2317.8 Fg

! and an excellent cycling stability of 96.2% retention after 1200 cycles at a current density of 1.0 Ag™.
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1.2.3. Literature Survey of Graphene Oxide and Graphene Oxide composite Thin Films Based

Supercapacitor-

Sr. | Material | Deposition Surface Electrolyte ED and Specific Electrochemic | Ref.
No. method morphology PD capacitanc al stability
e (Fg?)
1. | GO/Condu | Exfoliated | Sandwich like | 1 M KOH - 500 1,000 CV 107
cting Method 70 %
polymer
2. | GO/Mn;0, SILAR Nanograins 1M Na,SO, ED- 93 344 3000 CV 108
Whikg™ 87%
3. | RGO/La,0O CBD Rod-like 2M KOH ED- 13.02 156.2 500 CV 109
3 Wh/kg, 78 %
PD- 15.62
kW/kg™
4. | La,Os/hydr | Hydrother Layered and 1M Na,SO, - 889.29 F 1000 CV 110
oxide rGO mal crumbled cm? 84 %
Method sheet
5. | Sm,04/RG Facile Grains like 0.5M ED- 38.1 321 4000 CV 111
(0] sonochemi Na,SO, Wh/kg, 99%
cal Method PD- 500
kW/kg™
6. | PPY/CuO/ Facile in Grains like | 1M H,SO, ED-11.1 320 3000 CV 112
Eu,0; situ chemic Wh/kg, 92.89%
al oxidative PD- 271.52
polymeriza kW/kg™
tion
method
7. | GO/CNT Chemical Graphite-like |1 mol L* - 428 10 000 GCD 113
composite vapor H,SO, 98%
deposition
method
8. | CuS/rGO Solvotherm Hollow 6 M KOH - 2317.8 1200 CV 114
composite al method spheres 96.2%

From the graphene oxide based composite literature survey, it is found that the Go/rare earth metal

chalcogenides composite thin films pseudocapacitor show good electrochemical behavior. In

particular, graphene based material showed improvement of specific capacitance and long life cycle

with stability.
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1.3. Purpose of Dissertation:

The supercapacitor plays a significant part in new technology with higher specific
capacitance, energy-power density, long life cycle, and quick charge/discharge. The increasing
supercapacitor energy and power densities will make them more helpful for portable electronic power
applications. Rare earth materials possess unique and better characteristic of a wide potential
application suitable for the high technological devices. These rare earth chalcogenides showed a good
contribution in electrochemical behavior as seen from Table-1.2.2 and 1.2.3. Graphene oxide,
conducting polymers (polyaniline, polypyrrole, polythiophene) show better (>5000) values of specific
capacitance compared to rare earth metal oxide but provide poor electrochemical stability. These
carbonic electrode materials are typically used for electrochemical energy storage because of their
high conductivity and fast redox electroactivity. Though, in order to make development towards the
application of supercapacitor, an effort has been undertaken to improve electrochemical properties
along with good electrical conductivity and the interface between electrode-electrolyte.

The literature study illustrates that extensive variety of materials have been investigated as an
electrode material in fabricating supercapacitors, including carbonaceous materials, conducting
polymers, metal oxides, rare earth metal oxide or their composites. The new trends of research are
focused on the preparation of mixed rare earth metal (La, Sm) sulfide/ graphene oxide-based
composite materials to gain the better electrochemical performance with peak value of energy density
and power density. The raise in both operating potential window and energy density of rare earth
metal (La, Sm) sulfide/ graphene oxide-based composite result in the considerable increase in overall
electrochemical performance of the supercapacitors. The composite supercapacitors are the important
awaiting class of electrochemical capacitors with the prospect to deliver high energy density at high

charging-discharging rates. In addition to this, drawbacks of one material can be fulfilled by another
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in composite and synergistic result of the two or more materials enhances the resulting
electrochemical performance.

The lanthanum sulfide (La,S3) and samarium sulfide (Sm,S3) are the most studied materials
which have promising potential characteristics in the supercapacitor field. However, there are not
many reports on their composite based rare earth supercapacitors. To increase the high performance
capable supercapacitors, it is necessary to fabricate superior electrode material which is capable of
achieving peak values of specific capacitance and energy density without compromising its power
density. The major reason behind making rare earth metal (La, Sm) sulfide/GO composite thin film is
to accomplish improved electrochemical performance to fabricate high performance supercapacitor.
The selection of (La, Sm) sulfide/GO composite is based on the following considerations: i) La,S3
and Sm,S; are two widely investigated pseudocapacitive materials because of their physical and
chemical properties, specific capacitance, redox activity and multiple oxidation states, ii) these
materials own good capacitive retention and long term cycling stability and iii) the operating different
potential window, specific capacitance and energy density of the supercapacitor.

The present work is focused on the synthesis of rare earth metal (La, Sm) sulfide/ graphene
oxide-based composite thin film using hydrothermal method or SILAR method on stainless steel (SS)
substrate. Both methods offer several advantages for the deposition of pinhole free and well
stoichiometric thin films. The various preparative parameters such as precursor, concentration, pH of
solution, deposition temperature, and no. of cycles, time will be optimized to get uniform, high
quality and well adherent thin films. The best composition of (La, Sm) sulfide/GO composite thin
film will be determined for obtaining high performance composite electrodes.

The physical and chemical properties of thin films of rare earth material consist of phase and
structural study, micro-structural study and morphological study, which have strong bearing on the

properties of materials. The X-ray diffraction (XRD) technique will be used for the phase
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identification. Fourier Transform Raman spectroscopy (FT-Raman) will be used to study the
chemical bonding in the present material. Surface morphology of the films will be studied using field
emission scanning electron microscopy (FE-SEM) and surface wettability study will be carried out
using Rame Hart’s Goniometer for contact angle measurement.

The electrochemical supercapacitive properties of the rare earth metal (La, Sm) sulfide/
graphene oxide-based composite thin films deposited by hydrothermal and SILAR methods will be
studied by cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical
impedance spectroscopy (EIS) techniques. All these measurements will be carried out in three
electrode cell using platinum as a counter, saturated calomel electrode (SCE) as a reference electrode
and prepared thin film as a working electrode in a aqueous electrolyte. The supercapacitor
performance of (Sm,La) sulfide/GO composite thin film electrodes will be evaluated with respect to
various parameters such as scan rate, charge/discharge current density, specific capacitance, energy
density, power density and cyclic stability cycles.

The most important objective of present work is to improve the specific capacitance, specific
energy density and power density of supercapacitor by using GO based rare earth material. First aim
is to synthesis the (La, Sm) sulfide/ GO composite thin films using simple and cost effective chemical
methods (Hydrothermal and SILAR). In addition, symmetric and asymmetric supercapacitor devices
based on best supercapacitive properties of the (La, Sm) sulfide/ graphene oxide-based composite

thin film electrodes will be fabricated and their performance evaluation will be carried out.
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Theoretical Background of Deposition Methods and Thin Film Characterization
Techniques

2. Introduction:

Thin film technologies are progressively evolving for the fabrication of technologically
advanced devices, which cover a wide scope of applications such as: DSSCs, supercapacitors
and sensors etc. [1-3]. Depositing thin film materials ranges from pure elements, metals to
more complex compounds, such as nitrides [4], oxides [5], polymers [6] etc. Nowadays, the
distinction between thick and thin film not only is determined by thickness of layer but also
by technologies used. Thin film methods, which are currently available can deposits a
material to a from few nanometers to the angstrom level. In fact, a peculiar characteristic of
thin film technology is that, thin film can be formed at the atomic or molecular level, a layer
at a time. Depositions occur from vapor or solution state and based on physical processes or
chemical reactions [7].

Thin films are evaluated from various physicochemical techniques for the material
identifications and surface textural assessment. Thin films of various materials can be
identified using X-ray diffraction (XRD) [8], Fourier transforms infrared spectroscopy (FT-
IR) [9] while its surface textural behavior can be tested from Field-emission scanning electron

microscopy (FE-SEM) [10], and contact angle (CA) [11]. Present chapter deals with
theoretical background of successive ionic layer adsorption and reaction (SILAR) and
hydrothermal methods of thin film preparation [12, 13].

The present chapter includes theoretical background of hydrothermal and SILAR
methods with different characterization techniques, such as X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), fourier transforms infrared spectroscopy (FT-IR), field
emission scanning electron microscopy (FE-SEM), Brunauer Emmett teller (BET) and contact

angle measurement (CA). The electrochemical performance evaluation techniques like cyclic

Chapter Il Page 26



Theoretical Background of Deposition Methods and Thin Film Characterization
Techniques

voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical impedance
spectroscopy (EIS) were employed to study the supercapacitive properties of prepared thin
films. All electrochemical performances were evaluated in standard three electrode system
with prepared thin film as a working electrode, platinum as a counter electrode and saturated
calomel electrode (SCE) as a reference electrode.

2.1. Theoretical Background:
2.1.1. Successive lonic Layer Adsorption and Reaction (SILAR) Method-

The best feature of film formation such as, uniform, adherent and thin is possible using
SILAR method. Like CBD method, the thin film formation takes place when ionic product
exceeds the solubility product. But, the formed precipitate in the bulk of solution cannot be
eliminated. In order to avoid such unnecessary precipitation or loss of material. The CBD is
modified as SILAR method. For the deposition of metal chalcogenide thin films SILAR
method was used in mid 1980 [14]. Ristov et al [15] originally reported a SILAR method as
multiple chemical dipping techniques and Nicolau et al [16] preferred name as SILAR
method. SILAR means successive ionic layer adsorption and reaction method. Generally,

SILAR method involves adsorption, rinsing and reaction. Photograph of SILAR is shown in

(Fig.2.1).

Fig. 2.1. Photograph of SILAR Unit.
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Reaction Mechanism of Four Beaker System-

(a) Adsorption: It is a first step of deposition process, where cations are adsorbed on the surface
of the substrate and form the Helmholtz electric double layer. This layer is formed due to the
Vander Waals force and it composed of two layers. The positively charged cations form inner
electric layers. The second layer is of counter layer of cation having negative charged anions.
(b) Rinsing I: The purpose of rinsing is to remove the loosely adsorbed cations on the substrate
surface. Generally, double distilled water (DDW) is used as rinsing solution.
(c) Reaction: The anions from anion precursor solution react to pre adsorbed cations and form a
compound.
(d) Rinsing I1: The purpose of rinsing Il is to remove the excess and unreacted species and the
reaction by product from the diffusion layer.

Generally, Thin film deposition mainly depends upon thicknesses of film and it is
controlled by using different preparative parameters like concentration of cation and anions,

temperature of bath, adsorption and reaction time, rinsing time, complexing agent etc in

(Fig.2.2).
Adsorption Rinsing (I) Reaction Rinsing (IT)
Cationic Solution DDW Anionic Solution DDW

Fig. 2.2: Schematic Diagram of Four Beaker System Reaction Mechanism.
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Advantages of SILAR method [17]:

a) It is simple, economical method used for large area deposition.

b) It is a low temperature process.

c) The deposition rate can be easily controllable.

d) Any type of substrate can be used.

e) It does not require high quality targets or vacuum at any stage.

f) The thickness of the film can be easily controlled over an adsorption and reaction time and
wide range by changing the deposition cycles.

Effect of preparative parameters:

The growth kinetics depends on the concentration of ion, nucleation and growth process
on immersed substrates. Effect of various deposition conditions on these parameter are given
below:

(i) Concentration- In chemical deposition methods, the film growth is affected by changing the
concentration of precursor solution. If concentration of metal ion is above the certain ion
concentration, the rate of reaction becomes high and lower film thickness obtained. If metal ion
concentration increases, this leads to an increase in chalcogenides ion concentration and
formation of maximum film thickness.

(i) pH- The concentration of H* ions is controlled by using complexing agent. The pH of
solution increased by increasing concentration of H* ion and resulted metal ion concentration
decreases. For higher pH, the rate of reaction is faster and at a certain pH value, the
concentration of metal ion decreases to a level such that the ionic product of metal and
chalcogenide becomes less than the solubility product of metal chalcogenide and a film will not

be formed.
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(iii) Temperature-The variation of film thickness can possible using varying the temperature of
solution bath. The dissociation of complex and the anion of the compound depend on the
temperature. At the higher temperature, dissociation is greater and resulted higher rate of
deposition. At room or lower temperature the film formation rate is slow. The thickness is
increased with increase in temperature linearly.

(iv) Complexing agent- The metal ion concentration can be controlled with adding the of
complexing agent. The concentration of complexing agent decreases the concentration of metal
ions. Therefore, the rate of reaction and precipitate formation is reduced leading to larger
terminal thickness of the film. The deposition of thin film on surface substrate is an only
adsorption phenomenon. The thin film formation occurs by combination of released metal ion
form complex metal ion source and chalcogenide source. The use of complexing agent is to
complexed metal ion.

In the following, in view of a better understanding but without limiting the generality of
the process, we shall discuss the growth mechanism taking as an example the growth of CdS thin
films. The solution of CdSO,4and Na,S are used as immersion baths. Fig.2.3 shows experimental
set-up of manually operated SILAR deposition system. It mainly consists of beakers of cationic
precursor (CdSQ,), anionic precursor (Na,S) and double distilled water. For the deposition of
CdS thin film, at least four beakers are needed. The beakers of precursor and beaker of rinsing
are alternately placed, each rinsing beaker being placed between a beaker containing a solution
of a salt of the cation and another containing a solution of salt of the anion. For the deposition of
CdS thin films, a well cleaned glass substrate is immersed in cationic precursor solution of
CdSO, (Fig.2.3 (a)) in which Cd** and SO.* ions are adsorbed on the surface of the substrate

(CAdOH™ adsorption is neglected). The substrate is rinsed in ion exchange water (Fig.2.3 (b)) to
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remove unabsorbed Cd®* and SO4* ions. In order to avoid the homogeneous precipitation in the
diffusion layer at the next immersion in the Na,S solution, the rinsing time must be
experimentally determined or calculated so that the residual activity of the Cd®" in the diffusion
layer [Cdr**] should be [Cdr**]< K [H" J/K[HS ]. Here Ks=10® is the solubility product of
CdS. The substrate is then immersed in an anionic precursor (Fig. 2.3 (c)) solution. During the
next immersion in the Na,S solution, the HS™, S, OH and Na" ions diffuse from the solution in
the diffusion layer towards solid solution interface until their concentration in the diffusion
equals those in bath. The immersion time is experimentally calculated. The HS and S* enter the
outer Helmoltz layer, react with the adsorbed Cd** and form CdS monolayer. This is followed by
rinsing again in ion exchange water (Fig. 2.3 (d)) to remove Cd®* and S* ions, unreacted and
loosely bounded CdS material and other byproducts. This completes one deposition cycle for the
deposition of CdS film. By repeating such deposition cycles, continuous CdS films on the
substrate surface is possible [17]. The overall reaction can be written as,

Cd?*4q + SO4” aq + 2Na* 5 + S% 4g — CdS| + 2Na” 44+ SO,” aq (2.1)

PERZSNEE RN
2 @

Reaction
©
Anionic Solution

Adsorption
(a)
Cationic Solution
(Ca*) s

Fig.2.3. The scheme of SILAR method for the deposition of CdS thin film: (a) cationic
precursor (Cd®"), (b) ion exchange water (DDW), (c) anionic precursor (S%) and (d) ion
exchange water (DDW).
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2.1.2. Hydrothermal Method-

Hydrothermal method is a simple method for the production of nanomaterials. It is
nothing but the special case of solvothermal process, which is generally defined as a chemical
reaction taking place in a solvent at temperatures above the solvent boiling point and at pressure
above 1 bar [18]. The medium used for the solvent preparation can be water (hydrothermal),
ammonia (ammonothermal), alcohol (alcothermal, glycothermal), or any organic or inorganic
solvent. The hydrothermal method accomplishes that on increasing deposition temperature and
pressure, the fundamental properties of water and its ability as a solvent changes. The important
characteristics like ionic product, density, thermal conductivity, heat capacity, viscosity and
dielectric constant are highly temperature and pressure dependant. Therefore, by regulating the
synthesis parameters, specific solvent properties can be easily obtained. The hydrothermal
method has been most popular, gathering interest from scientists and technologists of different

discipline particularly in the last 15 years.

The majority of minerals formed in the post-magmatic and metasomatic stages in
presence of water at elevated pressure and temperature conditions are said to be of hydrothermal
origin. This covers a vast number of minor species including or deposits. It is well known that
the largest single crystal formed in nature (beryl crystal of >100 gm) and some of the largest
quantities of single crystals created by man in one experimental run (quartz crystal of several
hundreds of gram) are both of hydrothermal origin. In spite of the fact the hydrothermal
technique has made tremendous progress, there is no unanimity about its definition. The term
hydrothermal usually refers to any heterogeneous reaction in presence of aqueous solvent or
mineralizers under high pressure & temperature condition to dissolve and recrystalline materials

that are relatively insoluble at ordinary condition [19, 20].
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A batch reactor is used for the conventional hydrothermal synthesis process. In this, the
precursors are simply dissolved or suspended in water in an autoclave which can endure high
temperature and pressure [21, 22]. The autoclave is sealed and heated to the required
temperature, while the pressure is most often autogenously generated. The pressure of more than
several hundred bars can be easily obtained even at low temperature depending on the degree of
autoclave filling [23]. The volume of the autoclave varies from few milliliters for laboratory
synthesis to thousands of liters for industrial material production. The maximum temperature and
pressure can be as high as 1000 °C and 500 bars. However, for commercial applications
temperatures below 500 °C are usually preferred [24]. The schematic of hydrothermal autoclave
is shown in Fig. 2.4. It consists of teflon liner inserted in a stainless steel shell, which is sealed
with the stainless steel lid. Besides, hydrothermal method has many advantages; some of them
are listed below:

e  The process is eco-friendly since it is carried out in a closed system and the contents can be
easily recovered and reused after cooling down to room temperature.

e The equipment and processing required are simpler and the reaction is low energy
consumption.

e By controlling hydrothermal temperature and duration of the treatment, various crystalline
products with different composition, structure and morphology can be obtained.

o Hydrothermal method is unique for the synthesis of thermodynamically metastable phases.
e  The crystalline size and morphology can be altered to nanoscale simply by adjusting the

synthesis parameters e.g. temperature, pH, precursor concentration, deposition time etc.
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__ Stainless steel lid

< Stainless steel substrate
Teflon liner

Precursor solution
Beaker

Stainless steel
autoclave

Fig.2.4 Schematic of hydrothermal autoclave.

2.1.3. Thin Film Characterization Techniques:

This chapter gives a brief description of the various characterization techniques used during the

research work.

2.1.3.1 X-ray Diffraction (XRD):

The X-ray diffraction is a powerful tool to analyze the crystal structure of crystalline
materials by means of X-rays, directed towards a crystal of known wavelength (A). The
interaction of the beam with solid material produce diffraction pattern, which is dependent on the
crystal structure of the material. The X-ray diffraction is used to demonstrate the periodic
arrangements of atoms in the materials by knowing the lattice parameters and the interplanar
spacing which is of the order of X-ray wavelength. The diffraction pattern follows the condition

of Bragg's law [25] i.e.

2dsin® = nA, (2.2)
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Where, n is the diffraction order, A is the wavelength, d is the spacing between
consecutive parallel planes and 0 is the glancing angle. The structural identification made from
the diffraction pattern is further correlated with the international recognized database Joint
Committee on Powder Diffraction Standards (JCPDS). X-ray diffractometer (XRD) from
Phillips (PW3050/60) as well as Bruker D-8 advance are used in this research and typical
working schematic with model as shown in Fig. 2.5. The measurement was performed by using
40 kV, 30 mA Cu Ko incident beam (A=1.54 A). The measurements were conducted at scan rate
of 0.05 °/s and 26 range from 10° to 80°. The three methods are available to determine the crystal

structure of sample,

I] Laue method
I1] Rotating crystal method and,
[11] Powder method

In order to simply analyze the crystal structure of sample, powder method is commonly
used. The oldest method as a Laue method is used for the determination of crystal structure,
where wavelength of X-ray is variable and angle of incidence is fixed. If the angle of incidence is
fixed and wavelength is variable then that method is called rotating crystal method. In case of
powder method, the wavelength is taken as a fixed and angle of incidence is variable. Fig. 2.5
(A) displays the schematic of X-ray diagram and Fig. 2.5 (B) shows the photograph of Bruker D-

8 advanced X-ray diffractometer.
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(A) (B)

Incident X-rays Diffracted X-rays

Fig. 2.5: [A] Schematic diagram of X-ray diffraction and [B] Photograph of Bruker D-8
Advance X-ray Diffraction Instruments [24].

The particle size ‘D’ of deposited material is calculated from full width at half maximum

(FWHM) by Scherer’s relation [25],

p = &2 2.3)

" Bcos@

Where, B is full width of half maxima of the peak (FWHM), 0 is Bragg’s angle and K is constant

(0.9).

2.1.3.2. Fourier Transforms Infrared Spectroscopy (FT-IR):

Fourier transform infrared spectroscopy (FT-IR) is the most widely used analytical
vibrational spectroscopic technique, to investigate sample interactions when irradiated with IR
light. This technique utilizes Fourier transform method to convert complex interferogram
spectrum to infrared spectrum of frequency domain (intensity versus wavenumber). FT-IR
technique replaced the dispersive method, where the spectrum is a collection of signals
individually. The IR spectrum obtained by FT-IR can be measured simultaneously in an entire

range of wave numbers. The main part of FT-IR system is Michelson interferometer which
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consists of beam splitter and two mirrors. The schematic representation of FT-IR spectroscopy is

shown in Fig.2.6.

Infrared *—*
Beam splitter radiation
Detector I
. I I Moving mirror
Sumple
———
Fixed mirror

Fig.2.6: Michelson-Interferometer FT-IR System and Fourier Transform Infrared
Spectrometer Model [26].

The incident beam from the source is projected towards beam splitter and splits into two
halves. One part of the beam is transmitted to moving mirror and reflected to splitter. The other
part of the beam strikes a fixed mirror and reflected towards splitter. Thereafter, constructive or
destructive interference is obtained by the recombination of two beams. The sample is placed
between interferometer and detector. The spectrum difference between the source and sample is
detected by detector, which is referred as interferogram and is a complex spectrum. The
interferogram is then converted by using Fourier transformation. FT-IR study gives the
qualitative information of material such as molecular structure and vibration characteristics of
atom in functional groups. In this study, infrared spectra of the developed materials are
characterized by using a Fourier Transform Infrared Spectrometer (Bruker, Germany model:
3000 Hyperion Microscope with Vertex 80 FTIR System) over the frequency range 4000 to 400

cm 1 [27].
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2.1.3.3. Field-emission scanning electron microscopy (FE-SEM):

Field emission scanning electron (FE-SEM) microscopy is a powerful tool used for the
microstructure analysis at high resolution surface [28]. As compared to other optical and
scanning electron microscopies, it uses electrons to illuminate a surface of the sample. The
technique is capable of imaging at much higher magnification than light microscopes, due to
much smaller wavelength of electrons compared to visible light [29]. The common materials
used for filaments are tungsten and lanthanum hexaboride. The FE-SEM uses field emission gun

producing a clear image, less electrostatic distortions and spatial resolution < 2 nm better than

Lens 2

|__— Stigmator

Deflection Coll

Secondary
Electron
Detectors

— Specimen on| [ Condenser Lens 3

Stage

Chamber

Fig. 2.7: (A) Photograph and (B) diagram of field-emission scanning electron microscopy
(FE-SEM) [30].

There are two classes of emission sources, thermionic emitter and field emitter. The
electrons are released from the source of field emission and accelerated at a very high electric
field gradient. In the high vacuum column (less than 107 pa) released primary electrons are
allowed to focus and deflect through electronic lenses which produce a narrow beam that
bombards the object. The secondary electron is lands on the lens detector and collected to

produce an electronic signal. The recorded electrical signals are amplified and translated into
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scan image. The scanned images are seen on the display. Fig. 2.7 (A) shows the photograph and

Fig. 2.7 (B) schematic is the diagram of FE-SEM.

2.1.3.4. Contact Angle Measurement:

The angle formed between the liquid—solid interface and the liquid—vapor interface is the
contact angle. The static sessile drop contact angle is measured by a contact angle
goniometer using an optical subsystem to capture the profile of a pure liquid on a solid substrate.
The present system includes high resolution camera and software to capture and analyze the
contact angle. The drop of the liquid applied on the solid substrate is 1 and 10 microliters (pl).
For controlling or modifying of electrode surface wettability is an important aspect of the
application of supercapacitor [31]. The wettability measure the ability of material to interact with

liquid. The contact angle (©) of a liquid sample on a solid thin film surface is shown in Fig. 2.8

(A, B).

$
1

Fig.2.8: (A) Photograph of Rame-Hart NRL CA Meter and (B) Contact angle of a liquid
and solid sample [31].

The contact angle is the angle between surface of a solid and tangent drawn to the liquid
surface, measures inside the liquid. If the contact angle is greater than 90° then it is hydrophobic

in nature and surface is less wettable [32]. Super hydrophobic surface means contact angle is
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above 170°. If the contact angle is less than 90°, the surface is hydrophilic and wettable. In case
of super hydrophilic condition, the contact angle is less than 5° and surface is more wettable. The
different methods are used to measure contact angle. If the three phases are in equilibrium

condition, then net force is zero. The contact angle (0) is calculated by the Young’s relation [13],

ys,v =ys,l +yl,vCosO (2.4)

Where, vs, V is the solid-vapour, vys, | is the solid-liquid and vl, v is the liquid-vapour interfacial

energies.

2.1.3.5. Brunauer-Emmett-Teller [BET]:

The Brunauer-Emmett-Teller (BET) is very commonly used technique for the
determination of specific surface areas and porosity of the materials. The specific surface area of
the material is determined by the adsorption of gas molecules on the surface of solid and by
calculating the amount of adsorbate gas corresponding to a monomolecular layer on the surface.
The quantity of gas adsorbed or condense on the surface of solid at a constant temperature
depends on the pressure of gas. The gas is adsorbed on the surface as well as in the pores of the
specimen. The amount of gas adsorbed or condensed at a given pressure gives the information
about pore structure. Normally, the non-corrosive gases like nitrogen are used for BET
measurement [33]. The schematic illustration of the dynamic flow method apparatus used for the

measuring specific surface area is predicted in [Fig. 2.9].

The BET theory is an extension of the Langmuir theory, which is a theory for monolayer
molecular adsorption to multilayer adsorption with the following hypotheses: (a) gas molecules
physically adsorb on the solid, (b) there is no interaction between each adsorption layer; and (c)

the Langmuir theory can be applied to each layer. The BET technique is widely used in surface
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science for the estimation of surface areas of solids by the physical adsorption of gas molecules.

The total surface area (S ) and a specific surface area (S ger) are estimated from the following

expression;
Stotal = (2.5) and,
SBET= Sto:al (2. 6)

Where, S is the adsorption cross section of the adsorbing species, N is the Avogadro’s number,

Vm is the molar volume of the adsorbate gas and a is the mass of the adsorbent [34].

N

Nitrogen

reservoir
acuum M
gauge

To cold traps and
vacuum pumps

$-e-°

Vacuum/Air

Vapour
pressure
manometer

Fig. 2.9: Schematic illustration of the dynamic flow method apparatus [33].

2.1.3.6. X-ray Photoelectron Spectroscopy (XPS):

X-ray photoelectron spectroscopy (XPS) is also known as electron spectroscopy for
chemical analysis (ESCA) which has the fundamental ability to know the surface properties of
materials or thin films. It works on the principle of photoelectric effect in which soft X-rays are
used as a source of photons. When X-ray beam is allowed to incident on the material, it causes

electrons to be escape from the surface layer of material. The ejected electrons are called as
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photoelectrons. The identification of elements in the sample is made directly from the kinetic
energies of these photoelectrons. The relative concentration of elements is determined from the

intensities of photoelectrons. The kinetic energy of ejected electrons is given by the relation [35],

K.E.=hy-B.E. - ®s 2.7)

Where, K.E. = kinetic energy of ejected photoelectron, hv = characteristic energy of X-ray
photon

B.E. = binding energy of the atomic orbital from which the electrons originated, ®s=

spectrometer work function.

In XPS, the photon is absorbed by the atom in a molecule, this leads to ionization
and emission of inner shell (core) electrons. Every element has characteristic binding energy
related to each core level atomic orbital, which means each element give rise to characteristic
peaks in the photoelectron spectrum. The kinetic energies are determined by the photon energies
and their respective binding energies. The commonly used X-ray source are Mg Ka radiation hv
= 1253.6 eV and Al Ka radiation hv = 1486.6 eV. Therefore, the emitted photoelectrons have
Kinetic energies in between 0 to 1250 eV for Mg source and 0 to 1480 for Al source. In XPS,
firstly the measurements are carried out over total accessible energies known as survey scan.
This ensures the presence of all the elements in the sample. Though the XPS measures Kinetic
energy of emitted electrons, it is actually the binding energy of electron plotted to construct the
energy spectrum. Thus, the XPS spectrum consists of number of electrons detected with respect
to their binding energy. The number of electrons gives the amount of that element present in the
sample. The presence of peaks at particular binding energies represents the presence of particular
element in the sample. These characteristic energy peaks are related to the electronic

configuration of that electron within the atoms, such as 1s, 2p, 3d, 3p etc. This leads to the
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identification of oxidation state of the element. The ray diagram of XPS technique is shown in
Fig. 2.10. This technique is surface sensitive as the electrons have very short inelastic mean free
path in solids. For an electron emitted towards the surface, there is less possibility of inelastic
scattering before it escaped from the solid. The XPS is not fully surface phenomenon; some
signals originate from few atomic layers of the surface, while the small amount of signals comes

out from much deeper part of the element.

photon source energy analyser

hv N

sample

UHV - Ultra High Vacuum
(p <1077 mbar )

Fig.2.10: Ray diagram of XPS [36].
2.1.4. Electrochemical Techniques to Study Supercapacitive Properties:

2.1.4.1. Cyclic voltammetry (CV)-

The cyclic voltammetry is nothing but the current density against fixed potential range.
Fig. 2.11 shows the CV plot. The measured faradic current in the cyclic voltammetry depends on
the kinetics of electron transfer and the scanning rate in which the actual redox species diffuses
to the electrode surface. From Fig. 2.11, it is seen that in the initial point reduction process
occurs [35, 36]. The corresponding peak potential at point E,, the faradic current is maximum,
called cathodic current and that potential in referred as cathodic or reduction potential. If we
reverse the potential, a peak current at negative side at a point Epc is maximum and after that

current will decreases in the magnitude. The negative peak current is observed due to the
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oxidation and corresponding potential is called oxidation potential and surface of electrode is

fully oxidized [37].

Faradaic EPU Anodic (oxidation)
Current - Positive Current
Capacitive (analyte)

Current
(background)

Potential / V

—nmu‘

Current/ uA

Cathodic (reduction)
~Negative Current  §— E

Fig. 2.11: The typical CV curve of cyclic voltammeter [42].

The interfacial capacitance of electrode material is evaluated by changing the scan rate
(time response) or potential ranges (V). The capacitance of electrode calculated from CV curve

using equation,

(2.9)

Where, C is the capacitance, ' Idt is the average current density and dV/dt is the scan rate. As
increase the scan rate, corresponding charging and discharging are at higher power levels [27]. In
case of pure EDLC’s electrode material, the shape of CV curve is rectangular [43]. If the
electrode material behaves pseudocapacitive nature then the prominent peaks occurs in the CV

curve.

2.1.4.2. Galvanostatic Charge/Discharge (GCD):
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This technique elaborates charge storage capability of material as well as energy storage
and power delivery. Constant current is supplied to working electrode and it is fully charged up
to some higher potential V2 and then discharged with opposite direction current but with same
magnitude up to lower potential V1. The GCD curve is plotted between potential applied to
electrode versus time required for charging and discharging in Fig.2.12. Specific capacitance
(Cs), power density (PD) and energy density (ED) parameters of material, which decides

supercapacitor nature of material, can be calculated using following equations [44].

Cg= x4t (2.10),
AVXm
ED = 05 XCs ><(V23rzax—V2min) (2_11)
And,
E.D xX3600
_EDX 2.12)
Td

Where, I is the constant current, ot is time interval for the voltage change dv, m is the mass of
deposited thin film, Td is the discharge time of supercapacitor. The operating potential window
and capacitance of supercapacitor must be large to attain the maximum value of specific energy
and specific power. The capacitance and operating potential window of supercapacitor depend

upon the active electrode material and the electrolyte used.
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Fig. 2.12: The typical GCD curve of galvanostatic charge-discharge [45].

2.1.4.3. Electrochemical impedance spectroscopy (EIS):

Impedance is nothing but sum of complex resistance come across when an electric
current flows through a circuit made of resistors, capacitors, or inductors, or any combination of
these. Fig. 2.13 (A) shows the different layers present in between the electrode-electrolyte
interface and is represented by the electronic components. Electrochemical impedance
spectroscopy (EIS) used to study the variation of the impedance of an electrochemical system
with the frequency. Impedance spectroscopy is mostly referred with interfacial charge transfer
resistance (Rct), electrolyte resistance (Rs) and diffusion of reactants. Also, using EIS
measurement it is possible to readily separate the interfacial capacitance and charge-transfer
resistance, as well as to identify diffusion components in the electrolyte [46]. The complex
impedance of real part (Z') against imaginary part (Z2") is commonly known “Nyquist plot” Fig.
2.13 (B). Nyquist plots provide a sense of the type of processes that govern at the low, mid-high
and high frequency behavior of the system [47]. Bode plot represents the modulus of complex

impedance (|z|) and phase angle (®) of an AC as a function of frequency (f). The values of
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complex impedance (z) and phase angle (®) are determined using assembled basic electronic

components.
(a) =i e POt (A -ImZ A @
Electrode =17 | = ‘
553&/ g B &
e S 4e® & )
E:E: /‘l -"- -i- 'Q,- Q- , .9~
:i::l v O 8 ! 'Q"
::;{ ‘ 9,8 % 0= 4 0=0
L =i
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Fig.2.13 (A) Electrode-electrolyte interface separated by layers with dotted line represents

electronic components and (B) Nyquist plot with impedance vector.
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Synthesis, Characterization and Supercapacitive Performance Evaluation of Samarium
Sulfide and Graphene Oxide/Samarium Sulfide Composite Thin Films

Section-A.1
3. A. Synthesis of Samarium Sulfide (Sm,S3) Thin Films Using Hydrothermal Method-

The present section A.1 deals with the synthesis and characterization of samarium sulfide
(Sm,S3) by hydrothermal method and samarium sulfide/graphene oxide (Sm,S3/GQO) composite thin
films using successive ionic layer adsorption and reaction (SILAR) method and their
supercapacitive evaluation in aqueous electrolytes. In the Sections 3.A.1 and 3.B.1, synthesis of
Sm,S3 and Sm,S3/GO composite thin films by hydrothermal and SILAR methods respectively have
been carried out and films are characterized using different characterization techniques. Sections
‘3.A.2’ and ‘3.B.2’ deal with the supercapacitive evaluation of films deposited by hydrothermal and

SILAR methods, respectively.

3. A1 Introduction:

The current section deals with synthesis and characterization of Sm,S; thin film by
hydrothermal method. The rare earth metal chalcogenides show attractive physical and chemical
properties with respective to their potential applications [1]. The existence of samarium sulfide
(Sm-S) system in different phases such as SmS, a-Sm,S3, Sm3Ss, Sm,Ss etc. depends upon the
synthesis parameters such as concentration, temperature and methodology [2]. Recently, in the
literature surveys, rare earth based chalcogenides synthesized by different chemical methods are
used in energy storage device such as supercapacitor. Kumbhar et al [3] synthesized a-Sm,S3 thin
film by SILAR method and used as a electrode in supercapacitor study. Also, Kumbhar et al [4]
synthesized Sm,S; thin film by chemical bath deposition (CBD) method and tested supercapacitor
properties in 1 M LiClIO4-PC electrolyte. However, there is no report on Sm,S; synthesis by

hydrothermal method and its supercapacitor application.
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In present work, inexpensive hydrothermal method for used to synthesis of porous nano-
grains like Sm,S3 thin film on stainless steel substrate. The XRD, SEM, FT-IR, contact angle, BET
and XPS analyses of Sm,S; thin film are carried out. The Sm,S; film is used for supercapacitor

performance testing in aqueous 1 M Na,SO, electrolyte.

3. A.1.1 Substrate Cleaning

Substrate cleaning is very significant for obtaining good quality thin films as the stainless
steel substrate surface provides nucleation centers which results in growth of thin films. The
conducting substrate is a primary requirement for supercapacitors. The stainless steel (SS) used
because of many good features (a) it has highly conducting and (b) it is easily available, low cost
and eco friendly.

The SS substrates were cleaned using following procedure:
e The SS substrates were first cleaned with double distilled water (DDW), followed by ultra
sonication in DDW, acetone and ethanol for 20 min and,

e Finally, the SS substrates were dried in an oven and used for the film deposition.

3. A.1.2 Experimental Setup for Deposition of Samarium Sulphide (Sm,S3) Thin Films by

Hydrothermal Method-

In order to synthesize Sm,S; thin film, the cationic precursor for samarium (A) 0.1 M
(SmCl3.6H,0) solution was prepared in 20 ml DDW under stirring. To this solution, 0.1 M tartaric
acid (C4HgOg) solution prepared in DDW was added under continuous stirring to get the pH value
of 2+0.1. The anionic precursor for sulphide ion (S) source was (B) 0.2 M sodium thiosulfate
(Na;S,03. xH,0) 20 ml solution in DDW. Both solutions were mixed in equal ratio in a glass

beaker. Well cleaned SS substrates were dipped in the solution (C) and the beaker was kept at
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393 K for 1 h under pressure 17x107 Psi in a teflon lined sealed stainless steel autoclave (D) as
shown in Fig.3.1. The precipitation started in the bath and Sm,S; thin film was formed on the SS
substrate [E]. The thickness of Sm,S; film was measured by weight difference method using

sensitive microbalance. The loading Sm,S; on SS was 0.4 pg cm™

SS Substrate
A ©
@y o=—""] @
| >
0.1 M SmCl; + Tartaric Acid(TA) 0.2MNa;S,03
D)
E)
At373Kforlh
Hydrothermal
: Unit
Sm;S; thin film

Fig. 3.1 Schematic diagram of Sm;S; thin film deposition by hydrothermal method.

3. A.1.3 Material Characterization:

The crystal structure of Sm,S; film was examined using a Bruker AXS D8 advance model
X-ray diffractometer with primary monochromatic radiation from Cu Ka line ( A= 1.54 A) in the 20
range of 20-80°. The X-ray photoelectron spectroscopy (XPS) data was analyzed for identifying
chemical composition and oxidation states of Sm,S; thin film using ESCALAB 250Xi X-ray
photoelectron spectrometer microprobe. The surface morphology was observed using field emission
scanning electron microscope (FE-SEM, JEOL-6360, Japan). The wettability test was conducted by

contact angle measurement (water as a solvent) using Rame-Hart NRL CA Goniometer. The
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specific surface area and porosity were measured by the Brunauer-Emmett-Teller (BET) and the
pore size distribution was measured from the adsorption curve by the Barrette-Joyner- Halenda
(BJH) method. The optical band gap of the material was determined from UV-vis
spectrophotometer of Agilent Technologies Cary 60 model in the wavelength range of 200 to 800
nm. Electrochemical measurements of Sm,S; thin film were carried out using Zive MP1 model of
Wonatech Company using three electrode cell, which consists Sm,S3 thin film as a working
electrode, platinum strip as a counter electrode and the saturated calomel electrode (SCE) as
reference electrode.

3. A.1.4 Results and Discussion-

A) Samarium Sulfide Thin Film Formation and Reaction Mechanism-

The Sm,S; thin films were prepared by hydrothermal method by immersing SS substrate
into beaker containing Sm*® and S precursor solutions. The growth mechanism of Sm,S; thin film
during deposition at the nucleation sites on the substrate results into formation of uniform and
adherent thin film. The film formation process contributes two important steps, as initial nucleation
followed by the crystal growth process. In film formation process, nucleation on substrate surface
takes place and further growth of nucleation sites create clusters due to the decomposition of metal
complex molecules . The Sm,S; thin film formation by the hydrothermal method can be explained as
follows. In aqueous acidic pH region SmCls; provides Sm*® ions and Na,S,0; provides S ions. The
SS substrate is dipped in this solution and kept at 393 K for 1 h in a hydrothermal autoclave. At this
temperature, Sm* ® and S ions react onto the SS surface due to an attractive force between ions in
the solution and substrate surface. Further, the chemical reaction between Sm*® and S2ions leads to
the formation of adherent Sm,S; thin film. The SmCl; precursor was complexed with tartaric acid

(TA) to give Sm* tartaric acid complexed ions as [5],
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SMCl; + C4HgOs —Sm (C4HgOg) ** + 3CI (3.1),

Na,S,0;5 dissociate in water as,

Na,S,03—2Na* + (5,03)* (3.2),
S,05%+H" — HSO3 +S (3.3), and
25,052 58,06 + 2¢° (3.4),

The electrons released from (3.4) react with sulphur from (3.3), as

S+2e —S7

When cations (Sm(C4HsOg)"™) and anions (S?) are formed the reaction between Sm (C4HgOs)"
ions and S ions takes place on SS substrate and Sm,Ss thin film is formed as,

2 Sm (C4Hs06) ** + 35?—-Sm,S; + C4HgOs (3.5)

Table no.1: Optimized parameters are given below.

Sr.no. | Parameters Values

1. Concentration 0.1 M samarium trichloride (SmCl3.6H,0),
0.1 M tartaric acid (C4HgOg)
0.2 M sodium thiosulfate (Na,S,03. xH,0).

2. Temperature 393 K
3. Time 1hr
4. Pressure 17x107 Psi
5. pH 240.1
B) XRD Study-

Fig.3.2 shows X-ray diffraction pattern of samarium sulfide thin film. The characteristic
diffraction peaks are indexable to orthorhombic samarium sulfide crystal structure. The peaks at
20=20.03, 23.81, 29.72, 31.14, 47.68 and 50.75° are attributed to the basal planes of (103), (011),
(220), (150), (141), (008) and (332), respectively to Sm,S; (JCPDS Card no.44-1259, 81-1436, 86-
0659, 21-1069). Kumbhar et al [3, 4] synthesized samarium sulfide thin film by SILAR and CBD

methods and obtained a-Sm,S; phase with orthorhombic crystal structure. The broader and intense
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peaks shown by an asterisk (*) in XRD pattern (Fig.3.2) are due to SS substrate. Using Scherrer

formula the crystallite size of 54 nm is calculated for (220) plane.
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Fig. 3.2: The X-ray diffraction pattern of Sm;S; thin film.

C) FTIR Study-

Fig.3.3 shows the FTIR spectrum of Sm,S; thin film in the range of 600-4000 cm™. It
reveals the chemical information and major functional groups existing in Sm,S; material. The
presence of different types of oxygen functionalities in Sm,Sz thin film is confirmed. Broad and
wide peak at 3448.37 cm™ is attributed to the OH™ symmetric stretching vibrations [6]. The narrow
and strong absorption band at 674.69 cm " is assigned to the pairing mode between Sm-S stretching
of tetrahedral sites. The absorption peaks at 873.88, 1016.24, 1201.41, 1407.59 and 1584.98 cm*
are associated with vibrations mode of C-C aromatics and C-O carboxyl groups [7]. The band at
2317.23 cm ! is attributed to vibration of the surface adsorbed OH™ molecules and carbonate ions
present in atmosphere on Sm,Ss;. These characteristic bands confirm the formation of Sm,S;

material.
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Fig. 3.3: FT-IR spectrum of Sm,S; thin film.
D) FE-SEM Study-

The surface morphology of Sm,S; thin film at three different magnifications (5 kX, 15 kX
and 50 kX) taken with scanning electron microscope (SEM) is shown in Fig.3.4 (a-c). It clearly
shows formation of non uniform spherical grains consisting of nanocrystallites distributed all over
the substrate. At 5 kX magnification, agglomerations of different sized nanocrystallites forming
spherical micro-grains of typical diameters around 1.24 um are seen. At 15 kX magnification,
spherical grains of different diameters are observed. Fig.3.4 (c) shows micrograph at 50 kX
magnification with typical micro grains of 1.16 pum diameters. The agglomerated porous
morphology is due to the formation of irregular spherical micro grains. Such porous surface

morphology provides easy path for ions during redox reaction, thereby increasing the charge ability

of an electron [8, 9].
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Fig. 3.4: FE-SEM images of Sm,S; thin film at (A) 5 kX, (B) 15 kX, and (C) 50 kX magnifications.

E) Surface Wettability Study -

The wettability of Sm,S; thin film was measured from contact angle study as shown in
Fig.3.5. The contact angle of 81.3" represents the hydrophilic characteristic. For energy storage
application, with contact angle less than 90°, the film surface is said to be hydrophilic [10]. The
hydrophilic nature of film surface allows more interaction of electroactive sites of Sm,S3 thin film
with electrolyte ions which is desirable for supercapacitor application [11]. Kumbhar et al [3]
prepared a-Sm,S;3 thin film by SILAR method and reported contact angle of 45° for the porous

surface.

CA=81.3°

Fig. 3.5: Contact angle of Sm,S3 thin film.
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F) Uv-Visible Spectroscopy-
Optical absorbance of Sm,S; powder is recorded in the wavelength range 200 to 800 nm by

Uv-visible spectroscopy technique in order to determine band gap (Eg) [12]. Fig.3.6 shows plot of
the (ahv)? vs. hv and inset shows absorbance (at) with wavelength (1). The sharp increase in
absorption at low wavelength side is attributed to its wide band gap. The estimated direct band gap
is 2.90 eV for Sm,S; thin film. Kumbhar et al [3] obtained band gap is 2.50 eV for a-Sm;S; thin

film prepared by SILAR method.
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Fig. 3.6: Plot of the (ahv)? vs. hv and inset shows absorbance vs. wavelength graph of Sm.,S;
thin film.

G) Brunauer-Emmett-Teller (BET) Study-
Brunauer—Emmett-Teller (BET) measurement was used to determine the surface area of

Sm,S3; powder scratched from thin film sample. Fig.3.7 shows the N, adsorption—desorption
isotherm of Sm,S3 powder [13]. The narrow hysteresis loop at low and higher relative pressures
indicate that the porous structure is quite open and there is no considerable delay in the capillary
evaporation with respect to the capillary condensation of nitrogen. A distinct hysteresis loop

observed in the range of ca. 0.1-1.0 P/PO might be attributed to the existence of a micro porous

Chapter-III Page 58



Synthesis, Characterization and Supercapacitive Performance Evaluation of Samarium
Sulfide and Graphene Oxide/Samarium Sulfide Composite Thin Films

structure. The curve in inset Fig. 3.7 shows Barrett-Joyner-Halenda (BJH) pore size distribution of
Sm,S3 powder which is a feature of micro grains porous materials. The presence of a pore size
structure comprises of 12.2 nm. The surface area is calculated by Brunauer, Emmett and Teller

(BET) equation using software [14],
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Fig. 3.7: Nitrogen adsorption-desorption isotherms and inset shows pore size distribution
curve for Sm,S; film powder.

1 _c1 P o)
[Va(%—l)] vme PO Vmc '

Where, P is partial vapour pressure of adsorbate gas in equilibrium with the surface at 77.4 K (b.p.
of liquid nitrogen), in Pascal, P, is saturated pressure of adsorbate gas, in Pascal, V, is volume of
gas adsorbed at standard temperature and pressure (STP) [273.15 K and atmospheric pressure
(1.013 x 10° Pa) in milliliters], Vi, is volume of gas adsorbed at STP to produce an apparent
monolayer on the sample surface in milliliters and C is dimensionless constant related to the
enthalpy of adsorption of the adsorbate gas on the powder sample. The calculated surface area is

1.38 m’g™.

H) XPS Study-
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The XPS is one of the fundamental techniques to detect the chemical composition of surface
species and surface electronic states of deposited film powder. Fig.3.8 shows the XPS spectra of
Sm,S3 thin film powder. The atomic composition of the sample contained samarium (Sm) and
sulfur (S), as expected. The chemical state of Sm,S; undergoes a semiconductor-metal transition
under influence of pressure, but can also be metallic as such as a function of preparation condition.
In the semiconducting state of Sm is in a 3" state and S is in a metallic state 2" state. The chemical
states of Sm in Sm,S; shown in Fig. 3.8 (a) indicate two peaks at the binding energies of 1083.17
and 1110.12 eV. The peak observed at 1083.17 eV corresponds to Smsd and the peak observed at
1110.12 eV corresponds to Sm*? states. The state of S2p present in Sm,Ss is shown in Fig.3.8 (b).
The binding energy peak at 162.2 eV corresponds to S sulfide state of Sm,Ss. The peak at 168.5
eV belongs to the existence of sulfur (S) layer on the film surface which is quite comparable with
the results reported by kumbhar et al [3]. During deposition, few of Na* and S* ions recombine to
form Na,S which is further oxidized resulting into Na,SO,4. This phase is small enough to affect

supercapacitive properties of Sm,Ss thin film.
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Fig.3.8: XPS spectra Sm,S; thin film (a) Sm region, and (b) S region.
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Section: A.2
Supercapacitive Performance Evaluation of Sm,S; Thin Films
3. A.2 Introduction:

The current section-A.2 deals with the electrochemical measurements of hydrothermally
prepared Sm,Ss thin film in 1 M Na,SO, electrolyte by means of CV, GCD and EIS techniques.
Further, the effect of scan rate, current density and electrochemical cycling on the electrochemical
performance of Sm,S; thin films is studied. In order to correlate the electrochemical properties of
Sm,S;3 thin film in 1 M Na;SO, electrolyte is chosen. In present part, three-electrode cell
configuration namely platinum as a counter electrode, saturated calomel electrode (SCE) as a
reference and Sm,S3 thin film as a working electrode is used. The electrochemical properties of
Sm,S3 thin films are examined with respect to various parameters like scan rate, specific

capacitance, and cycling stability and EIS using CV, GCD and EIS technique.
3. A.2.1 Experimental Set Up for Supercapacitive Studies:

The electrochemical measurements of Sm,S; thin film are carried out in a conventional
three-electrode system with 1 M Na,SO,4 as an aqueous electrolyte. The aqueous electrolytes are
cheaper, easier to purify, and have a lower resistance, but they limit the cell voltage to typically 1
V, thereby limiting the maximum achievable power [15]. To build the working electrode for the
electrochemical measurements, apart from 1 cm? area of thin film, remaining part is sealed with
insulating tape. Fig.3.9 shows photographs of (A) schematic diagram of experimental three

electrode system and (B) automatic battery cycler with CV cycles graphs on the computer screen.
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Fig.3.9: (A) Schematic diagram of three electrode system, and (B) experimental set up

consisting of automatic battery cycler with CV cycles graphs on the computer screen.
3. A.2.2 Results and Discussion-
(A) Cyclic Voltammetry (CV) Study:

The CV is an important parameter for the determination of redox potentials and electron-
transfer redox reactions involved [16]. The CV study was carried out within the potential window
of 0 to -1 V/SCE in 1 M Na,S0j at different scan rates of 5-100 mVs ', as shown in Fig.3.10. An
electrode reaction of Sm,S3 in Na,SO, electrolyte solution is considered as a reversible. Slightly

observed redox peaks with intercalation/deintercalation of Na* ion can be represented as follows,

Sm,Ss+ xNa* + xe” «Na' + xXSm,S; (3.8)
The specific capacitance (Cs) of material is obtained from CV curves using eq.(2.9) [17]. The

maximum specific capacitance of 153 Fg™ is observed at 5 mVs™.
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Fig.3.10: Cyclic voltammetery of Sm,S; electrode at 5 to 100 mVs™ scan rates.

Fig.3.11 shows the variation of specific capacitance (Cs) with scan rate. It indicates that
with an increase in scan rate, specific capacitance decreases (153 to 33 Fg'). Simply, the
capacitance decreased with increasing the scan rate, as at lower scan rates the electrolyte ions have
sufficient time to penetrate the pores of the material, while at higher scan rates ions accumulate only

on the outer surface [18, 19].
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Fig.3.11: variation of specific capacitance (Cs) with scan rate of Sm,S; electrode.

(B) GCD Study:
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The galvanostatic charge-discharge behavior of Sm,S; electrode at current densities of 0.1,
0.2 and 0.5 mA cm™ is shown in Fig.3.12. Both the charge-discharge curves are non-symmetrical
and non-linear due to the result of the combined effect of faradaic and non-faradaic reactions [20-

22]. The small voltage IR-drop is related to the ohmic loss of the electrode.
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Fig.3.12: Galvanostatic charge/discharge plots of Sm,Ss electrode at 0.1, 0.2 and 0.5 mAcm™
current densities.
(C) Stability Studies:

The better electrochemical cycling stability of electrode is a prime requirement for
supercapacitor application along with superior Cs value. The cycling stabilities of Sm,S; thin films
studied in 1 M Na;SO, at a 100 Mvs™ for 1000 CV cycles, is illustrated in Fig. 3.13. The plots of
capacity retention with respect to CV cycle number and inset of CV are shown in Fig. 3.13. The
capacity retention for Sm,Ss thin films after 1000 CV cycles is 81.5 %. Inset of Fig. 3.13 shows
shape of CV curves at 2" and 1,000 cycles. The loss in capacitance accredited to degradation of

material in electrolyte solution due to porous nature of electrode surface [23].
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Fig. 3.13: Capacitive retention for 1,000 CV cycles at 100 mVs™ scan rate and inset displays

no. of CV cycles of Sm,S;electrode.

(E) EIS Study:

Fig.3.14 shows the Nyquist plot of Sm,S; electrode investigated using EIS technique within
the frequency range of 0.1to 10,000 Hz at 10 mV amplitude. The series resistance (Rs: 78.9
Q cm?) and charge transfer resistance (R 33.43 Q cm2) in the high frequency region, low Cs
value [24]. In the present study, small quantity of material deposited (0.4 pm.cm™) leads to high
resistance of electrode and hence low Cs. Inset of figure of shows the equivalent circuit fitted for
Nyquist plot in parallel combination with Rs, Ry, Q and W parameters. The corresponding
equivalent circuit. The solution resistance (Rs) of 78.9 Q cm ™ is observed from the initial part of
impedance plot in high frequency and charge transfer resistance (Rct) of 33.43 Qcm ™ and
Warburg resistance (W) of 79.5 Q cm ™ and double layer of capacitance (Q) of 0.729 Q cm 2 are

obtained in the low-frequency region in impedance plot. The electrochemical impedance parameters

of Sm,Ssthin film are given in Table 3.2.
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Fig.3.14: Electrochemical impedance spectroscopy (EIS) of Sm,S; electrode and inset shows

equivalent circuit.

Table 3.2: Obtained

supercapacitor.

electrochemical

parameters values of Sm,S; thin film based

Parameter Value of Parameter
Cs (Fg™) 153
Capacitive retention 81.5
(%)
Rs (Q cm ) 78.9
Rct (Q cm ™) 33.43
Q (F) 0.729
W (Q cm ) 79.5
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SECTION: B.1

Synthesis of Samarium Sulfide and Graphene Oxide/Samarium Sulfide (GO/Sm,S;)
Composite Thin Films Using SILAR Method-

3. B.1 Introduction:

During last three decades, successive ionic layer adsorption and reaction (SILAR) method,
has emerged as one of the solution methods to deposit a variety of compound materials in thin film
form. The SILAR method is inexpensive, simple and convenient for large area deposition. A variety
of substrates such as insulators, semiconductors, metals and temperature sensitive substrates (like
polyester) can be used since the deposition is carried out at or near to room temperature. As a low
temperature process, it also avoids oxidation and corrosion of the substrate. The prime requisite for
obtaining good quality thin film is the optimization of preparative provisos viz. concentration of the
precursors, nature of complexing agent, pH of the precursor solutions and adsorption, reaction,
rinsing time and temparature. The present section-B.1 deals with the synthesis and characterization
of Sm,S; and GO/Sm,S; composite thin film by SILAR method. Further, the films are

characterized with structural, morphological and electrochemical studies.

3. B.1.1 Experimental Setup of Graphene Oxide/Samarium Sulfide (GO/Sm,S3) Using SILAR
Method -
(a) Synthesis of Graphene Oxide Synthesized by Modified Hummers method-

The GO was synthesized from graphite flakes using a modified Hummer’s method [25].
Typically, graphite (5 g) and NaNO3 (2.5 g) were mixed with 120 ml of H,SO4 (95%) in a 500 ml
flask Fig.3.15 (A). The mixture was stirred for 30 min in an ice bath. While vigorous stirring,
KMnOy (15 g) was slowly added to the suspension in Fig.3.15 (B). Upon addition, the ice bath was
removed and the mixture was kept stirred over night at room temperature with time, the mixture

gradually turned into light brownish color. The solution was stirred for 15 min and 50 ml 30% H,0,

Chapter-III Page 67



Synthesis, Characterization and Supercapacitive Performance Evaluation of Samarium
Sulfide and Graphene Oxide/Samarium Sulfide Composite Thin Films

was added to the mixture in Fig3.15 (C). For purification, the mixture was washed with DDW for

several times until pH is reached to 7.00 in Fig.315 (D)[26].
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Fig. 3.15 Synthesis of graphene oxide (GO) by modified Hummers method.

(b) Synthesis of Graphene Oxide Thin Film Synthesized by Layer by Layer (LBL) Method-

For the preparation of GO thin films, layer by layer (LBL) method (Fig.3.16) was used. The
prepared GO of 1 mg ml™* was exfoliated in 120 ml DDW using ultrasonic treatment for 1 h. This
process provided a well-dispersed brown colored solution of GO sheets. A 40 ml GO from this
solution was taken and the cleaned glass and SS substrates were dipped for 40 s, withdrawn
gradually and dried with air drier for 20 s to improve the adherence of GO sheets to the substrate.

Such 100 cycles were repeated to achieve the optimum thickness of GO films.
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Fig.3.16: Schematic diagram deposition of GO on SS substrate by LBL method.

(c) Synthesis of Samarium Sulfide Thin Film -

The deposition of Sm,S3 thin film was carried out using a SILAR method. For Sm,S3 thin
film deposition, substrate was dipped in 0.1 M samarium trichloride (SmCIs3) solution for 20 s,
where cationic Sm™ ions are adsorbed on substrate, followed by 10 s rinsing in DDW to remove
the loosely bound species of Sm*3. Then, substrate is dipped in 0.5 M sodium sulfide (Na,S) anionic
S precursor for 20 s to form a film of Sm,Ss. Again, the substrate is rinsed for 10 s in DDW to
take out the overloaded S ions. In this way, one SILAR cycle of Sm,S; formation is completed
and 100 such deposition cycles are repeated to get the terminal thickness of Sm,S; film. The SILAR

deposition of Sm,S; thin film is shown in Fig.3.17.
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Fig.3.17: Schematic diagram for preparation of Sm,S; thin film by SILAR method.

(d) Synthesis of Graphene Oxide/Samarium Sulfide (GO/Sm,S3) Thin Film-

For GO/ Sm,S; composite thin film deposition, initially substrate is dipped in solution of
GO for 40 s and then air dried for 20 s for GO to deposit on substrate by LBL method. The
deposition of Sm,S; over GO is carried out as per above procedure to complete one cycle of
GO/Sm,S; composite and 100 such deposition cycles are repeated to obtain darkish brown colored
film as shown in Fig.3.18. The loading of GO on stainless steel substrate is 0.069 gm.cm™ and

0.083 gm.cm in GO/Sm,S; composite film.
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Fig.3.18: Schematic diagram for preparation of GO/Sm,S; composite thin film by SILAR
method.

3. B.1.2 Results and Discussion-

(A) Reaction Mechanism of GO/Sm,S; Composite Thin Film-

The GO/Sm,S3; composite thin films were prepared by dipping the substrates in GO solution
and air dried, so the GO sheets are deposited on the substrate. Subsequently, immersing the
substrate in separately placed cationic and anionic precursors with rinsing between every
immersion, so the ion-by-ion deposition process of Sm,S; on GO sheets takes place and the layer of
GO/Sm,S3 composite is formed on the substrate surface. The growth of Sm,S; on GO sheets is on
the basis of ion-by-ion mechanism, which involves the growth of nucleation sites on the GO sheets
[27]. The same procedure was repeated number of times to obtain adherent and optimum film of
GO/Sm,S; composite. Finally, uniform and well adherent GO/Sm,S; composite thin film was
formed on the SS surface. Schematic diagram of the film formation of GO/Sm,S; composite is

shown in Fig. 3.18.
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(B) XRD Study-

Fig.3.19 displays the X-ray diffraction (XRD) patterns of GO, Sm,S; and GO/Sm;S;
composite thin films on SS substrate. The intense peak observed at 26=10.0° with (001) plane due
to GO material is shown as inset Fig.3.19 (a) [28]. The pattern shows the strong intense peak of
graphene oxide for both GO and GO/Sm,S; composite materials. Fig. 3.19 (b) shows XRD pattern
of Sm,S3; and GO/Sm,S3 material. The peaks match with (101), (103), (013), and (212) planes of
orthorhombic Sm,S; crystal structure (JCPDS card no. 44-1259). The peaks in XRD patterns shown

by asterisk (*) are due to SS substrate.
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Fig. 3.19: The X-ray diffraction patterns of (a) GO and (b) Sm,S; and GO/Sm,S3; composite
thin films on stainless steel substrate

C) FTIR Study-

Fig. 3.20 (a-c) shows the FTIR spectra of GO, Sm,S3; and GO/ Sm,S; composite thin films
in the range of 600-4000 cm*. The FTIR spectra reveal the chemical information and major
functional groups existing in Sm,S; and GO/ Sm,Sz materials. In Sm,S; and GO/ Sm,S; composite
thin films peaks at 3303.66 and 3291.99 cm™ are attributed to the OH" symmetric stretching

vibrations. The two narrow and strong absorption bands at 636.56 and 845.85 cm* are assigned to
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the pairing mode between Sm-S stretching of tetrahedral and octahedral sites in Sm,S; and
GO/Sm,S3, respectively. For GO/Sm,S3; composite, band intensity increases and becomes narrow.
The absorption peaks at 1025.58, 1087.04 and 1385.03 cm * are associated with vibrations mode of
C-C aromatics and C-O carboxyl groups, respectively in GO in Fig.3.20 (a) [29]. For Sm,S3, the
band at 1656.56 cm ' is attributed to vibrations of the surface adsorbed O-H molecules and
carbonate ions present in atmosphere with Sm-S atoms. While, for GO/Sm,S3; composite spectrum,
the vibrational band at 1501.73 and 1493.95 cm* of C-O carboxyl groups of GO overlaps with the
vibration mode of the O-H group and carbonate ions from Sm,Sz in Fig.3.20 (b, c). These

characteristic bands confirm the formation of GO, Sm,S3 and GO/Sm;,S; composite thin films.
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Fig. 3.20: FT-IR spectra of (a) GO, (b) Sm,S; and (¢) GO/Sm,S3; composite thin films.
D) FE-SEM Study-
The FE-SEM is used to study the surface morphologies of the films. The images of GO (5
and 40 kX), Sm,S; (1 and 5 kX) and GO/Sm,S; (5 and 40 kX) composite films are shown in Fig.
3.21 (a-f). From micrograph image in Fig. 3.21 (a, b), GO shows homogeneous layered structure.

The surface morphology of Sm,S; film looks like a cracked-mud (Fig. 3.21 (c, d)), while GO/
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Sm,S3 composite film in Fig. 3.21 (e) shows at 5 kX magnification GO/Sm,S; composite material
deposited over the substrate at 40 kX magnification in (Fig. 3.21 (f)) clearly seen that the surface

morphology is porous nano-strips like which helps to electrolyte to reach easily at a surface and is

efficiently utilized for the improvement of electrode-electrolyte interaction.

Fig. 3.21: FE-SEM images of (a, b) GO (5 and 40 kX), (c, d) Sm,S3 (1 and 40 kX) and (e, f)
GO/Sm,S; composite (5 and 40 kX) thin films, respectively.

E) Surface Wettability Study -
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The surface wettability measurement gives an idea about the wettability of material in
electrochemical devices. Generally, the wettability of surface depends on local in homogeneity,
chemical composition and microstructure of the surface. Fig. 3.22 (a, b) shows hydrophilic nature
of GO and Sm,S3 with contact angles of 80" and 78.1", respectively [30]. The adsorption of liquid
drop on GO/Sm,S3; composite thin film shows superhydrophilicity with contact angle of 5° as
shown in Fig. 3.22 (c). Kumbhar et al [6] reported contact angle of 21" for Sm,Ss thin film

prepared by SILAR method.

@) (b) ¥y

Fig.3.22: Contact angles of (a) GO (b) Sm,S; and (c) GO/Sm;,S; composite thin films.

F) BET Study:
The nitrogen adsorption-desorption isotherm curve of GO/Sm,S; composite thin film and

the corresponding pore size distribution (inset) are provided in Fig.3.23. The nitrogen isotherm is
classified as a type 1V isotherm with a small hysteresis loop. A small step of nitrogen adsorption
and desorption branching occurs at a relative pressure (P/PO) between 0.4 and 0.6, as a
representative of existence of mesopores. On the basis of the nitrogen adsorption-desorption
isotherm, the BET surface area of GO/Sm,S; composite thin film is calculated to be 31.43 m?g™.

The pore size distribution data calculated from the adsorption branches of the nitrogen isotherms
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using the BJH (Barrett-Joyner-Halender) technique suggest formation of mesopores structure with a

narrow pore size distribution, centered at 21.79 nm. These mesoporous networks of nano-strips-like

morphology provide low resistant way through the porous structure which helps to improve charge

transport and power capacity [31].
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Fig.3.23: Nitrogen adsorption-desorption isotherms and inset shows pore size distribution

curve of GO/Sm,S3; composite thin film.
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Section: B.2

Supercapacitive Performance Evaluation of Sm,S; and GO/Sm,S; Composite Thin Film by
SILAR Method

3. B.2 Introduction:

Recently, rare earth metal chalcogenides based electrode materials are gaining attention in
the field of supercapacitors. Various materials like Yb,S3 [32], Sm,S; [8], La,S3 [33], Lay03 [34],
etc. are tested as electrodes in supercapacitor devices. The advantage of rare earth metal sulfides
over their oxide counterparts is their relatively higher conductivity charge storage, which helps to
improve supercapacitive performance of rare earth metal sulfide. Samarium has various oxidation
states (=3, —1, +1, +2, +3, +4, +5) which is prime prerequisite for a material to be pseudocapacitive.
This section comprises evaluation of supercapacitive properties of chemically deposited Sm,S3 and
GO/Sm,S3; composite thin films. The electrochemical measurements of Sm,S; and GO/Sm,S3
composite thin films were carried out using conventional three electrode system, which includes
Sm,S3 and GO/Sm,S3; composite thin films as a working electrode, platinum as a counter electrode
and saturated calomel electrode (SCE) as a reference electrode in 1 M Na,SO, electrolyte. The
working electrode for electrochemical measurement was built by sealing the thin film by insulating

tape except 1 cm? area.
3. B.2.1 Experimental set up for Supercapacitive Studies:

The supercapacitive performance of Sm,S; and GO/Sm,S3; composite was tested in 1 M
Na,SO, electrolyte with -1.0 to 0 V/SCE potential window in three electrode system. The mass of
active GO/Sm,S; composite electrode material was 0.83 mg cm™. The electrochemical redox

reaction occurred in an electrolyte solution is given as,

Sm,Sa+ xH™ + yNa*  «—»Sm,S;0HxNay” (x+Y) € (3.12)
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3. B.2.2. Results and Discussion-
(A) Cyclic Voltammetry (CV) Study:

The cyclic voltammetry (CV) study is key technique to test best electrode for the SC
applications, it is necessary to perform electrochemical evaluations. First, the CV measurements for
GO thin film was performed in a 1 M Na,SO, electrolyte over the operating potential range of -1.0
to 0 V/SCE at a scan rate of 5-100 mVs™, as seen in Fig.3.24 (a). In previous research, Gund et al
[26] also reported negative operating potentials with the uses of GO/Mo30,4 based electrode and 1
M Na,SO, electrolyte, while their SC showed superior supercapacitive performance. From Fig.3.24
(a), it was seen that all the CV curves for the GO thin film show nearly rectangular shape even at a

high scan rate of 100 mVs™. The specific capacitance is obtained of 87.7 Fg™ at 5 scan rate.

Fig.3.24 (b, c) shows the specific capacitance as a function of the scan rate for Sm,S; and
GO/Sm,S; composite electrodes. The specific capacitance decreases as the scan rate is increased
from 5 to 100 mVs™ for Sm,S; and GO/Sm,S; composite electrodes. The Sm,S; and GO/Sm,S;
composite electrodes show maximum specific capacitance of (Sm,S; of 173.5 Fg™') and (GO/Sm,S;
360 Fg ), at a scan rate of 5 mVs ™. It is observed that the improvement of capacitance for the
composite electrode is credited due to the porous arrangement nano-sheets GO with nano-strips of
Sm,Ss; microstructure. During the charge/discharge process, Na® ions from an electrolyte are
involved in the charge storage process of both Sm,S; and GO/Sm,S; composite electrodes. The
reversible redox reactions are by means intercalation/deintercalation of ions facilitated by high

surface area and high electrical conductivity of GO/Sm,S3; composite electrode [35].
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Fig.3.24: The CV curves of (a) GO, (b) Sm,S; and (c) GO/Sm,S3; composite thin films at 5

mVs™ scan rate in 1 M Na,SOj electrolyte.
(B) GCD Study:

The galvanostatic charge/discharge measurements of GO, Sm,S; and GO/Sm,S3; composite
electrodes are performed at different current densities. Fig.3.25 (a-c) displays the charge/discharge
curves at 0.2, 0.5 and 0.8 mA cm™ current densities in the potential range 0 to -1.0 V/SCE. The
discharge curves of all the electrodes show IR-drop in the current at the starting of discharging due
to internal resistance. The high surface area of GO allows for a high capacitive contribution from
the pseudocapacitive, whereas Sm,S;3 provides a significant increase to the overall energy density of
the electrode. The shape of the discharge curves shows the characteristic of pseudo-capacitor, in

agreement with the result of the CV curves [36].
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Fig.3.25: Galvanostatic charge-discharge curves of (a) GO, (b) Sm,S; and (c) GO/Sm;S;
composite electrodes at 0.2, 0.5 and 0.8 mAcm™ current densities.
(C) Stability Study:

The stability is one of the most important parameters in an electrochemical study. Fig.3.26
(a-c) shows the cyclic stability with capacitive retention of GO, Sm,S3; and GO/Sm,S3; composite
electrode at a scan rate of 100 mVs * for the 2" and 1000™ cycles. The capacitive retention of 81.6
% for GO electrode (Fig.3.26 (a), 84.8 % for Sm,S; electrode (Fig.3.26 (b) and 89.4 % for
GO/Sm,S3; composite electrode (Fig.3.26 (c) over the 1000 cycles. Inset of Fig.3.26 (a-b) shows the
no. of CV cycles of every electrode. The composite electrode showed best cyclic stability than GO
and Sm,S3 electrode. The decrease in cyclic stability from 100% to 89. 4 % may be due to the loss
of active material caused by the dissolution or detachment during the charging/discharging cycles in

the electrolyte.

Chapter-III Page 80



Synthesis, Characterization and Supercapacitive Performance Evaluation of Samarium
Sulfide and Graphene Oxide/Samarium Sulfide Composite Thin Films

—
=
[—]
i

b4

é

!
L J
]
‘

[==]
=)
A
-
]

=]
=
"

g

\
=]
;

=
A
= £
g
il
L=:]
=
s
L=
:

-]
R

(=)
i
-
=

A

Currant density 1rnAcm'E|
3 r
' E

Current density thcnl'?]

=
-
-

2
c
]
£
]
4
)
2
8
j+3
]
&}

Capacitive retention (%)
Capacitive retention (%)

04 0.2 00
Potential (W/SCE)

A0 08 D& 04 02 0D
Patential (VISCE)

T 48 06 04 02 00
Polential (VISCE)

L] L] L) 1 L) L) T T T 1
200 400 600 800 1000 200 " “”f" |5°° 800 1000 200 400 600 800
No. of cycles 0.0 Gycles No. of cycles

Fig. 3.26: Capacitive retention of (a) GO, (b) Sm,S; and (c) GO/Sm,S; composite electrode
for 2,000 CV cycles at 100 mVs™ scan rate. Inset shows no. of CV cycles of electrodes.

(D) EIS Study:

The electrochemical impedance spectroscopy (EIS) measurement was performed to obtain
information of the electrode material surface and charge-transfer resistance and phase angle. The
impedance analyzed using Nyquist plots of GO, Sm,S; and GO/Sm,S3; composite electrodes is
shown in Fig.3.27 (a, b). The Nyquist plots show a small semicircle at higher frequency regions,
which can be attributed to the charge transfer process. The equivalent series resistance (ESR) is
obtained at the mid frequency region from the X-intercept of the Nyquist plots. The series
resistance (Rs) 0.07 Q cm™, capacitance (Q) is 0.003 F, Warburg resistance (W) is 0.0084 Q cm™
are obtained for GO and inset of Fig.3.27 (a) shows magnified and equivalent circuit image of GO
electrode. Similarly, Fig.3.27 (b) shows series resistance (Rs) is 2.95 Q cm and (Rct) as 4.60 Q
cm™ , capacitance (Q) is 3.83 F and Warburg resistance (W) is 0.00037 Q cm , while inset shows
magnified Nyquist plot and circuit image for Sm,S3. The GO/Sm,S; composite electrode provides

less series resistance (Rs) is 0.56 Q cm™ as shown in Fig.3.27 (c). The low resistance provides easy
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path for intercalation and deintercalation of charges as compared to GO and Sm,S; electrodes. The

comparison of obtained parameters valued are given in the Table 3.3.
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Fig.3.27: Nyquist plots of (a) GO (inset of magnified image) and (b) Sm,S; (inset of magnified
image) and (c) GO/Sm,S; (inset of magnified image) composite electrode.

Table 3.3. Nyquist plot parameters values fitted with equivalent circuit.

GO Sm283 GO/szSg
=]
Rs (Q cm?) 0.07 Rs (2 cm™) 2.95 Rs(Q cm?) 0.56
=)

Q1 (F) 0.003 Ret (@ em™) 4.60 QL(F) 158
R1 (Q cm™) 6.12 Q) 3.83 R1(Q cm?) 3.83

=]

Q2 (F) 0.041 W (& em™) 0.00037 Q2 (F) 0.0003
R2 (Q cm?) 0.368 R2 (Q cm?) 6.76
W (Q cm™) 0.0084 W (Q cm™) 0.00037
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3.5 Conclusions:

In summary, simple and cost effective hydrothermal and SILAR methods are employed to
synthesis of Sm,S; and GO/Sm,S; composite thin films directly on stainless steel substrate. The
superhydrophilic and porous surface morphology of Sm,S; and GO/Sm,S3; composite film showed
good contribution in electrochemical reaction. A maximum specific capacitance of 360 Fg™ is
observed for composite film by SILAR method and 153 Fg™ for Sm,S; film by hydrothermal
method in aqueous electrolyte as well as the good cyclic rate capability (81.5% retention after 1000
CV cycles) and 89.4 % retention after 1000 cycles for composite. The Rs and Rct of composite
electrode are Rs: 0.56 Qcm™ as compared to hydrothermally synthesized Sm,Ss, Rs: 78.9 Qem™? is
low. These results indicate that GO/Sm,S; composite material of has long-term electrochemical
stability and having good electrochemical reversibility in aqueous electrolyte. Therefore, it is seen
that the porous and more hydrophilic surface of SILAR deposited GO/Sm,S; composite thin films

are helpful for supercapacitor application.
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Section-A.1
4. A.1 Introduction:

Energy is very important for human progress. Energy use and invention, which depend
on combustion of fossil fuels, are going to affect the world economy and ecology severely. So,
there has been an increasing demand for environment-friendly and high-performance renewable
energy storage devices [1]. Electrochemical energy is an inevitable part of the clean energy
portfolio. Batteries, supercapacitors (SCs) and fuel cells are unconventional energy devices
working on the principle of electrochemical energy conversion [2]. SCs have gained much
attention on account of high specific capacitance (Cs), long life cycle, high power density (Pd),
being almost maintenance free, experiencing no memory effect, safe and function as a bridge for
power-energy difference that exists between capacitor and fuel cells/batteries [3, 4]. These
present viable solutions for providing energy in rural areas, where no public grids are available
or where a heavy cost of wiring and providing electricity are involved. SCs can also be utilized
as power supplies for portable devices like mobile phones, notebook computers, digital cameras

etc; being small, lightweight and flexible [5].

In recent years, rare earth chalcogenides are used as an active material for different
applications because of their multiple oxidation states, high chemical stability, high reversibility
and natural abundance [6, 7]. The literature survey indicates that various chemical methods such
as CBD [8], SILAR [9], electrodeposition [10], spray pyrolysis [11], and hydrothermal [12] are
used for the synthesis of rare earth metal chalcogenides thin films. Among the different crystal
structures of lanthanum chalcogenide are more suitable for supercapacitor application.

Hexagonal CeO, nanoparticles have been prepared through hydrothermal method which
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demonstrated a specific capacitance of 523 Fg™' at a 2 mVs™ scan rate [13]. Patil et al. [14]
prepared La,Ses thin film by CBD method which exhibited a specific capacitance of 331 Fg™' at
a scan rate of 5 mV. Patil et al. [15] prepared La,Ss thin film by CBD method which exhibited a
specific capacitance of 294 Fg™'. The a-La,S; thin films have been synthesized for the first time
by successive ionic layer adsorption and reaction (SILAR) method and electrode delivers high

specific capacitance of 256 Fg™" at scan rate of 5 mVs ' [16].

The surface morphology of synthesized electrode material plays a significant role in
electrochemical performances, as the electrochemical reactions occurred through the surface of
active material. Hence the synthesis of nanostructured electrode material is being crucial one to
achieve the better supercapacitor performance. In the present chapter, section ‘A’, deals with
successfully deposited of B-LaS, thin films by simple, inexpensive, surfactant free and
convenient hydrothermal method. The surface morphology, structural properties and

electrochemical supercapacitive performance of the electrode were also studied.

4. A.1.1 Synthesis of Lanthanum Sulfide (B-LaS;) Thin Film Using Hydrothermal Method:

4. A.1.2 Experimental Setup for Deposition of Lanthanum Sulfide (g-LaS;) Thin Films by
Hydrothermal Method-

B-LaS; thin films were deposited on stainless steel substrate from hydrothermal method in
an aqueous medium. The 0.1 M lanthanum chloride (LaCl;.7H,0O) was dissolved in 20 m| DDW
as a source of lanthanum ions (La*®). The pH value of the cationic solution (La*®) was adjusted
to 2+0.1 using 0.05 M tartaric acid (C4HgOg). For sulfide ion (S™) source, 0.1 M sodium
thiosulphate (Na,S,03.5H,0) was dissolved in 20 ml DDW. Then, cationic and anionic
solutions were mixed together to get 40 ml of volume in a glass beaker. Well-cleaned stainless

steel substrates were dipped in the solution and the beaker was kept at 393 K for 1 h in a
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hydrothermal autoclave. After 1 h, uniform white-colored La-S film was obtained on the
stainless steel substrate. The schematic diagram of B-LaS, deposition is as shown in Fig. 4.1,

The films were dried at room temperature.

Stainless steel

Hydrothermal Autoclave

At393K forl hr )

SRHEE

0IMLaCL+05MCHO4(TA)  0.1MNay$,04 ]
Solution Solution 0.1 M NaS,0, B-La$, thin film

Fig. 4.1 Schematic diagram of pB-LaS; thin film deposited by hydrothermal method.

4. A.1.3 Material Characterization-

The crystal structure of La-S film was examined using a Bruker AXS D8 advanced model
X-ray diffractometer with primary monochromatic radiation from Cu Ka line (A=1.54 A) in the
20 range of 20-80°. The surface morphology was observed using field emission scanning
electron microscope (FE-SEM, JEOL-6360, Japan). The wettability test was conducted by
contact angle measurement (water as a solvent) using Rame-Hart NRL CA Goniometer. The
optical band gap of the material was determined from UV-vis spectrophotometer of Agilent
Technologies Cary 60 model in the wavelength range of 200-800 nm. Electrochemical
measurements of B-LaS; thin film were carried out using Zive MP1 model of Wonatech

company using three electrode cell, consisting of B-LaS, thin film as a working electrode,
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platinum strip as a counter electrode and the saturated calomel electrode (SCE) as a reference

electrode.
4. A.1.4 Results and Discussion:
(A) Lanthanum Sulfide (B-LaS,) Thin Film Formation and Reaction Mechanism

Fig. 4.1 shows the schematic setup for the formation of LaS, thin film in aqueous bath.
When the ionic product of La>* and S* exceeds the solubility product of LaS, then LaS; film is
formed on the substrate. The possible reactions which occur in the reaction bath as follows. The
LaCls dissolved in DDW acts as a La*™ ion source. The La** ions are complexed with C4HgOg

to form lanthanum complex ions as,
2LaCly + 2 (C4Hs0s) —>  2[La (C4He06)] ** + Cl, (4.1)

Na,S,03 acts as a reducing agent which releases S* ions by the half-cell reaction in solution bath

as,

Na,S,03 + H' ——> HSO5> + S (4.2)
And,

S+ — § (4.3)

The dissociation of thiosulfate releases S* ions. The lanthanum ions from complex react with the
sulfide ions and LaS; is formed on the surface of substrate. The growth of LaS, film is based on

an ion-by-ion mechanism. By combining eq. (4.1) and (4.3), final reaction become,

2[La (C4HsOg)] ¥ +25° ———>  LaS; + 2 (C4Hs06) (4.4)
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Finally, B-LaS, thin film is formed on the substrate surface. Further, these films are used for

further characterizations.

(B) XRD study

X-ray diffraction technique was used to identify the crystal structure of La-S thin film.
Well-resolved diffraction peak in Fig. 4.2 located at 26=32.8° matched well with the (060) plane
of the orthorhombic structure of B-LaS,, (JCPDS no. 42-0788). The crystalline size of B-LaS;
was estimated by Scherrer’s formula. The estimated crystallite size of -LaS, for (060) plane is
found to be 8.59 nm. Patil et al [16] prepared a-La,Ss thin film by SILAR method and reported

orthorhombic crystal structure.

120
] JCPDS Card No.42-0788
100 - (060)
E)
5_“-.80-
ey
‘@ 60 -
c
]
£ 404
20 4
0 —
20 30 40 50 60 70 80
20 (deg.)

Fig. 4.2: XRD pattern of p-LaS; thin film.

(C) FE-SEM Study-

The surface morphology of thin film plays an important role in the supercapacitive
behavior of material; mesoporous surface morphology provides high surface area [17]. FE-SEM
micrographs at 3kX and 7kX magnifications are shown in (Fig. 4.3 a, b). As seen from the FE-
SEM micrographs, LaS, petals-like surface morphology is non-uniformly distributed over the

substrate. The high magnification micrograph (Fig. 4.3 (b)) shows interconnected nano-petals
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constructed of porous flower-like structure. The size of the petal is around 2-5 pm, while its
thickness ranges in nanometer region. Patil et al. [14] obtained a nano-flake-like surface
morphology of La,Se; by chemical bath deposition method. The porous nanostructure
morphology of B-LaS; thin film is useful in many advanced applications such as supercapacitor

[18] and gas sensor [19].

Fig. 4.3: FE-SEM images of B-LaS; thin film at (a) 3kX and (b) 7kX magnifications.

(D) Surface Wettability Study -

The wettability interaction of B-LaS; thin film with Na,SO, electrolyte is investigated
using the water contact angle. Fig. 4.4 shows the water contact angle measurement for B-LaS;
film deposited on stainless steel substrates. The film exhibits a contact angle of 46.9°
indicating its hydrophilic nature. The film shows hydrophilic nature due to its porosity of the
deposited material. Patil et al [9] prepared La,Ses film with contact angle of 13° using a drop of
propylene carbonate (PC). Again, Patil et al [16] prepared a-La,S3 thin film by SILAR method
and measured contact angle of 11°. Mostly, in supercapacitor application specific capacitance

depends upon the porosity of the surface [20].
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Fig. 4.4: Wettability images of B-LaS, thin film deposited by hydrothermal method.
(E) UV-Visible Spectroscopy Study-

The optical absorbance and the corresponding band gap of B-LaS, thin film are
determined by UV-visible spectroscopy technique. Fig. 4.5 inset shows variation of B-LaS; thin
film absorbance (at) with wavelength (1). This spectrum shows that B-LaS, film has low
absorption in the visible region. The sharp increase in absorption at wavelength of 300 nm is
attributed to its wide band gap. The band gap of B-LaS, thin film is determined using the

following equation:

A(E, —hv)"
o0=—

— (4.5)

Where, a is the absorption coefficient, Eg is band gap, A is constant and n is equal to 72 for direct
band gap and 1 for indirect band gap. The plot of variation of (a4v)? vs. hv is shown in Fig. 4.5.
The extrapolated linear portion of the curve on the energy axis (o = 0) gives a direct band gap of
3.70 eV for B-LaS; thin film. Li et al [21] prepared y-La,S; nanoparticles powder by thermal

decomposition method and reported energy band gap 2.97 eV.
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Fig. 4.5: Plot of (ahv) % versus hv for p-LaS; film deposited on glass substrate, (inset shows
absorbance curve of B-LaS, against wavelength of radiation).
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Section-A.2
Supercapacitive Performance Evaluation of Lanthanum Sulfide (-LaS;) Thin Films
4. A.2 Introduction:

The present section study deals with the electrochemical measurement of hydrothermally
deposited B-LaS, thin film in 1 M Na,SO, aqueous electrolyte. In this section CV, GCD, cyclic
stability and EIS techniques used to find out the best electrode material for fabrication of
supercapacitor devices. Also energy density, power density and capacitive retention of the device

are studied.

4. A.2.1 Results and discussion:
(A) Cyclic voltammetry (CV) analysis:

Thin film with porous nanostructure and larger surface area is an essential criterion for
their application of supercapacitors. The supercapacitive behavior of B-LaS; thin film electrodes
was studied using cyclic voltammetry (CV) in 1 M Na,SO, electrolyte at the varied scan rates of
5, 10, 20, 50 and 100 mVs™. Fig. 4.6 (a) shows cyclic voltammogram curves of B-LaS, at
varied scan rates. The B-LaS; film exhibits a maximum specific capacitance of 121.42 Fg* at 5
mVs™’ scan rate in -1.2 to 0 V/SCE potential window range. The specific capacitance value
depends mainly on the nature of electrolyte and its interaction with the electrode surface [22].
The CV shows quasi-rectangular curves without strong reduction and oxidation. The
proportional enhancement in current density with the increased scan rate reflects the ideal
capacitive nature of the electrode [23]. The intercalation/deintercalation reaction mechanism in
B-LasS, film electrodes in Na,SOj, electrolyte is due to transmission of Na* ions in the B-LaS; film

electrode. The calculated values of Cs at different scan rates are shown in Fig. 4.6 (b). The Cs

Chapter 1V Page 94



Synthesis, Characetrization and Supercapacitive Performance of Lanthanum Sulfide and
Graphene Oxide/Lanthanum Sulfide Composite Thin Films

for B-LaS, thin film is reduced to 121.42 to 25.5 Fg~' with an increase in scan rate from 5 to 100

mVs™, respectively.
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Fig.4.6 (a) CV curves at scan rates of 5 to 100 mV s™ scan rate, and (b) variation of specific

capacitance (Cs) vs scan rate of p-LaS; electrode.
(B) GCD Study:

Fig.4.7 shows the charging/discharging curves at current densities 1, 2, 3 and 4 mAcm™
in 1 M NaSO; electrolyte for p-LaS; electrode. At current density 1 mAcm™, the interaction
between B-LaS; electrode and electrolyte is higher and takes more time to charge as well as
discharge. The curves are non-linear and show faradic interaction at electrode electrolyte
interfaces. The nano-flakes like porous morphology and adherence of electrode material can
provide fast intercalation reaction at surface of electrode material with electrolyte [24].The
specific capacitance of material mainly depend on the intercalation/deintercalation of ions within
the crystalline structure of electrode material accompanied by redox reactions. Intercalation is
most likely to take place in layered structures where the bonding between the layers is very weak

due to high porosity [25]. In the case of deposited film intercalation also involves charge transfer
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to or from the intercalated species, which can donate or accept electrons from the -LaS, thin

film.

N NN N
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0 5 10 15 20 25 30 35 40
Time (s)

Fig.4.7 GCD curves at different 1, 2, 3 and 4 mA cm™ charging current densities.
(C) Stability Studies-

The better electrochemical cycling stability of electrodes is a prime requirement for
supercapacitor application along with superior Cs, specific energy and specific power values.
The long term electrochemical stability of B-LaS, electrodes is measured in 1 M Na,SO,4 with
cycling for 2™, 50", 100™ and 1000™ cycles as shown in Fig.4.8. The B-LaS, electrode shows
good electrochemical stability of 84.2% after 1000 CV cycles. Inset of Fig.4.8 shows the number
of CV cycles of electrode. The slight reduction in specific capacitance after 1000 CV cycles is
ascribed to the small degradation and the dissolution of active material into the electrolyte [26,

27].
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Fig.4.8 The capacitive retention of p-LaS; electrode (inset of number of CV curves cycles).

(D) EIS Study-

The EIS measurements are performed with a three-electrode cell configuration in 1 M
Na,SO, electrolyte. The Nyquist plot of B-LaS; electrode was recorded by applying an AC
voltage of 10 mV amplitude in the frequency range from 1 MHz to 0.1 Hz [28]. The
electrochemical impedance spectra, in the form of a Nyquist plots for B-LaS, electrode are
shown in Fig.4.9 (a). Fig.4.9 (b) shows an equivalent circuit for best fitted impedance plot. The
impedance spectra of the electrodes are studied in three distinct regions. In the lower frequency
region, the imaginary part of the impedance spectrum sharply increases indicate the
supercapacitive behavior of B-LaS; electrode. The semicircle that appears on the real axis at
higher frequency region is due to the internal resistance of electrolyte with contact of electrode
[29]. From table of parameters in the Fig.4.9 (b) the electrolyte resistance Rs value is found to be

1.73 Qem™ and Ret value is 4.93 Qcm for B-LaS; electrode. The smaller values of Rs and Rct,

Chapter 1V Page 97



Synthesis, Characetrization and Supercapacitive Performance of Lanthanum Sulfide and
Graphene Oxide/Lanthanum Sulfide Composite Thin Films

suggest that p-LaS, electrode allows easy access to electrolyte ions during charge/discharge
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Fig.4.9 (a) Nyquist plot and (b) equivalent circuits fitted to Nyquist plot (inset of table of

parameters of p-LaS; electrode).
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Section-B.1

Synthesis of Lanthanum Sulfide (La,S3) and Graphene Oxide/ Lanthanum Sulfide

(GO/La,S3) Composite Thin Film Using SILAR Method

4. B.1 Introduction-

The present section deals with the synthesis and characterization of GO/La,S3; composite
thin film by simple and cost effective SILAR method at room temperature. In this experiment
GO was used as base because the GO is a novel unique carbon material, has received tremendous
attention because of its physical and chemical properties. It is an ideal matrix for growing and
attracting great interest due to its high electrical conductivity, large specific area, structural
flexibility, ultrathin thickness, good chemical stability, high surface to volume ratio good

mechanical property comparable with or even better than CNT [19].

4. B.1.1 Experimental Setup of Graphene Oxide/Lanthanum Sulfide (GO/La,S;) Composite

Thin Film Using SILAR Method:

In this experiment we have synthesized La,S; and GO/La,S; composite thin films by
SILAR method and their structural, FT-IR, surface morphological, and wettability properties are

studied.

(A) Lanthanum Sulfide (La;S3) Thin Film Synthesized by SILAR Method -

The deposition of lanthanum sulfide thin film by SILAR method comprises the
successive immersion of the substrate in cationic precursor and anionic precursor solutions at
room temperature. Aqueous 0.1 M LaCl3.7H,0 solution was used as the cationic precursor and

0.05 M Na,S solution was utilized as the anionic precursor. The cleaned stainless steel substrate
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was immersed in the cationic precursor for 20 s, where La* ions were adsorbed on the substrate,
followed by 10 s rinsing in DDW to remove the loosely bound species of La*®. Successively, the
substrate was dipped in the anionic precursor solution for 20 s to build a layer of lanthanum
sulfide. Again, the substrate was rinsed for 10 s in DDW to take out the overloaded or unreacted
species. In this way, one SILAR cycle of lanthanum sulfide deposition was completed and 100
such deposition cycles are reiterated to get the terminal thickness of the film. The schematic

diagram of La,S; film deposited is shown in Fig.4.10.

Dip Rinsing Dip Rinsing
20s 10s 20s 10s

La*? DDW S2 DDW
u

|
il

Fig.4.10: Schematic diagram of La,S; thin film by SILAR method.

(B) GO/La,S3; Composite Thin Film Synthesized by SILAR Method

For the fabrication of composite thin films, the GO solution was used as the source of GO
sheets; cationic precursor solution was 0.1 M LaCl3.7H,O and 0.05 M Na,S-9H,0O was an
anionic precursor solution. The single layer of composite film through layer by layer (LBL) and
SILAR methods was deposited using the procedure as follows. The well cleaned stainless steel
substrate was immersed in a solution of GO for 40 s and then air dried for 20 s for GO sheets

deposition on the substrate. Then the substrate was dipped in the cationic precursor solution for
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20 s for the adsorption of lanthanum species on the GO sheets. Then, the substrate was rinsed in
DDW for 10 s to remove loosely bound La*® species. After, the substrate is immersed in the
anionic precursor solution (S*) for 20 s a layer of lanthanum sulfide material is formed on GO
sheets. Again, the substrate was rinsed in DDW for 10 s to separate out the overload or unreacted
species. Thus, one cycle of the composite deposition is completed and 100 such deposition
cycles were repeated to achieve an optimum thickness of the film. Schematic diagram of

GO/La,S; composite film deposited is shown in Fig.4.11.

LIS

Dip 405 W2 ‘ Rinsing 10 s r

Dip 205 Rinsing 10 s

RN PRSP

Fig.4.11: Schematic diagram of GO/La,S; composite thin film by SILAR method.

4. B.1.2 Results and Discussion

(A) Graphene Oxide/Lanthanum Sulfide (GO/La;S;) Composite Thin Film Formation and

Reaction:

GO/LayS; composite thin film was synthesized by dipping a substrate into aqueous
solutions of GO, LaCl3.7H,0, and Na, S-9H, O separately. The SILAR process is mainly based
on ion by ion deposition, which shows the deposition at nucleation places on the immersed

surfaces of stainless steel (SS) substrate. The growth mechanism of GO/La,S3; composite thin
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film by SILAR method is represented as follows. When LaCl;.7H,0, and Na,S-9H,0 separately

dissolved in DDW water, following two reactions occurred (4.6) and (4.7);
LaCls.7H,0 — La*>* + 2HCI+ 6 H,0 (4.6)
Na,S+ 2H,0— S* + 2NaOH (4.7

When SS substrate is immersed in the dispersed GO solution for 40 s, the GO nano sheets are
adsorbed on the SS substrate and the dark brown color is formed on the substrate. Then GO
deposited film immersed into cationic solution of La®*" ions then La®" ions are adsorbed on the
GO nanosheets due to the attractive forces between the GO nanosheets deposited substrate and
the La>* ions [30]. These forces may be cohesive, van der Waals forces or chemical attractive
forces and then this substrate immersed into S* anionic solution. During this process, GO/La*"

ions react with S*~ ions from the Na,S anionic solution. Possible reaction is shown below,
La** + S — La,Ss (4.8)

In the aqueous solution, Na,S dissolves to form S* ions that are at the same time
hydrolyzed to generate HS and H,S species. These species serve as the sulfur sources for the

ion-exchange reaction that converts ‘La’ precursors to form LaSs.
(B) XRD Study

The crystal structure of La,S; and GO/La,S3 composite thin films was examined by XRD
analysis. Fig. 4.12 shows the XRD patterns of La,S; and GO/La,S3; composite thin films. All the
diffraction peaks are well indexed to the orthorhombic crystal structure of La,S3 (JCPDS 21-

0459). The sharp and intense peaks located at 20 = 10.1° indicates GO material. Patil et al [16]

Chapter 1V Page 102



Synthesis, Characetrization and Supercapacitive Performance of Lanthanum Sulfide and
Graphene Oxide/Lanthanum Sulfide Composite Thin Films

prepared La,Sz thin film by CBD method and reported orthorhombic crystal structure. The
results confirm that La,S; and GO/La,S3; composites are successfully synthesized. The estimated
crystallite size for (130) and (220) planes for La,S3; and GO/La,S; composite thin films is found

to be 1.4 and 5.4 nm, respectively.

(¢0)

10 20 30 40 50 60 70 80
2 theta (deg.)

Fig. 4.12 XRD patterns of La,S; and GO/La,S; composite thin films.
(C) FT-IR Study

Fig. 4.13 demonstrates the FTIR spectra of La,S; and GO/La,S3; composite films in the
range of 4000450 cm™'. The FTIR spectra reveal the chemical information and main functional
groups presented in La,S3 and GO/La,S3 composite materials. The broad band observed at
3336.01 cm ! is assigned to the symmetric stretching vibrational mode of hydroxyl groups in the
La,S; and GO/La,S; composite film. The two narrow absorption bands at 637.0 and 734.45 cm!

are assigned to the pairing mode between La-S stretching modes of tetrahedral and octahedral

sites in La,S3 and GO/La,S; composite films [31].
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For GO/La,S; composite thin film, increase in intensity of bands may be related to the
quality of material. It suggests an increase in the number of functional groups, which indicates a
good quality of GO/La,Ss composite film. The absorption peaks at 1639 and 1451.32 cm™' are
related with vibrations mode of C=C aromatics and C= O carboxyl groups in the GO [32].
However, in GO/La,Ss spectrum, the bands at 1356.14 and 1130.28 cm™' are attributed to
vibrations of the surface adsorbed O-H molecules and carbonate ions present in the atmosphere
with “La” atoms. While for GO/La,S3 composite spectrum, the vibrational bands of C=C
aromatics and C=0 carboxyl groups of GO overlap with the vibration mode of the OH- group
and carbonate ions from La,Ss. The absorption bands around 847.01 cm™' in the composite
material are allocated to the existence of C=0 epoxy and C=0 alkoxy groups. In addition, the
bands at 2875.22 cm™' possibly attributed to -CH2 and C-H groups in the La,S; and GO/La,S3

composite. These characteristic bands confirm the formation of La,S; and GO/La,S3; composite

thin films.
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Fig. 4.13 FT-IR spectra of La,S; and GO/La,S3; composite thin films.

(D) FE-SEM Study
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The surface morphology of thin film plays an important role in the supercapacitive
performance of material. The FE-SEM micrographs of La,S; and GO/La,S3; nanocomposite thin
films are shown in Fig.4.14 (a-f). The La,S; images at different magnifications 1 kX, 3 kX and 5
kX magnifications, respectively shown in Fig.4.14 (a-c).The cracks are observed on the surface
of La,S3 thin film but the particles are strongly interconnected to each other (Fig.4.14 (a, b)). At
higher magnification (5 kX) pores are observed on the surface of La,S; Thin film (Fig.4.14(c)).
Patil et al [20] synthesized a-La,S; thin film using SILAR method and obtained porous
morphology with small grains distributed over the substrate of the surface. The composition with
GO in the La,S; thin film changes surface morphology to grass-lawn like as presented in the
(Fig.4.14 (d-f)). At magnification of 2 kX it is observed the GO nano-sheets are uniformly
distributed on the substrate while at higher magnification (40 kX and 100 kX) grass petals like
shape of GO sheets are observed coated with La,S; nano-particles inset of Fig.4.14 (d) shows
SEM image of GO thin film. The size of petals is typically in 150-250 nm. The change in surface
morphology is observed with composition of GO. Similar, observations were reported by Gund

et al [30] for GO/Mn30, composite thin film.
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Fig. 4.14 FE-SEM images of La,S; at (a) 1 kX, (b) 3 kX (c) 5 kX and GO/La,S; composite

thin films at 2 kX, (e) 40 kX and (f) 100 kX magnifications.

(E) Surface Wettability Study

The angle formed between the liquid—solid interface and the liquid—vapor interface is the
contact angle. The static sessile drop contact angle is measured by a contact angle goniometer
using an optical subsystem to capture the profile of a pure liquid on a solid substrate. For the
controlling or modifying of electrode surface wettability is an important aspect of the application
of supercapacitor [33]. The water contact angle measurement photographs of films are shown in
Fig.4.15 (a, b). The La,S; and GO/La,S3 composite films show the contact angles of 47.6° and
37.2°, respectively. This specific property is attributed to nanocrystalline nature that is expected

to have high surface energy. Nanocrystalline material with hydrophilic nature is a major
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requirement for supercapacitor electrodes. This is useful for making close contact of aqueous

electrolyte with the surface of film in supercapacitor application.

@) (b)

e

Fig. 4.15 Contact angles of (a) La,S3 and (b) GO/La,S3; composite thin films.

(F) BET Study

The specific surface area, pore size distribution and mesoporosity of GO/La,S;3
composite material are obtained from N, adsorption-desorption isotherms as shown in Fig. 4.16.
Inset of Fig. 4.16, it is seen that the isotherm has typical type Il form with a hysteresis loop at
high relative pressure. From the adsorption isotherm, the BET specific surface area is calculated
to be 32.36 m”g ". The GO/La,S; composite reveals mesoporous nature with maximum pore size
of 19 nm. With such specific surface area and mesoporous nature, GO/La,S3; composite material
may enhance the electron and ion transport through ordered mesoporous channels, which

subsequently results in higher electrochemical performance.
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Fig. 4.16: Nitrogen adsorption-desorption isotherms and inset shows pore size distribution
curve of GO/La,S; composite material.

(G) XPS Study-

The XPS spectra of GO/La,S; composite thin film are shown in Fig. 4.17 (a-d).
Fig. 4.17(a) reveals the survey scan spectrum of GO/La,S; composite thin film, which shows
characteristic peaks for C, La, O and S elements. The La3d core level spectrum of La3d and
La3d5A and La3d5B are fitted with four Gaussian peaks as shown in Fig. 4.17 (b). Further, Fig.
4.17 (c) shows O1s core level spectrum with four distinct peaks. The peaks situated at binding
energies of 531.3, 532,529.5 and 533.2 eV are indexed to the oxygen atoms in the hydroxyl
groups (La—O-H) and adsorbed water (H-O-H). The strong peak appearing at 529.5 eV is
assigned to the oxygen atoms in GO (La—0) [31]. Fig.4.17 (c) shows C1s core level spectrum of
C1sA, C1sB, C1sC and C1Sd are attributed at binding energies of 170.04 and 166.68 eV
corresponds to carbon state. Fig.4.17 (d) shows the binding energy peak at 171.0 eV corresponds

to S sulfide state of La,Ss. The peak at 167.6 eV belongs to the existence of sulfur (S) layer on
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the film surface. The results obtained from XPS analysis confirm the formation of GO/La;S3

composite thin film, which agrees well with the XRD data.
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Fig.4.17 : XPS spectra (a) lanthanum region, (b) oxygen region, (c) carbon region, and (d)

sulfide region of GO/La,S; composite thin film.
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SECTION-B.2
Supercapacitive Performance Evaluation of La,S; and GO/La,S; Composite Thin Films

4. B.2 Introduction:

The La,S; and GO/La,S; composite thin films are used as a supercapacitor electrode.
The various electrochemical techniques such as CV, GCD, and cyclic stability and EIS studies
were used in order to examine the electrochemical performance of GO/La,S3 composite thin

films.

4. B.2.1 Results and discussion
(A) CV Study
(1) LazS; Thin Film Electrode

The highly porous microstructure of thin film plays a significant role in supercapacitor
application. The composite material formed with Mn3O,4 [34], NiS [35] or conducting polymer
[36] with GO have demonstrated the improved capacitive performance and cycle life through the
synergistic effect of both EDLC and pseudocapacitance mechanisms [37]. A cyclic voltammetry
(CV) measurement of La,Ss thin films was performed at a different scan rate of 5 — 100 mVs™ in
the potential window between -1.0 to 0 V/SCE in 1 M Na,SO, electrolyte to check current
response of electrode. The CV curves of any material assure the capacitive feature. As increase
in scan rate, the electrochemical intercalation/deintercalation reactions happen only on the
surface of electrode material, so the contribution of electroactive material is lower as compared
with lower scan rate, therefore the specific capacitance value decreases as the scan rate increases
as shown in Fig.4.18 (a). The charging/discharging process of La,S3 electrode in Na,SO4

electrolyte is given as follows,
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La,Ss + XxH" + YNa© ——  LayS30HxNay + (X+Y) & (4.9)

The increment in current response with the scan rate depicts capacitive behavior. The specific
capacitances (Cs) of 181.2, 109, 50, 21.8 and 13.6 Fg™ are decreased with increasing scan rate as
seen in Fig.4.18 (b). The decreased capacitance at higher scan rate is attributed to the incomplete

utilization of the active electrode sites due to the limited time domain.
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Fig. 4.18: (a) The CV curves at scan rates of (5-100 mVs™) and (b) Variation of specific

capacitance Vs scan rate of La,S3 thin film electrode.
(1) GO/La,S;3 Thin Film Electrode

Graphene oxide based composite thin film considered as one of the mainly capable
materials for the supercapacitors due to its unique structural and property features such as (a) the
two-dimensional structure can provide a large surface area, which serves as an wide transport
way for electrolytes [38]; (b) the high conductivity of graphene oxide sheets enables a low
diffusion resistance, therefore leading to improved power and energy density; and c) the superior

mechanical property makes graphene oxide nano-sheets being simply assembled into free-
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standing films with strong mechanical stability. The composite thin films have attracted much
attention due to the tunable thickness, structural flexibility, lightweight and electrical properties,

which are the essential qualities required for supercapacitors [39].

The CV curves of GO/La,S; composite electrodes are obtained at different scan rates of
5-100 mVs™t in 1 M Na,SO, electrolyte (Fig.4.19 (a)). In the GO/La,S; composite, incorporate
ion of small amounts of carbon black nano particles as spacers between graphene oxide nano-
sheets, provides an unlock structure for charge storage and ion diffusion channel therefore,
resulting in a significant improvement in electrochemical performance. As seen from the
Fig.4.19 (b), the CV curves of GO/La,S; composite electrode and specific capacitance decreased
from with the increased scan rate in the range of 5-100 mVs™. The decreased capacitance
attributed to the incomplete utilization of the active electrode sites due to the limited time

domain.
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Fig. 4.19: () The CV curves at scan rates of 5 — 100 mVs™ and (b) variation of specific

capacitance Vs scan rate of GO/La,S; composite thin film electrode.

(B) GCD Study
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(1) LazS3 Thin Film

The galvanostatic charge/discharge (GCD) curves of La,S; electrode at different current
densities ranging from 0.3, 0.4 to 0.6 mAcm™ within the potential window at 0 to -1.0 V/SCE is
displayed in Fig.4.20 (a). All GCD curves are non-triangular shapes, not perfect straight lines,
which approves the presence of redox reactions at the electrode and electrolyte interface. The
porous surface morphology of La,S; electrode offers more electroactive material interface for
easy interaction of electrolyte ions with the electrode material provides fast charge transfer. The
more number of electrolyte ions pass inside the electrode pores as time availability is more at
lower current density. By using the discharge curve, the specific and areal capacitances were
calculated at various current densities of 0.3, 0.4, and 0.6 mAcm™. The variation Cs with
different current densities is shown in Fig.4.20 (b). Patil et al [16] reported Cs of La,S3 electrode

has a maximum specific capacitance of 202 Fg™ at a current density of 0.7 mAcm™.

23
1.0 -
22 o 218 Fg'
& 0.8+ 2 \\
Q
? ~ N\
2 .06 w20 \
3 0.6 IE' \\ 19.2Fg"
£ %19 ] ¢
=y '0.4‘ Q
5 18 |
] - 17.1Fg’
0.2 0.3 mAcm :
e 0.4 mAcm” 17 4 9
— AL
1 ¥ T ¥ T . T ¥ T ¥ T 16 J ! ! !
0.0 0.5 1.0 1.5 2.0 25 |2 0.3 0.4 05 .6 0.7
(ﬂ) | Time (s) (b) Current density {mAcm'fl

Fig. 4.20: (a) GCD curves of La,Szat 0.3, 0.4 and 0.6 mAcm™ current densities, and (b) Cs

with different current densities.
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(1) GO/La,S; Composite Thin Film

Furthermore, from GCD study rate capability of GO/La,S; composite thin film electrode

is carried out. Fig.4.21 (a) illustrates GCD curves at different current densities (0.3, 0.4 to 0.6

mAcm). The non-linear behavior of charging/discharging curves; suggest the fast and reversible

surface redox reactions. The Cs from GCD curves is calculated using eq. (2.8). The calculated

Cs of GO/La,S; composite thin film electrodes at different current densities are shown in

Fig.4.21 (b). At high current densities, electrode discharges at a faster rate, hence the low Cs is

achieved, whereas at low current density electrode discharges and slowly contributes to high Cs

[40].
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Fig. 4.21: (a) GCD curves of GO/La,Ss at 0.5, 0.7, 0.8 and 0.9 mAcm™ different current

densities, and (b) Cs with different current densities.

(C) Stability Studies-
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Cycling stability is one key factor for finding the use of supercapacitor electrodes for
many practical applications. The stability test is performed for 1000 CV cycles at a scan rate of
100 mVs™. Fig.4.22 (a) shows plot of capacity retention with respect to number of cycles for
La,Ss electrode. Inset of Fig.4.22 (a) shows the CV curve of 2" and 1000" cycles. The 85.6 %
capacitance retained after 1000™ cycles. The loss of capacitance is attributed to slight
degradation of active electrode material during cycling. Further, Fig.4.22 (b) exhibits capacitive
retention of GO/La,S; composite electrode for increasing cycles and shows upto 88.6 %
capacitance retention after 1000 CV cycles. Inset of Fig.4.22 (b) shows number CV curves
recorded at different CV cycles such as 2™ and 1000™. During the charge/discharge process, Na*
ions from the electrolyte are involved in the charge storage process of GO/La,S; electrode [40].
A GO/La,S3 composite electrode exhibits good capacitive retention over 1,000 cycles than La,S3
electrode. The ionic pathway of electrolytic ions defuses to approach electroactive sites in the

denser electrode, which leads to drop the capacitance values along with varying cycles.
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Fig. 4.22: Capacitive retention of (a) La,S; and (b) GO/La,S; composite electrodes with

inset no. of CV cycles of La,S; electrodes.

(D) EIS Study-

Fig.4.23 (a) shows Nyquist plots of La,S; and GO/La,S3; composite electrodes in 1 M
Na,SO, solution in the frequency region of 100 kHz to 100 mHz at 10 mV AC amplitude. The
Nyquist plots consist of semicircle arc in the high frequency reactions and double-layer
capacitance at the electrode/electrolyte interface as shown in magnified Fig. 4.23(b). A straight
line resulting in the low-frequency region is related to the diffusion of electrolyte ions into the
active material. The series resistance (Rs: 0.45 Q cm™) and charge transfer resistance (Rct: 3.64
Q cm™) are estimated for GO/La,S; composite electrode. The Nyquist plot clearly demonstrate
that the composite electrode provides easier way (less resistance) for intercalation and
deintercalation of charges compared to La,S; (RS: 1.30 Qcm™) and (Ret: 6.59 Qcm™) and also
offers compact bonding with stainless steel electrode. Inset of Fig.4.23 (b) shows the best fitted

equivalent circuit of Nyquist plot.
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Fig. 4.23: Nyquist plots of (a) La,S; and GO/La,S3; composite electrodes and (b) magnified

Nyquist plots with inset of equivalent circuit.
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4.3 Conclusions

In conclusion, the nanostructured B-LaS, thin film is synthesized by hydrothermal method
and La,S3 and GO/La,S3; composite thin films are synthesized by SILAR method. According to
results, we observed that -LaS, thin film by hydrothermal method shows petals-like surface
morphology with specific capacitance of 121.42 Fg™ at 5 mVs™ scan rate with cyclic stability is
84.20 % over the 1000™ cycles. The La,S; thin film prepared by SILAR method shows compact
surface morphology with cracks and value of Cs is 181.2 Fg™ at 5 mV/s™ scan rate with cyclic
stability is 83.6 % after 1000™ cycles. So, SILAR prepared La,Ss thin film shows higher Cs and
superior cyclic stability than hydrothermal prepared -LaS; thin film. The composition of GO in
La,S3; by SILAR method shows increased surface area with increasing electrical conductivity
than La,Ss. The grass-like surface morphology is important in supercapacitor application. The Cs
is 318 Fg™ at 5 mVs™ scan rate with higher cyclic stability of 88.6 % over the 1000" cycles. The
obtained Rs and Rct values of GO/La,S; composite are lower than B-LaS; and La,S3 thin film
electrodes. The electrochemical analysis indicates that GO based La,S3; composite thin film can
be used as an electrode for supercapacitor device fabrication. The electrochemical results are

given in Table 4.1
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Table 4.1: Electrochemical parameters of p-LaS,, La,S; and GO/La,S; composite thin film

electrodes.

Thin film Method Cs Rs Rct Stability Cycles
(Fg) | @em®) | (@em?) | (%)
B-LaS; Hydrothermal 121.42 1.73 4,93 84.20 1000
La,S;3 SILAR 181.2 1.30 6.59 85.6 1000
GO/La,S;3 SILAR 318 0.45 3.64 88.67 1000
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Synthesis, Characterization and Supercapacitive Performance Evaluation of Manganese
Oxide Thin Film

5. Introduction:

Manganese dioxide (MnQOy) is one of the most attractive inorganic materials and is a stable
compound with excellent chemical and physical properties [1, 2]. Due to its low cost,
environmental friendliness, non-toxicity, as well as its structural flexibility and rich polymorphism
(a-, B-, v-, 6-, A-, and e-type), wide applications have been reported including as a catalyst [3], ion-
sieve [4], and ion exchange material [5], and in biosensors [6], lithium ion batteries [7], and
supercapacitors [8]. In particular, MnO, is a promising material as a replacement for RuO, in
pseudocapacitors owing to its high theoretical capacitance of 1,233 Fg* for a one-electron transfer
and complete reduction of Mn IV to Mn 111 [9]. Moreover, it can be utilized in mild neutral aqueous
electrolytes, which ensure environmental compatibility, safety, non-flammability, and convenient

assembly in air.

Among various phases, y-MnO, is most widely used in energy storage devices because its
electrical activity decreases more slowly than other forms during the electrochemical process [10].
However, capacitances of only 100-300 Fg ™ have been reported for MnO, powders [11], due to
their poor electrical conductivity (10 to 10° Scm™) [12] and low available surface areas [13].
Thus, a MnO; electrode that provides a short diffusion path for electrolyte ions and a high electrical

conductivity of the active materials is needed.

In present work, MnO, thin films are prepared at room temperature using SILAR method
on cost effective stainless steel (SS) substrate. These films are evaluated from x-ray diffraction
(XRD), field emission scanning electron microscopy (FE-SEM) analyses, FTIR and surface area

analysis by (BET) studies. Supercapacitive properties of MnO, films are tested from cyclic
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voltammetry (CV), galvanostatic charge discharge (GCD) and electrochemical impedance

spectroscopy (EIS).

5.1. Synthesis of Manganese Oxide (MnO,) Thin Films Using SILAR Method-
5.1.1 Experimental Setup for Deposition of Manganese Oxide Thin Film by SILAR -

All reagents of analytical grade were used without further purification. In a typical
synthesis, 0.1 M solutions of MnSQ, is used as the cationic precursor and 0.3 M NaOH solution
was utilized as the anionic precursor. When cleaned stainless steel (SS) substrate was immersed in
the cationic precursor for 20 s, Mn*? ions were adsorbed on the substrate, followed by 10 s rinsing
in DDW to remove the loosely bound species of Mn*2. Successively, the substrate was dipped in the
anionic precursor solution for 20 s to build a layer of manganese oxide. Again, the substrate was
rinsed for 10 s in DDW to take out the overloaded or unreacted species. In this way, one SILAR
cycle of dark brownish colored MnO, deposition was completed and 100 such deposition cycles
were reiterated to get the terminal thickness of the film. Fig.5.1 shows the schematic diagram of

MnO; thin film deposition.

Stainless steel
Substrate

MnSO, DDW NaOH aw
Dip20s Rinsing 10 s Dip20 s Rinsing 10 s

Fig.5.1: Schematic diagram for preparation of MnO; thin film by SILAR method.
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5.1.2 Material Characterization-

The crystal structure of MnO, film was examined using a Bruker AXS D8 advance model
X-ray diffractometer with primary monochromatic radiation from Cu Ka line ( A= 1.54 A) in the 20
range of 20-80°. The surface morphology was observed using field emission scanning electron
microscope (FE-SEM, JEOL-6360, Japan). The functional group detection was made by Fourier-
transform infrared spectroscopy (FT-IR, Broker’s, ALPHA-P). N, adsorption/desorption was
determined by Brunauer-Emmett-Teller (BET) measurements using an ASAP-2010 surface
analyzer. Electrochemical measurements of MnO, thin film were carried out using Zive MP1 model
of Wonatech Company using three electrode cell, that consists of MnO; thin film as a working
electrode, platinum strip as a counter electrode and the saturated calomel electrode (SCE) as a
reference electrode.
5.1.2.1 Results and Discussion-

(A) Manganese Oxide Thin Film Formation -

MnO; thin films were fabricated by dipping the substrates into separately placed cationic
and anionic precursors with rinsing among every dipping. The growth mechanism of a thin film
deposition process is of the ion-by-ion type. The growth of the nucleation sites on the substrate
results into formation of thin and adherent film. The MnO, thin film formation by SILAR method
can be explained as follows. The solution of MnQ, in water provides Mn?* ions at pH ~6 and when
substrate is dipped in this solution, Mn?* ions get adsorbed onto the substrate as a result of attractive
force between ions in the solution and substrate surface. These forces may be cohesive forces or van
der Waals forces or chemical attractive forces. The immersion of substrate in NaOH anionic

solution, where the chemical reaction between OH™ and Mn?* ions leads to the formation of

adherent MnO;, layer [14].
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(B) XRD Study

The Fig.5.2 shows the XRD pattern of MnO, thin film grown on SS substrate. The
characteristic diffraction peaks are indexable to MnO, with orthorhombic crystal structure matched
with JCPDS card no (98-001-2179). The peaks are matched with (101), (202), (301) and (112)
planes. The broader and intense peaks shown by an asterisk (*) in XRD pattern are due to SS
substrate. The crystallite size calculated using Scherer’s formula is 2.1 nm for (101) plane. The
nanocrystalline nature may be helpful for supercapacitor application; as it ease rapid ion diffusion in

the active electrode material, which increaseing the charge storing capacity of SCs [15].

700 - JCPDF Card no.98-001-2179 *
Orthorhombic
I'1.-'InCJ2
600 4
3 3
L o
> 500 4
7]
c
2 400-
£
300
200 sy T

0 20 30 40 50 60 70 80
2 theta (deg.)
Fig. 5.2: The X-ray diffraction pattern of MnO thin film.

(C) FE-SEM Study

The FE-SEM is a suitable technique to examine the surface morphological properties of
thin film surface. Fig. 5.3 (a, b) shows the surface micrographs for MnO, thin film at two different
magnifications (10 kX and 50 kX). Fig.5.3 (a) shows that the substrate is well covered with MnO,

nanoparticles at 10 kX magnification. From the Fig.5.3 (b) the spherical nano-grain like surface
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morphology of MnO, spread over whole surface with porous structure is observed. These
nanoparticles are interconnected, forming porous structure. Gund et al [16] prepared MnO; thin
film by SILAR method and obtained three-dimensional (3D) porous spherical nanoparticles surface
morphology. The surface morphology of thin film plays an important role in SCs, because ion
intercalation and deintercalation occur at the surface of the thin films. The most beneficial route to

improve the rate of intercalation and deintercalation is to form a nanostructure thin film [17].

X 10,000 15.0xV SEX : Xk 50,000 15.0 SEI SEM . 2

Fig.5.3: FE-SEM images of MnO, thin film at (a) 10 kX and (b) 50 kX magnifications.

D) FTIR Study

The FTIR absorption spectra of MnO, thin film in the range 4000-400 cm* are shown in
Fig.5.4. The strong bands around at 539.22 cm* and 764.11 cm* are related with the characteristic
vibrational mode of Mn—O lattice. The absorption peaks at around 1598.62 and 1060.6 cm™* are
assigned to —OH bending vibrations combined with Mn atoms [18]. The sharp absorption bands at
2212.3 and 3380.5 cm™ are attributed to the —OH stretching vibrations. Thus results show that

MnO; film contained hydroxide and Mn-O bonds, which indicate the structure of hydrous MnO,

[19].
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Fig.5.4: FTIR spectrum of MnO; thin film.
E) BET Study-

The specific surface area, average pore size, and mesoporous nature of active electrode
material play significant role in enhancing the electrochemical performance. Thus, it is very
important to determine the specific surface area and average pore volume by Brunauer—-Emmett—
Teller (BET) methods [20]. Fig. 5.5 (a) and (b) demonstrate the N, adsorption—desorption isotherm
and corresponding BJH pore size distribution curve of MnO, thin films. A typical type IV form
with a clear hysteresis loop at high relative pressure indicate the possession of a lot of mesopores
on the 3D-structure matrix. This indicates the mesoporous nature of MnO, thin film. According to
this result, it is clear that the prepared MnO, thin film possess relatively high BET specific surface
areas of 23.91 m?g™. The corresponding pore size distribution calculated by using the Barrett—
Joyner—Halenda (BJH) method from the desorption curve, confirms the mesoporous nature of
MnO, thin film as shown in Fig.5.5 (b). The average pore size distribution range of 10.65 nm,
which is the best pore size for the diffusion of ions and electrons within an active electrode material

is obtained. The porous nanostructured surface morphology with maximum specific surface area

Chapter-V Page 127



Synthesis, Characterization and Supercapacitive Performance Evaluation of Manganese
Oxide Thin Film

and suitable pore volume have potential applications in supercapacitors, as it provides a large
interface of active electrode material with an electrolyte solution and provides the maximum

possible number of active sites for electrochemical reactions [21, 22].
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Fig.5.5: (a) Nitrogen adsorption-desorption isotherms and (b) pore size distribution curve of
MnO thin film.

5.2 Supercapacitive Performance of Manganese Oxide Thin Films-
5.2.1. Introduction-

Recently, transition metal oxides/sulfides are used as supercapacitor electrode materials due
to their high pseudocapacitance [23]. Among them, MnO; has showed attention owing to its
predominance of high theoretical specific capacitance, low cost, eco friendly and higher electrical
conductivity (10> to 10° Scm™) than its oxide/hydroxide counterparts. Specifically, MnO,
facilitates electrolyte ion diffusion and ion intercalation, which support its intrinsic electrochemical
reactivity useful for supercapacitive application [24]. Jadhav et al [25] prepared MnO, thin film by
SILAR method and obtained specific capacitance of 243 Fg™. Park et [26] prepared y-MnO, thin
film by CBD method and reported specific capacitance of 162 Fg™. Hu et al [27] prepared 6-MnO;

thin film by CBD method and obtained specific capacitance of 447 Fg™ at 2 mV/s™ scan rate. Dubal
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et al [28] prepared MnO; thin film using electrodeposition method and reported specific capacitance

of 345 Fg™* for supercapacitor application.

In present work, electrochemical supercapacitive properties of nanostructured MnO, films
are studied by cyclic voltammetry (CV), galvanostatic charge discharge (GCD) and electrochemical

impedance spectroscopy (EIS) techniques in 1 M Na,SO, electrolyte.

5.2.1.1 Results and Discussion-

(A) Cyclic Voltammetry (CV) Study-

Electrochemical supercapacitive performance of MnO, films is performed in 1 M Na,SO,
electrolyte using three electrode cells. Cyclic voltammetry (CV) technique is applied to obtain
specific capacitance of MnO, films within active potential window of 0 to +0.5 V/SCE. Fig.5.6
shows the cyclic voltammeter curves measured of MnO, electrode tested at 5 to 100 mVs™ scan
rate. The MnQ; stores charge during formation of an electrical double layer, combined with pseudo-
capacitance, which involves the accompanying reduction of Mn** ion at the electrode surface to
form Mn*" with the insertion of a cation from the electrolyte (Na*), into the structure to satisfy
charge neutrality. The electrochemical redox reactions occurring at the electrode surface between

MnO film and Na,SO, electrolyte is proposed by following reaction [29].
MnO, (electrode) + Na* (electrolyte) + && «—— Na"MnO, (5.1)

The rectangular-like CV curves at all scan rates suggest EDLC behavior of MnO, electrode
without redox (reduction and oxidation) peaks as shown in (Fig.5. 6 (a)). Further, scan rate
improvement from 5 to 100 mVs™ does not affect overall shape of CV curve and proportional

relation is maintained between voltammetric currents and scan rates. These properties of CV curves
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correspond to outstanding capacitive nature and rate abilities of MnO, electrode. Specific
capacitance (Cs) of material is calculated from CV curves using equation 2.3. It is an inverse
function of a scan rate, as shown in (Fig. 5.6 (b)), which indicates that, specific capacitance of
MnO; electrode slowly reduces while increasing the scanning rate [30]. The highest capacitances of

672 Fg* at 5 mVs™ scan rate and of 67.2 Fg™ are obtained at 100 mVs™ scan rate.
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Fig. 5.6: (a) The CV curves at different scan rates of (5- 100 mVs™) and (b) specific

capacitance vs. scan rate for MnO, electrode.
(B) Galvanostatic Charge-Discharge (GCD) Study-

Furthermore, electrochemical performance of MnO; electrode was also tested from galvanostatic
charge/discharge (GCD) measurement at in 1 M Na,SO, electrolyte solution. The electrode was
employed for charging and discharging at different current density 2, 4 and 6 mA cm™, respectively
as shown in Fig.5.7. The long discharging time is observed at 0.5 mAcm™ current density. The
charging/discharging curves have a good triangular and symmetric curves, attributing to their

excellent reversibility in faradic reactions with small initial IR drop indicates easy ion
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transportation channel provided by interlocked nano-granules for electrolyte ions to reach at the
electro-active sites [31, 32]. The specific capacitance (Cs) of 61 Fg™ is calculated from GCD

measurement using equation 2.4.
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Fig. 5.7: Galvanostatic charge/discharge plots of MnO; electrode at 0.5, 0.6 and 0.7 mA cm?
charging current densities.
(C) Stability Study-

The cyclic stability of MnO; electrode is also studied by repetitive CV test for 1000 cycles
at scan rate of 100 mVs™. As displayed in (Fig. 5.8), 90% of the primary capacitance was retained
even after 1000 cycles, showing a good electrochemical stability. The excellent electrochemical
stability is attributed to the exclusive hierarchical structure which helps first-rate electron transfer
and extract or inset electrolyte ions throughout the complete electrochemical cycling process. Hu et
al [33] prepared MnO, thin film and obtained capacitance retention of 83 % after 1000 cycles.

Chodankar et al [34] achieved capacitive retention of 95 % after 2500 cycles.
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Fig. 5.8: Capacitive retention of MnO; thin film for 1000 cycles inset shows no. of CV cycles.

(D) EIS Study

The EIS is one of the fundamental techniques to find usefulness of electrode material for
supercapacitor application. MnS film is evaluated for its electrochemical impedance behavior in 1
M Na,SO; electrolyte within frequency range of 100 kHz to 100 mHz at 10 mV ac amplitude. Fig.
5.9 represents Nyquist plot (impedance spectrum) of MnO; film. Intercept of curve to real axis in
higher frequency region is known as the equivalent series resistance (Rs) is 1.5 Qcm™ and charge
transfer resistance (Rct) is 3.6 Qcm™. Inset of figure shows magnified Nyquist plot image (lower
frequency region), the semi-circle along with the x-axis of material. The values Rs and Rct of MnO,
demonstrate the better electronic conductivity and electrochemical activity of material. Low Rs

value is due to easier ion transportation at the electrolyte-electrode interface.
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Fig.5.9: Electrochemical impedance spectroscopy (EIS) of MnO, electrode inset shows
magnified image of Nyquist plot.

5.3 Conclusions

The MnO, film is directly deposited on cost effective stainless steel substrates by SILAR
method at room temperature. The nanogranules thin film shows highest specific capacitance of 672
Fg™* at 5 mVs™ scan rate in 1 M Na,SO, electrolyte. The capacitive retention of 90 % is achieved
for 1000 CV cycles. Moreover, EIS study of MnO, film revealed low equivalent series resistance
(Rs) of 1.5 Qcm™ and charge transfer resistance (Rct) 3.6 Q cm™. The outstanding supercapacitive
properties coupled with low cost method of film preparation makes MnO; as a promising positive

electrode material for supercapacitive application.
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Device Fabrication of Flexible Symmetric and Asymmetric Supercapacitors:
Performance Evaluation

6. Introduction-

The energy storage devices are the key part of the advanced electronic gadgets (like mobile
phones, laptops, hybrid electrical vehicles, memory backup system, etc.) that define the
dimensions, safety and functioning time of the electronic gadgets [1]. Therefore, researchers and
engineers are trying to develop energy storage devices having high energy and power capability
along with longer working life. They are also worried about the cost and dimensions of the energy
storage devices [2]. Presently, the supercapacitors have attracted significant attention as promising
and complementary energy storage devices owing to their best capabilities like excellent power
densities, rapid charge discharge ability and long lifetimes as compared to the batteries technology
[3]. To commercialize the supercapacitors for practical applications, it is crucial to lift the specific

energy and the potential limit of supercapacitors without surrendering its other features [4].

Flexible supercapacitors are one of the emerging classes of energy storage devices which
offer many advantageous features including light weight, ease of handling, wide range of operating
potential windows and excellent reliability [5]. The fabrication of flexible solid state
supercapacitors (FSSSC) becomes an attractive topic in the field of research for electrochemical
energy storage/conversion systems. The main difference between conventional supercapacitors and
FSSSC is that the FSSSC consist of electrode and electrolyte with certain flexibility and electrolyte
is in solid state. The electrochemical performance of FSSSC devices depends on the electrode
material used, electrolyte and supporting substrate. Therefore, the selection of proper electrode
material, electrolyte and supporting substrate is important to achieve a better electrochemical

performance of FSSSC [6].
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In earlier studies, different flexible substrates similar to carbon cloth, stainless steel, nickel
foam, sponge, textiles, etc. are used for the fabrication of high performance flexible electrodes
because of their significant mechanical properties, large surface area and excellent electrical
conductivity [7]. Among all these, flexible carbon cloth is more suitable supporting substrate
because of its excellent conductivity, high flexibility and good strength. Further, many efforts have
been committed to develop the active electrode materials, because the fundamental limit of energy
storage is determined by the active electrode material. In past, the carbon based materials such as
activated carbon (AC) [8], graphene [9], carbon nanotubes [10], etc. are explored as a negative
electrode materials to fabricate the asymmetric SCs device because of their unique features like
good electrical conductivity, high power density, excellent mechanical property and superior
cycling stability [11]. However, the carbon based materials always suffer from certain limitations
such as small operating potential window and low specific capacitance, which decreases the

resultant specific capacitance and energy density of the SCs device.

In the present chapter, discussion is made on performance of symmetric and asymmetric
FSSSC devices using GO/Sm,S3//GO/Sm,S;, GO/La,S3//GOLa,S;, GO/Sm,S3//MnO, and
GO/La,Ss// MnO; electrode materials. This chapter is divided into two sections (A and B). Section
‘A’ deals with the fabrication of symmetric and asymmetric supercapacitor devices, whereas
section ‘B’ is related to the electrochemical performance evaluation of symmetric and asymmetric

FSSSC devices with demonstration.
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SECTION: A

6.1 Supercapacitor Devices Fabrication-
6.1. A Experimental Details:
6.1. A.1 Preparation of Electrodes -
The SILAR method is employed for the preparation of supercapacitor electrodes on
flexible stainless steel (SS) substrates. The preparative parameters of GO/Sm,S; GO/Sm,S3 and

MnO; thin films are used from chapter 111, IV and V, respectively.

6.1. A.2 Preparation of PVA-Na,SO, Gel Electrolyte-

The polyvinyl alcohol- sodium sulphate (PVA-Na,SO4) gel electrolyte was used for
symmetric and asymmetric FSSSC devices in order to correlate with the electrochemical
performance of GO/Sm,S3;, GO/La,S3, GO/Sm,S;, and GO/La,S3; composite thin films. The PVA-
Na,SO, gel electrolyte was prepared in the following manner: 2 g of PVA and 2 g of Na,SO, were
added into 20 ml of DDW. Then the prepared solution was stirred magnetically at room
temperature until the formation of clear, viscous and homogeneous appearance [12]. This
transparent and viscous solution was employed as a gel electrolyte and separator for the fabrication

of FSSSC devices.

6.1. A.3 Fabrication of Flexible Symmetric and Asymmetric Supercapacitor Devices
(@) GO/SM,S3//PVA-Na,SO,//GO/Sm,S; Symmetric Supercapacitor Device-
Fig. 6.1 (a-d) shows the steps in the fabrication process involved in symmetric
GO/Sm,S3/IPVA-Na,SO4//GO/Sm,S;3 flexible solid-state supercapacitor device. The GO/Sm,S3

films are deposited on a flexible stainless steel substrate using SILAR method, in which each
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GO/Sm,S; film electrode has an area 5.5 x 5.5 cm™. These electrodes are used in the fabrication of
symmetric solid-state supercapacitor devices. The edges of GO/Sm,S; electrodes are sealed with
insulating tape to avoid any electrical short circuit as shown in Fig. 6.1 (a). For designing
symmetric supercapacitor devices or making electrode-electrolyte interfaces, an ion conducting
layer is necessary as a separator between the electrodes, hence PVA- Na,SO, electrolyte gel is
prepared as discussed in 6.1.A.2. The thin layer of PVA- Na,SOg4electrolyte gel is pasted on Sm,S;
film electrode and soaked for 2 h (Fig. 6.1 (b, c)). The electrolyte is sandwiched between two
symmetric flexible GO/Sm,S; electrodes and the supercapacitor cell assembly is sealed with the
help of insulating tape as shown in Fig. 6.1 (d). The PVA-Na,SO, gel electrolyte also acts as a

separator between the GO/Sm,S; electrodes for making supercapacitor devices [13].

Fig.6.1: Photographs of flexible film electrodes (a) flexible GO/Sm,S; electrode, (b) PVA-
Na,SO, electrolyte gel is pasted on two GO/Sm,S; film electrodes soaked for 2 h, (c) the

electrolyte gel is sandwiched between two GO/Sm,S; film electrodes, and (d, e) assembly is

Chapter VI Page 139



Device Fabrication of Flexible Symmetric and Asymmetric Supercapacitors:
Performance Evaluation

packed to form flexible symmetric (GO/Sm,S3//PVA-Na,SO4/GO/Sm,S3) supercapacitor

device.
(b) GO/LaySs/IPVA-Na,SO4//GO/La,Ss Symmetric Supercapacitor Device-

The fabricated GO/La,S3 symmetric supercapacitor device uses two identical GO/La,S3
thin films with PVA-Na,SO, gel-electrolyte. Initially, the corners and sides of both GO/La,S3
films were sealed with the insulating tape in order to avoid direct contacts. Further, these two
electrodes were painted with PVA-Na,SO, gel electrolyte in order to form a thin layer of
electrolyte and then dried for 3 h at room temperature to remove the water content from the gel
electrolyte in Fig.6.2 (a). In the next step, both the electrodes with gel electrolyte were sandwiched
on one another in order to form the solid state SCs (Fig.6.2 (b-d)). Furthermore, the fabricated
device was pressed under definite pressure for 10 min to enhance the interfacial contact of gel

electrolyte with GO/La,S; electrodes.

(a) ‘ ~(b) e

(c) (d)

Fig.6.2:  Photographs of GO/La;S3//PVA-Na,SO,//GO/La,S;  flexible  symmetric

supercapacitor device (a) flexible GO/La,S; electrode, (b) PVA-Na,SO, electrolyte gel is
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pasted on two GO/La,S; film electrodes soaked for 2 h, (c) the electrolyte gel is sandwiched
between two La,S; film electrodes and (d) assembly is packed to form flexible symmetric

(GO/La;S3//PVA-Na,SO4/IGO/La,S3) solid-state supercapacitor device.
(c) GO/SM,S3//PVA-Na,SO4//MnO, Asymmetric Supercapacitor Device-

The asymmetric GO/Sm,S3//PVA-Na;SO4//MnO, and GO/La,Ss//PVA-Na,SO4//MnO;
FSSSCs devices were fabricated employing PVA-Na,SO, gel as an electrolyte and separator. The
asymmetric FSSSC electrodes based on GO/Sm;S3//PVA-Na,SO4//MnO, and GO/La,S3//PVA-
Na,S04//MnO; thin films with 5.5x5.5 cm? area are illustrated in Fig. 6.3. The steps involved in
the device fabrication process are illustrated in Fig. 6.3(a-d). The large area stainless steel
asymmetric electrodes deposited on the substrate (Fig.6.3 (a, b)) The schematic of FSSSC
GO/Sm,S3/IPVA-Na,SO4//MnO; device incorporated with gel electrolyte is shown in Fig. 6.3(c,

d).

Fig.6.3: Photographs of (a) GO/Sm,S3 film, (b) MnO, film, (c) PVA- Na,SO, electrolyte gel

is pasted on GO/Sm, and MnO; film electrodes and soaked for 2 h, and (d) assembly is
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packed to form flexible a symmetric (GO/Sm,Ss//PVA-Na,SO4/MnO;) solid-state

supercapacitor device.

(c) GO/LayS3//PVA-Na,SO4//MnO, Asymmetric Supercapacitor Device- Same process has
been adopted to fabricate GO/La,S3//PVA-Na;SO4//MnO, asymmetric device. Fig.6.4 (a-e) shows
the fabrication processin asymmetric GO/LaySs//PVA-Na,SO4//MnO, flexible solid-state
supercapacitor device [14]. The GO/La,S; composite films are deposited on a stainless steel
substrate using SILAR method, in which each GO/La,S; composite film electrode is having area
5.5x5.5 cm®. These electrodes are used in the fabrication of a symmetric solid-state supercapacitor
devices. The edges of the GO/La,S; composite electrodes are sealed with insulating tape to avoid

any electrical short circuit as shown in Fig. 6.4.

Fig. 6.4: (a) GO/La,S; composite thin film prepared on 5.5 x 5.5 cm™ flexible SS substrate,

(b) MnO, electrodes of (5.5 x 5.5) cm? painted with PVA-Na,SO, gel electrolyte, (c) flexible
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asymmetric GO/La,S;3//PVA-Na,SO,//MnO, supercapacitor ready for stacking, (d) stacking
both electrode and (e) GO/La,S3//PVA-Na,SO4//MnO, asymmetric device ready for

supercapacitive study.

SECTION: B
Electrochemical Performance Evaluation

6.2. B Introduction

The present section deals with the electrochemical performance evaluation of symmetric
and asymmetric FSSSC devices. The electrochemical properties of FSSSC devices are studied
using the CV, GCD, Regone plot, cycling stability and EIS techniques. The two electrode system
was used for the evaluation of electrochemical performance of symmetric and asymmetric FSSSC
devices. In a symmetric configuration, GO/Sm,S3, and GO/La,S; composite thin films act as a
cathode as well as an anode. In asymmetric configuration, GO/Sm,S; and GO/La,S3; composite

thin films are used as an anode and MnO> thin film as an cathode.

6.2. B.1 Electrochemical Performance of GO/Sm,S;//PVA-Na,SO.//GO/Sm,S; FSSSC

Supercapacitor Device
(a) CV Study-

The performance of GO/Sm;S3//PVA-Na,SO4//GO/Sm,S3; FSSSC devices is investigated in
different potential windows from 1.2 to 1.8 V at scan rate of 100 mVs™ as shown in Fig. 6.5 (a).
The GO/Sm,S3//PVA-Na,SO4//GO/Sm,S;  FSSSC  device shows ideal pseudocapacitive
performance at potential window up to 1.8 V. Therefore, the electrochemical performance of

GO/Sm,S3/IPVA-Na,SO4//GO/Sm,S3 FSSSC device is measured in potential windows of 0 to 1.8
Chapter VI Page 143




Device Fabrication of Flexible Symmetric and Asymmetric Supercapacitors:
Performance Evaluation

V. The CV curves measurements of GO/Sm,S3//PVA-Na;SO4//GO/Sm,S; FSSSC devices are
carried out in above potential windows of 0 to 1.8 V at various scan rates of 5 to 100 mVs™ as
shown in Fig. 6.5(b). The specific and aerial capacitances of GO/Sm,S3//PVA-
Na,SO4//GO/Sm,S; FSSSC devices evaluated in accordance with CV curves at different scan
rates is plotted in Fig. 6.5(c). The maximum specific capacitance of 12 Fg™ is obtained at scan

rate of 5 mVs™. As expected, the specific capacitance reduces slowly with increasing scan rate

[15].
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Fig.6.5: (a) The CV curves at different voltage windows, (b) the CV curves at different scan
rates, and (c) plot of specific capacitance versus different scan rate for GO/Sm,S3//PVA-

Na,SO.//GO/Sm,S; FSSSC devices.

(b) GCD Study-
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The galvanostatic charge-discharge (GCD) study is used to examine the applicability of
GO/Sm,S3/IPVA-Na,SO4//GO/Sm,S; FSSSC device, since this can easily evaluate the rate
capability of device by judging the rate of change of voltage with time during charging and
discharging at various current densities within a stable potential window of 0 to 1.8 V. The GCD
curves of GO/Sm;S3//PVA-Na,SO4//GO/Sm,S; FSSSC device at different current densities are
shown in Fig. 6.6 (a). The estimated values of specific capacitance at different current densities are
plotted in Fig. 6.6 (b) and shows a maximum capacitance of 1.44 Fg™* at 4 mAcm™. The difference
in specific capacitances evaluated through GCD and CV curves measurement is easily explained
[16]. The estimated specific capacitance through CV curve measurements is at a particular voltage,

whereas GCD measurement furnishes an average capacitance over the voltage range of 0 to 1.8 V.
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Fig.6.6. (a) The GCD curves at different potential windows and (b) the GCD curves at

different charging current densities for GO/Sm,S3//PVA-Na,SO4//GO/Sm,S; FSSSC device.
(c) Regone plot-

A high energy density (ED) and powder density (PD) are expected for high performance

supercapacitor devices. This phenomenon can be seen on the Ragone plot at various charge-
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discharge rates (Fig.6.7), and ED and PD are calculated using eqgs. (2.11) and (2.12),

respectively. The GO/Sm,S3//PVA-Na,SO4//GO/Sm,S3 FSSSC device delivers a high ED of 0.65
Whkg™ and PD of 1800 KWkg™.
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Fig.6.7. Ragone plot of GO/Sm,S3//PVA-Na,SO4//GO/Sm;,S; FSSSC device.

As a practical demonstration of GO/Sm;S3//PVA-Na,SO4//GO/Sm,S; FSSSC  device,
lighting of single LED is performed using one flexible Sm,S, devices connected as shown in Fig.

6.8. Initially, the device is charged by 3.0 V for 30 s and then discharged through single LED.

Fig. 6.8 demonstrates single red LED lighting up for 20 s.
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Fig.6.8 Photograph of device demonstration for glowing red LED for 20 s.
(d) Cyclic Stability Study-

Cycling stability of fabricated GO/Sm,S3//PVA-Na,SO4./GO/Sm,S; FSSSC device
investigated for 1000 CV cycles at scan rate of 100 mVs™ is shown in Fig. 6.9. The specific
capacitance of the device decreased slowly and the capacitive retention after 1000 CV cycles is
82.8 % as illustrated in Fig. 6.9. The excellent electrochemical stability of GO/Sm,S;//PVA-
Na,SO04//GO/GO/Sm,S; FSSSC device as compared to previous studies could overcome the
limitation of dissolution of electrode material in aqueous electrolyte due to employment of solid
state electrolyte and porous microstructure of Sm,S; offer more surface area for charge storage

[17].
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Fig.6.9. Capacity retention of symmetric GO/Sm,S3//PVA-Na,SO4//GO/Sm,S; FSSSC device

(inset shows shape of no. of CV cycles).
(e) EIS Study-

Electrochemical impedance technique (EIS) is a fundamental technique of
electrochemistry, which can explores impedance performance of device at the interface of
electrode and electrolyte. Fig. 6.10 shows Nyquist plot of symmetric GO/Sm,S3//PVA-
Na,S0,//GO/Sm,S; device obtained in the frequency range of 100 mHz to 100 kHz for 10 mV ac
amplitude. Inset the different impedance parameters obtained from equivalent circuit such as
equivalent series resistance (Rs) is 0.54 Q cm™, charge transfer resistance (Rct) is 0.84 Q cm?,
Warburg resistance (W) is 1.01x 10®° Qcm™? and double-layer capacitance (Q) is 0.77 Qcm™? as
shown in Fig 6.10. The Smaller values of Rs and Rct for PVA-Na,SO,4 based FSSSC symmetric
GO/Sm,S3//PVA-Na;SO4//GO/Sm,S3 device is due to the good ionic conductivity of PVA gel
electrolyte and its good compatibility with active electrode material. Hence, the PVA is suitable to

fabricate the high performance FSSSC supercapacitor device.
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Fig.6.10. Nyquist plot for GO/Sm;S3//PVA-Na,SO4//GO/Sm,S; FSSSC device and inset shows

equivalent circuit diagram.

Table 6.1 Obtained Nyquist plot parameters values fitted with equivalent circuit for

GO/Sm,S;3//PVA-Na,SO.//GO/Sm,S; FSSSC device.

GO/Sm;,S3//PVA-Na,SO,//GO/Sm,S;
Rs (Q cm™) 0.54
Rct (Q cm™) 0.84
Q(F) 0.77
W (Q cm™) 1.01x 107
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6.2.B.2 Electrochemical Performance of GO/La;S3//PVA-Na,SO,//GO/La,S; Symmetric
Supercapacitor Device

(a) CV Study-

Fig.6.11 (a) shows the effect of scan rate on CV plots of GO/La,S3//PVA-
Na,S04//GO/La,S; FSSSC device in the potential window of 0 to + 1.8 V. The current density
under CV curves slowly increases with scan rate. This shows that voltammetric current is directly
proportional to scan rate of CV, which is a pseudocapacitive behavior [18]. The variation of
specific capacitance with scan rate is shown in Fig. 6.11 (b) which reveals that GO/La,S3//PVA-

Na,SO4//GO/La,S3 FSSSC device exhibit maximum Cs of 6.34 Fg’1 at scan rate of 5 mVs .
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(b) GCD Study-

The FSSSC device is further studied for GCD profiles as shown in Fig. 6.12. Device is
tested for charging and discharging at 4 mAcm™ current for various voltages between 1.2 to 1.8 V

as seen in Fig 6.12 (A). The highest voltage of 1.8 V is optimized potential window of
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GO/La,S3//PVA-Na;SO4//GO/La,S; FSSSC device. All GCD curves comprise initially internal
resistance (IR) drop and, it increases with increasing voltage of device. For the highest 1.8 V,
longest discharge time obtained which shows capacitive behavior of device. The wide potential
window and longest discharge time will enhance capacitance and energy density of device. In
order to decide rate capability of device at 1.8 V and at 4, 5, 6 and 7 mAcm™ currents density
charging and discharging curves of device are recorded as shown in Fig. 6.12 (B). The specific
capacitances of device calculated from GCD curves at different current densities are 8.56, 5.22,

3.13 and 4.42 Fg', respectively.
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Fig.6.12. (a) The GCD curves of symmetric device at various voltages from 1.2 to 1.8 V, and

(b) the GCD curves of device at 1.8 VV and at 4, 5, 6 and 7 mAcm charging current densities.
(d) Ragone Study-

The change in Cs of symmetric device with current density is shown Fig. 6.13. The Ragone
plot of energy density (ED) and power density (PD) is shown in Fig. 6.13. The values of Cs, E.D,

and PD are 35.1 Fg?, 15.8 Wh Kg™, 3600 KWkg™, correspondingly. This result shows good rate
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capability of device. The specific energy in present work is higher than Patil et al [20] for

symmetric La,S3 device (0.14 Whkg™).
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Fig.6.13. Ragone plot of GO/La,S3//PVA-Na;SO4//GO/LayS; FSSSC device.

Fig.6.15  shows the device demonstration of GO/LaySs//PVA-Na,SO4//GO/LayS;
devices.The device charged for 30 s at 1.8 V, light up the Fig.6.15 (a) shows single red LED

charging for 30 s and input voltage of 1.8 V, (b) after charging LED glows for 15 s and (c) after 15

s LED got glowing intensity down.

(a) Charging one red LED for30s

at1.8Vv

oo FEE=

After charging red LED glows for 15 s After 15 sec LED

Fig.6.15. Demonstration of GO/La,S3//PVA-Na,SO.//GO/La,S; device.
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(e) Cyclic Stability Study-

Electrochemical cycling stability of device is tested for consecutive 1,000 CV cycles at 100
mVs™ scan rate. Maximum 81.2 % capacity retention of symmetric GO/La,S; device retained after
1,000 CV cycles is shown in Fig. 6.15. Inset of Fig.6.15 shows 2", 50", 100", 200", 400", 600",
700", 800™, 900" and 1000™ CV curves which indicate that the material behaves reversibly as an
excellent capacitor material for a large number of cycles. The decrease in current in the CV curves
with surging cycle number shows the change in the surface structure of the electrodes which is the
consequence of degradation of electrode material. These results indicate that the FSSSC device

possesses not only exceptional electrochemical performance but also excellent stability.
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Fig.6.15. Cyclic Stability at 100 mVs ' scan rate (inset shows shape of CV curves).

(F) EIS Study-

EIS technique is used to study the electrochemical behavior of GO/La,S3//PVA-
Na,SO4//GO/La,S; FSSSC device. Fig.6.16 shows Nyquist plot consisting of imaginary

impedance component (Z") against the real impedance component (Z') in the frequency range from
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1 Hz to 1 MHz for GO/La,S3//PVA-Na,SO4//GO/La,S; FSSSC devices. Nyquist plot is divided
into low and high frequency regions. In the high frequency region, it shows indistinct semi-circle
indicating good supercapacitive behavior. Inset shows the equivalent circuit diagram, series
inductance (Ls) is 2.14 H, resistance (R1, R2 and R3) is 1.15 Q cm 2, capacitance (Q1, Q2 and Q3)
are 0.48, 0.003 and 0.001 F and Warburg resistance (W) is -18 Q cm 2, respectively are determined

from Nyquist plot.
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Fig.6.16. (a) Nyquist plot of GO/La;Ss//PVA-Na,SO4//GO/La,S; FSSSC devices and inset shows

equivalent circuit diagram.

Table 6.2 Obtained Nyquist plot parameters values fitted with equivalent circuit for

GO/L&QS3//PVA-NGQSO4//G O/L8.283.

GO/|_8.283//PVA-N8.2804//GO/|_8.283
Ls (H) 2.14
Q1(F) 0.48

R1,R2,R3(Q cm™) 1.15
Q2 (F) 0.001

W(Q cm™) -18
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6.2. B.3 Performance Evaluation of Flexible Asymmetric GO/Sm,S3//PVA-Na,SO4/MnO,

Supercapacitor Device

The asymmetric device was fabricated using GO/Sm,S; as a negative and MnO, as a
positive and PVA-Na,SO, gel electrolyte. The mass ratio of the positive electrode and negative

electrode are adjusted by the equation as,

Mt CsT XAE”
== 28F 6.a
M CsTx AE~ (6.2)

Here, charge stored by the each electrode depends on potential window (AE), mass of the active
material (M), and CS of the respective electrode. Using this equation, the optimal mass ratio of the
two electrodes M*/M" was calculated as 1.49. Thus, out of total mass of loading of 0.257 mg, a
mass of 0.197 mg is of GO/Sm,S; and that of 0.06 mg of MnO,. This demonstrates that the two

electrodes provide almost same total charge; thereby the charge balance is realized.
(a) Cyclic Voltammetry (CV) Study-

The flexible asymmetric device of configuration GO/Sm,S3/PVA-Na;SO4//MnO, was
fabricated (5 x 5 cm™ area) using GO/Sm,S; as an anode and MnO; thin film electrodes as an
cathode, respectively. The electrochemical performance of individual electrodes is tested in 1 M
Na,SO, electrolyte. The PVA-Na,SO, gel is used as an electrolyte as well as separator to boost
operating potential range, ED and cycling stability of device. After fabricating the GO/Sm,S3//
PVA-Na,SO4//MnQO; flexible asymmetric device the first step is to select the operating potential

range by keeping reversibility of both the electrodes. The exact potential window of device is
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confirmed by taking CV at different potential ranging from +1.2 to +1.8 V, as shown in Fig.6.18

().

The CV graphs sustain their curves up to +1.8 V and further rise in the potential disrupts
cathodic shape of the CV curve, therefore, GO/Sm,Ss// MnO, device is operated within potential
windows of 0 to +1.8 V at different scan rates of 5 to 100 mVs™ in (Fig.6.18 (b)). These CV
curves do not distort with changing scan rate, indicating the promising charge/discharge
performance for the device. The Cs between 16.5 and 0.75 Fg™' are observed for scan rates
between 5 to 100 mVs™ for device (Fig.6.18(c)). When increasing scan rate, the capacitance

decreases due to the effective interaction in between ions in the electrolyte and surface of electrode

material.
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Fig.6.18: (a) The CV curves at different potential windows, (b) the CV curves at different

scan rates (5 to 100 mVs?'), and (c) specific capacitance versus scan rate plot for

GO/Sm,S;5//PVA-Na,SO.//MnO, device.
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(c) Galvanostatic Charge/Discharge (GCD) Study-

The GCD curves of device at potentials of 1.2 and 1.8 V, and at 4 mAcm™ current density
are shown in Fig.6.19(a). Each curve showing initial IR drop and then resulting non-linear
discharge curve, which shows supercapacitive behavior of device. The GCD curves of device at
current densities of 4, 5, 6 and 7 mAcm™ at 1.8 V potential window are depicted in Fig.6.19 (b).
The Cs of 8.7, 5.4, 4.0 and 3.1 Fg™ are observed at 4, 5, 6 and 7 mAcm™, respectively for the
device. The increasing charging current density reduces the value of the capacitance. The capacity
reduction with the increasing current density can be attributed to the ineffective utilization of

electrolyte ions at the higher current density [22].
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Fig.6.19: (a) The GCD curves at different potential windows at 4 mAcm™ current density and
(b) The GCD curves at different current densities of 4, 5, 6 and 7 mAcm™ at 1.8 V potential

window of GO/Sm,S3//PV A-Na,SO4//MnO, asymmetric SCs device.

(d) Ragone Plot-

Ragone plot (power density vs. energy density) of GO/Sm,Ss//PVA-Na;SO4//MnO,

device is shown in Fig.6.20. The energy and power densities were derived from charge/discharge
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curves at various current densities and are calculated from the eq.s 2.4 and 2.5 [23]. The energy
density decreases with the increase of power density. The Ragone plot of asymmetric device at four
current densities values, which shows that asymmetric device, has obtained highest energy density
(ED) of 3.95 Whkg™ of at 900 Wkg' power density (PD). Fan et al [24] fabricated
GO/MnO,/ACN asymmetric supercapacitor device and tested in the voltage range of 0 to 1.8 V and
exhibited maximum ED of 51.1 Whkg™ and PD 102.2 Wkg™. Gao et al [25] fabricated GH//MnO,-

NF asymmetric supercapacitor device and obtained ED is 14.9 Whkg™.
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Fig.6.20: The Ragone Plot for GO/Sm,S3//PVA-Na,SO4//MnO, asymmetric device

(e) Electrochemical Cyclic Stability Study-

Long term cycling stability of device is required for the commercialization. Cycling test of
GO/Sm,S3/IPVA-Na,SO4//MnO, asymmetric FSSSC device was performed over 2000 CV cycles
at a constant scan rate of 100 mVs ' in the potential window of 0 to 1.8 V (Fig.6.21). The device
preserves 90 % of capacitive retention after 2000 CV cycles, indicating that cycling stability of

the device is superior. Inset of Fig.6.19 shows the number of CV cycles such as 2", 100", 400",
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600", 700", 900", 1000™, 1200", 1500, 1700™ and 2000™, respectively. Cao et al [26]
fabricated MnO,//PVA-NA,SO4//Graphene asymmetric electrode and reported cyclic stability 96

% for 500 cycles. Zhai et al [27] reported cyclic stability of 1.35 % for 10,000 cycles at 300 mVs”

! scan rate.
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Fig.6.21: The capacity retention and inset shows CV curves for GO/Sm,S;//PVA-

NazSO4//MnO, asymmetric device for 2000 cycles.
(e) EIS Study-

The EIS study of GO/Sm,S3//PVA-Na,SO4//MnO,asymmetric FSSSC device is performed
by applying an amplitude of 10 mV in the frequency range of 10 mHz to 100 kHz. The Nyquist
plot for device is shown in Fig. 6.22. The plot consists of a small semicircle arc in the higher
frequency region and semi-circle with straight line in the lower frequency region [28]. The
semicircle arc specifies the double layer capacitance at the interface of electrode and electrolyte.
The equivalent series resistance (Rs) of 3.8 Q cm Z and resistance (R1, and R2) is 2.71and 4.49 Q

cm 2 and the capacitance (Q1, Q2 and Q3) is 0.81, 0.60 and 0.67 F, respectively are evaluated
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from the Nyquist plot analysis in Table 6.3. The smaller values of Rs and Rct for device suggest
the easier electrochemical reactions at the interface between active material and electrolyte and

better compatibility with PVA-Na,SO, gel electrolyte.
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Fig.6.22: Nyquist plot for GO/Sm,S3//PVA-Na;SO4//MnO; asymmetric FSSSC device

Table 6.3. Nyquist plot parameters fitted with equivalent circuit for GO/Sm,S3//PVA-

NaZSO4//MnOz.
GO/Sm283//PVA-NaZSO4//MnOz
Rs(Q cm™) 3.8
Q1(F) 0.81
R1(Q cm™) 2.71
Q2 (F) 0.60
R2 (Q cm™) 4.49
Q3 (F) 0.67

(F) GO/SM,S3//IPVA-Na;SO4//MnO, Asymmetric Device Demonstration-

To demonstrate practical applicability one device was connected and charged for 30 s by

applying potential of 1.8 V and discharged through the red light emitting diode (LEDs). More
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outstandingly, GO/Sm,S3//PVA-Na,SO,//MnO, asymmetric device can light up 211 red LEDs for
40 s. The schematic representation of GO/Sm,S3//PVA-Na,SO4//MnO, device with PVA-Na,SO,
gel electrolyte is shown in Fig.6.23 (A). The Fig.6.23 (B-D) demonstrates the digital photographs
of real time demonstration by glowing red LED for 40 s. This demonstration suggests the potential
capability of GO/Sm,S3//PVA-Na,SO4//MnO, asymmetric device in energy storage for various

electronic electrical devices.

\ Positive electrode Negative electrode

a
ol
},

N

- After Glowing 211 LEDs for40s
Fig.6.23 (A) The schematic representation of GO/Sm,S3//PVA-Na,SO4//MnO, asymmetric

device with PVA-Na,SO, gel electrolyte, (B) digital photograph of demonstration of device,
(C) the device is connected to the 211 red LEDs and charged for 30 s and (d) the combination

of 211 red LEDs are glowing for 40 s.
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6.2. B.4 Performance Evalution of Flexible Asymmetric GO/La,Ss// PVA-Na,SO4/MnO,
asymmetric device
(a) Cyclic Voltammetry (CV) Study-

The charge storage by GO/La,S3; and MnO; thin films is within a potential window of -1
and + 1 V vs.SCE therefore, the GO/La,Ss// PVA-Na,SO4//MnO, asymmetric device could
achieve a maximum working voltage of + 1.8 V in two electrode system. Fig.6.24 (a) demonstrates
the CV curves of GO/La,Ss// PVA-Na,SO4//MnO, asymmetric device with varying potential
windows from 1.2, 1.4, 1.6 and 1.8 V. When increasing the applied voltage from 1.2 to 1.8 V, the
CV curves maintained their shape as the applied voltage resulted in a reversible reaction.
Therefore, to study the further electrochemical properties, we have selected a potential window of
0 to 1.8 V. Fig.6.24 (b) shows the CV curves of GO/La,Ss// PVA-Na,SO4//MnO, asymmetric
device at different scan rates from 5-100 mVs™. The CV curves are non-rectangular in shape
suggesting pseudo-capacitive behavior of device. The CV curves maintained their shape and
reversibility even at high scan rates (100 mVs™). Fig.6.24 (c) shows the variation of specific
capacitance with scan rate. The maximum Cs obtained by GO/La,S3// PVA-Na,SO,4//MnO, device

is 45.2 Fg™ at 5 mVs™ scan rate.
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Fig. 6.24 (a) The CV curves of the GO/La,S3//PVA-Na,SO4//MnO;, asymmetric device at
different potential windows, (b) the CV curves of GO/La,S3//PVA-Na,SO4/MnO;
asymmetric device at different scan rates 5 to 100 mVs™?, and (c) variation of specific

capacitance vs. scan rate.
(b) Galvanostatic Charge/Discharge (GCD) Study-

To decide the operating potential window of GO/La,S3//PVA-Na,SO4/MnO, asymmetric
device, the GCD curves of the device tested at different potential ranging from 1.2 V to 1.8 V at
current density of 4 mA cm™ are shown in Fig. 6.24 (a). The GCD study is used to examine the
applicability of fabricated GO/La,S3//MnO, asymmetric device, since this technique can easily
evaluate the rate capability of device by judging the rate of change of voltage with time during

charging and discharging at various current densities within a potential window of 0.0 to 1.8 V.
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The GCD curves of GO/La,S3//PVA-Na,SO4//MnO, asymmetric device at different current
densities are shown in Fig. 6.24 (b). There is a non-linear shape of curves during both charging

and discharging processes. The estimated values of specific capacitance (Cs) are 16.6, 7.16, 5.35

and 4.63 Fg™ different current densities of 4, 5, 6, and 7 mAcm™.
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Fig.6.24: (a) The GCD curves at potentials ranging from 1.2 to 1.8 V and (b) the GCD curves

at 1.8 potential window for 0.5, 0.6, 0.7 and 0.8 mA cm™ charging current densities.

(c) Ragone Plot-

Using the discharge curve, the energy densities and power densities are calculated and
plotted as shown in - The Ragone plot demonstrates the energy density of 7.5 Wh Kg™
with power density of 360 Wkg™ at 4 mAcm™ current density. More significantly, the energy
density of GO/La,S3//PVA-Na,SO,//MnO, asymmetric device is higher than the previous reported

Patil et al [20] including La,Ss//La,S3 symmetric device (ED=0.14 Whkg™ and PD=22.7 Wkg™).
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Fig.6.25: Ragone Plot for GO/La,S3//PVA-Na,SO4//MnO, asymmetric device.
(d) Electrochemical Cyclic Stability Study-

The electrochemical cycling stability is a key factor that determines the practical
applicability of the device. The cycling stability of GO/La,S3//PVA-Na,SO4//MnO, asymmetric
device was tested for 2000 CV cycles at 100 mVs™ scan rate. Fig.6.26 shows variation capacity
retention with cycle number. The inset of figure reveals the all CV curves overlap over one another
indicating good cycling stability. The cycling test of the device shows about 86.8% capacitive
retention over 2000 cycles, which is better than previously reported work (73 % for 1000

cycles)[20].
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Fig.6.26: Specific capacitance retention (inset shows CV curves for cycles).

(e) EIS Study-

To get the more insight about the rate kinetics the electrochemical impedance analysis is
carried out and the corresponding results are presented in the form of Nyquist plot (Fig.6.27.)
Nyquist plot shows the equivalent series resistance Rs of (1.01 Qcm™) and charge transfer
resistance Rct of (1.47 Qcm™). The less value of Rs indicates the facial electrochemical
interactions between the active electrode material and electrolyte ions. The inset of Fig.6.27 shows
highly magnified Nyquist plot which shows semicircle is observed in Nyquist plot. The initial
barrier in the electrochemical reactions is the charge transfer resistance (Rct) which is represented
by the semicircle in the Nyquist plot. Also, shows best fitted equivalent circuit data. The (W)
indicates that the Warburg resistance obtained from matched equivalent circuit is 1.36 Qcm™. The

(Q) indicates the double layer capacitance obtained from circuit is 0.73 F in the Table 6.4.
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Fig.6.27: The Nyquist plot for GO/La;S3//PVA-Na,SO4//MnO, device and inset shows

magnified image of Nyquist plot and equivalent circuit.

Table 6.4. Nyquist plot parameters fitted with equivalent circuit for GO/La,S3//PVA-
NaZSO4//Mn02.

GO/La,S3//PVA-Na,SO,/MnO,
Rs (Q cm™) 1.01
Rct (Q cm™) 1.47
Q(F) 0.73
W (Q cm™) 1.36

To demonstration of the GO/La,S.//PVA-Na,SO.4//MnO, asymmetric supercapacitor device
we connected two devices in parallel. The devices were charged for 30 s by applying a voltage of
2.3 V as shown in Fig.6.28 (A) and discharged through a panel of 50 red light emitting diodes

(LEDs). Impressively, this parallel combination of GO/La.S.//PVA-Na,SO,//MnQO, asymmetric
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devices can easily light up an LED panel for 25 s in Fig.6.28 (B, C). It clearly demonstrates the
great potential of GO/La.S//IPVA-Na,SO4//MnO, asymmetric supercapacitor device as a most

promising energy storage technology in the area of portable electronic devices.

Fig.6.28: (A) Digital photographs of real demonstration of GO/La,S3//PVA-Na;SO4//MnO;

asymmetric devices are connected with the 50 red LEDs and charging for 30 s and (B, C) The

50 LEDs are glowing for 25s.
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6.2 Conclusions-

In this chapter, we fabricated symmetric and asymmetric devices configuration of
GO/SM,S3/IGOISM,S;,  GO/La Ss//GO/LaSs, GO/SmMySs//MnO, and  GO/LaySs//MnO,.  In
asymmetric devices we used MnO; as a positive (cathode) and GO/Sm,Ss;, and GO/La,S; as
negative (anode) electrodes with PVA-Na,SO, gel electrolyte. The devices exhibit the excellent
electrochemical performance with maximum specific capacitance with energy density and power
density of (GO/Sm,Ss//GO/Sm,S; is 68.5 Fg', 3.71 Whkg! and 1028 KWkg?)
(GO/La,S3//GO/La,Ss is 60 Fg, 15.8 Whkg™ and 3600 KWkg™), (GO/Sm,S3//MnO; is 16.5 Fg™,
3.95 Whkg™ and 900 Wkg™) and (GO/La,S3//MnO; is 16.5 Fg™?, 7.5 Whkg™ and 360 Wkg™),
respectively as shown in Table 6.1 and 6.2. Moreover, both symmetric and asymmetric devices
exhibit good cycling stability with a wide potential window. Thus, the proposed simple and
affordable approach of fabricating flexible devices. However, by considering overall performance
the GO/Sm,S3//PVA-Na,SO4.//MnO;) asymmetric devices showed excellent performance and

opened up new opportunities for energy storage devices.
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Table.6.1: Supercapacitive Evaluation of Flexible symmetric (GO/Sm,S3//PVA-

Na;SO4//GO/Sm,S3 and GO/La,S3//PVA-Na,SO,//GO/La,S3) FSSSC supercapacitor devices.

GO/Sm,S;/l PVA- Values GO/La,S3/IPVA- Values
Na,SO,//GO/Sm,S; Symmetric Na,SO,//GO/La,S3
Device Symmetric Device
Cs (Fg™h) 12.5 Cs (Fg™) 6.34
ED (Whkg™) 0.65 ED (Whkg™) 15.8
PD (KWkg™) 1800 PD (Wkg™) 3600
Cyclic stability (%) 82.8 Cyclic stability (%) 81.2
over 1000 cycles over 1000 cycles
Rs (Q cm?) 0.54 R (Qcm™) 1.15
Ret (Qcm?) 0.84 W (Qcm™?) -18

Table.6.2: Supercapacitive Evaluation of Flexible Asymmetric (GO/Sm.S//PVA-

Na.SO.//MnO, and GO/La,S.//PVA-Na.SO.//IMnQ,) solid-state supercapacitor devices

GO/Sm.S.//IPVA- Values GO/La,S/IPVA- Values
Na,SO.//MnO,Asymmetric Na.SO.//MnO,
Device Asymmetric
Device
Cs (Fg™h) 16.5 Cs (Fg™h) 45.2
ED (Whkg™) 0.98 ED (Whkg™) 75
PD (Wkg™) 225 PD (Wkg™) 360
Cyclic stability (%) 90 Cyclic stability 86.8
over 2000 cycles (%) over 2000
cycles
Rs (Qcm™®) 3.8 Rs (Qcm™®) 1.01
Ret (Qcm™) - Ret (Qecm™) 1.47
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Summary and Conclusions

The electric charge storage system includes battery, capacitor and supercapacitors. Unlike
batteries, supercapacitor charge and discharge very quickly without degrading material.
Supercapacitors are designed to bridge the gap between conventional capacitor and battery. The
recent trends have attracted to fabrication of the solid-state supercapacitor devices in small scale
applications. Supercapacitor was fabricated in such a way that to store and release energy within
second. The performance of supercapacitor depends upon the operating voltage, electrolyte
stability and nature of electrode surface. Depending upon type of charge storage mechanism, the
supercapacitors are classified into three types. The carboneous electrode material shows pure
electric double layered capacitor (EDLCs) behavior, where non-faradic reaction occurs. The
metal oxides, polymers and metal chalcogenides are applied in pseudocapacitor; in which faradic
reaction occurs. The rare earth chalcogenides have better reduction potential which can be useful
in supercapacitive application to increase the potential window and hence enhanced energy and

power densities.

In the present work, synthesis of graphene oxide/samarium sulfide (GO/Sm,S3) and
graphene oxide/ lanthanum sulfide (GO/La,S3) composite thin films using simple, cost effective,
successive ionic layer adsorption and reaction (SILAR) method was carried out. The thin films
were characterized for structural, surface morphological and surface wettability properties. The
supercapacitive properties of (GO/Sm,S3) and (GO/La,S3) composite thin film electrodes were
studied by cyclic voltammetry (CV), galvanostatic charge/discharge and electrochemical
impedance spectroscopy (EIS) techniques. After testing of supercapacitive performance of
(GO/SmM,S3) and (GO/La,S3) composite thin film electrodes, best performance of composite film

electrode were further utilized for flexible symmetric supercapacitor device fabrication and
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subsequently evaluated for supercapacitive performance over all. The work is distributed into six

chapters.

Chapter-1 begins with introduction of energy storage devices, including batteries, capacitor,
supercapacitors and need of supercapacitor. In the chapter-I, a brief account of literature survey
on rare earth metal chalcogenides (S, Se and Te) thin film based supercapacitors and their
performance is given. Also, the literature survey on samarium/lanthanum chalcogenide (S, Se
and Te) thin films and graphene oxide composite rare earth metals thin films with supercapacitor
application is included. The orientation of work and purpose of dissertation are discussed at the

end of chapter.

Introduction to thin films, classification of thin film deposition techniques, theoretical
background of hydrothermal method and successive ionic layer adsorption and reaction (SILAR)
methods, their preparative parameters and advantages are explained in the first part of the
Chapter-11 The thin films are characterized for structural, morphological and surface wettability
properties using different characterization techniques are explained in the second part of
Chapter-11. The X-ray diffraction (XRD) and Fourier transform Raman spectroscopy (FT-
Raman) techniques are discussed for structural studies. The emission scanning electron
microscopy (FE-SEM). The contact angle (CA), Brunauer-Emmett-Teller (BET) and X-ray
photoelectron spectroscopy (XPS) measurement. The third part of Chapter-11 is focused on
supercapacitor. It consists of supercapacitor types, electric double layer capacitors (EDLCs),
pseudocapacitor and hybrid capacitors with their working mechanism. The supercapacitive
parameters like cyclic voltammetry, galvanostatic charge/discharge and impedance analysis are

explained in detail.
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The Chapter-111 describes the synthesis and characterization of Sm,Ss thin films by
hydrothermal method and GO/Sm,S; composite thin film by SILAR method with their
supercapacitor evaluation in aqueous electrolyte. The Chapter-I11 is divided into four sections
as Al, A2, B1 and B2. Section ‘A.1’ deals with the synthesis of Sm,S; thin films by simple and
cost effective hydrothermal method. The Sm,S; film was carried out at 393 K. After 60 min,
Sm,S; thin film was formed on stainless steel substrate. The formation of Sm,S; thin film was
revealed from XRD and FT-Raman studies. The FE-SEM study showed the porous spherical
micro grains like surface morphology and typical diameter around 1.24 um. The estimated direct
band gap was 2.90 eV for Sm,Ss thin film. The surface wettability studies carried out using drop
of distilled water on Sm,S3 film showed that surfaces is hydrophilic. The calculated surface area

by BET is 1.38 m°g™.

Section °‘A.2° deals with the evaluation of supercapacitive features of different
nanostructured Sm,S; thin films in order to study the electrochemical performances. The three-
electrode system consisting of platinum as a counter electrode, Sm,S; thin film as a working
electrode, saturated calomel electrode (SCE) as a reference electrode and 1 M Na,SO, as an
electrolyte was used to evaluate the electrochemical features. The Sm,S; thin film illustrates the
specific capacitance of 153 Fg™* at a scan rate of 5 mVs * In addition to this, Sm,Ss thin film
retained 81.6 % of its initial capacitance after 1000 CV cycles. The EIS study disclosed small Rs

(7.8 Q@ cm ) and Rt (33.4 Q cm ) for Sm,Ss thin film.

Section ‘B.1° contains synthesis and characterizations of Sm,S; and GO/Sm,S;
composite thin films using SILAR method. The graphene oxide (GO) prepared by modified
hummers method and the thin film of GO was prepared by layer by layer (LBL) method. The

experimental details for the synthesis of Sm,S; and GO/Sm,S3; composite thin films by SILAR
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method are described. The formation of nanocrystalline GO, Sm,S; and GO/Sm,S3; composite
thin films was confirmed from XRD and FT-Raman analyses. The FE-SEM study revealed the
highly porous nano-strips like surface of GO/Sm,S; composite thin films. The length of nano-
strips was 7.75 pm. The surface wettability studies showed that GO/Sm,S3; composite thin films
are superhydrophilic in nature. The BET surface area of GO/Sm,S; composite thin film was

calculated to be 31.43 m2g™.

The Sm,S; and GO/Sm,S; composite thin films synthesized by SILAR method are
utilized as supercapacitor electrode and discussed Section ‘B.1°. Section ‘B.2” The
supercapacitive performance of Sm,S; and GO/Sm,S; composite thin films electrode was tested
in aqueous (1 M Na,SQ,) electrolytes. In this study the performance of GO/Sm,S; composite
thin films electrode was studied using cyclic voltammetry (CV), galvanostatic charge/discharge
(GCD) and electrochemical impedance analysis (EIS) techniques. From the cyclic voltammetry
study, the performance was studied in terms of interfacial and specific capacitances, by varying
the scan rate. The galvanostatic charge/discharge study revealed that GO/Sm,S3; composite thin
films electrode has good discharge capability. GO/Sm,S3; composite thin film electrode exhibited
maximum values of specific capacitance of 360 Fg* at 5 mVs® scan rate. The GO/
Sm,Szcomposite thin film electrode exhibited excellent supercapacitive performance. The 88.14
% cyclic stability of GO/ Sm,S3; composite thin film electrode was retained after 2000 cycles at
scan rate of 100 mVs™. The electrochemical impedance analysis of GO/Sm,S; composite thin
film electrodes was carried out in the frequency range from 1 MHz to 0.1 Hz with zero applied

biased voltage. The impedance data were further analyzed by plotting the Nyquest plot.

Chapter-1V deals with the chemical synthesis, characterization, and supercapacitive

properties of La,S; and GO/La,S; composite thin films. The chapter is divided into four
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sections namely as, A.1, A2, B.1, and B.2. Section ‘A.1°, describes the synthesis and
characterizations of La,S3 films using the hydrothermal method. The X-ray diffraction analysis
showed the formation of an orthorhombic crystal structure. The film has a direct band gap of
3.72 eV useful for optoelectronic devices. Field emission scanning electron microscopy (FE-
SEM) images of B-LaS, films revealed 3D growth of nano-petals-like porous surface
morphology. The synthesized films showed hydrophilic nature with a contact angle of 46.9°.
Section °‘A.2> deals with supercapacitive electrochemical properties in 1M of
Na,SO, electrolyte with a capacitance value of 121.42 Fg * at a 5 mVs * scan rate. The cyclic
voltammetry and galvanostatic charge/discharge analyses showed that B-LaS; is a potential
candidate for anode material with a potential window of —1.15to 0 V/SCE. The capacitive
retention is obtained after 1000 CV cycles of 84.2 %.

In Section ‘B.1°, the La,S; and GO/La,S3; composite films have been synthesized using
the SILAR method in an aqueous medium at room temperature to improve the crystallinity
film. The XRD and FT-Raman techniques were evident for the structural confirmation of
GO/La,S; composite material. The FE-SEM micrographs of GO/La,S; composite revealed the
formation of a porous well covered grass-like structure with a contact angle of 37.2° indicating
the hydrophilic nature. The BET specific surface area calculated for GO/La,S3; composite thin
film as 32.36 m?g". The XPS analyses confirmed the formation of GO/La,S; composite thin

film.

Section ‘B.2° focuses on the pseudocapacitive behavior of La,S; and GO/La,S3
composite electrodes in 1 M Na,SOy, electrolyte. The composite electrode showed higher specific
capacitance due to the higher redox activity of composite electrode. The highest specific

capacitance obtained for La,S; and composite electrodes are 181.2 and 312 Fg ™%, respectively at
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a5 mV s * scan rate. Also, GO/La,S; composite thin film showed excellent cycling stability with
88.6 % capacity retention after 1000 CV cycles. The EIS measurement showed that composite
electrode provides low impedance compared with other two electrodes. The series resistance (Rs:
0.45 QO cm™) and charge transfer resistance (Rct: 3.64 Q cm?) are estimated for composite

electrode.

Synthesis of MnO, films and their characterization and detailed supercapacitive
performance are discussed in Chapter V. It describe MnO; films deposition on cost effective
stainless steel substrate at room temperature by SILAR method. The porous well adherent nano
granule like structure with width of 8.2 nm was identified from FE-SEM analyses. The XRD
study revealed that MnO, film is orthorhombic crystal structure. The electrochemical
performance of MnO; thin film was carried out in 1 M Na,SO, electrolyte. Nano granular grain
composed MnO, film showed highest capacitance value of 672 Fg™* at 5 mVs™ CV scan rate.
Consecutive 1,000 CV cycling performance of MnO; film manifested 90 % capacitive retention
and MnO electrode shows lower series resistance (Rs) 1.5 Qcm™ and charge transfer resistance

(Ret) 3.6 Qem™.

Chapter VI included the fabrication and supercapacitive performance evaluation
of symmetric (GO/Sm,S3//PVA-Na,SO4//GO/Sm,S3), (GO/La,Ss//PVA-Na,SO4//GO/La,S;) and
asymmetric (GO/Sm,S3//PVA-Na,SO4//MnO;) and (GO/La,S3//PVA-Na,SO4//Mn0O;) FSSSC
devices. To achieve best performance, MnO, flexible electrode was used as cathode and
GO/Sm,S3 and GO/La,S; composite flexible electrodes were used as an anode by employing
PVA-Na,SO, gel as an electrolyte and separator. This chapter is divided into two sections viz.
section ‘A’ and ‘B’. Section A gives the detailed information about electrode fabrication, PVA-

Na,SO, gel electrolyte preparation and supercapacitor device fabrication process. The films were
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deposited directly on large area (5x5cm?) flexible and conducting stainless steel substrates.
Section B highlighting the supercapacitive performance evaluation of asymmetric FSS-SCs
devices. The (GO/Sm;S3//PVA-Na,SO4//GO/SM,S;3), (GO/LaySs//PVA-Na,SO4//GO/La,S3),
(GO/SM,S3//PVA-Na,;S04//Mn0O,) and (GO/LaySs//PVA-Na,SO4//Mn0O,) FSS-SCs  devices
exhibit specific capacitance of 12, 6.34, 16.5 and 45.2 Fg' at a scan rate of 5 mVs ',
respectively. In addition to this, both supercapacitors show good mechanical flexibility as they
illustrate good capacity retentions at different bending angles. The capacitive retentions of
symmetric device after 1,000 CV cycles were GO/Sm,S3= 82.8 %, GO/La,S3;= 81.2 % and for
asymmetric device GO/Sm,S;= 90 %, and GO/LaS;= 86.8 %. Two asymmetric
(GO/Sm,S3//PVA-Na,;SO4//Mn0O,) device was charged and glow the commercial 211 red LEDs

glowing for 40 s. The measured output power of 0.73 mWcm™.

Table 7.1 Electrochemical parameters of asymmetric FSSSC devices

Sr.no. Device Potential Cs ED PD Rs Stability
window | (Fg™) | (Wh (W «Q (%)
V) Kg™h | Kg?) | em™)
1. (GO/Sm,S3/IPVA- 1.8 12.5 0.65 1800 0.54 1000=82.8 %
NaZSO4//GO/Sm283)
2. (GO/La,S3/IPVA- 1.8 6.34 15.8 3600 1.15 1000=81.2%
NaZSO4//GO/La283)
3. (GO/Sm,S3/IPVA- 1.8 16.5 3.95 900 1.10 2000 =90 %
NaZSO4//Mn02)
4. (GO/La,S3/IPVA- 1.8 45.2 7.5 360 1.01 2000 = 86.8%
NaZSO4//Mn02)

The Chapter-VII provides the summary and conclusions of all the chapters. The
evaluation of electrochemical performance of all the electrode materials is the basic entity to
fabricate the supercapacitor device as shown in Fig.7.1 (a-c). Table 7.1 shows the parameters of

symmetric and asymmetric  supercapacitive  devices such as (GO/Sm,S;//PVA-
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Na2804//GO/Sm283), (GO/ L&zSg//PVA-N&zSO4//GO/L8.283), (G O/Sm283//PVA-NaZSO4//M nOz)

and (GO/La283//PVA-NaZSO4//M nOZ).

In conclusions, we have synthesized Sm,Ss, La,S3, GO/Sm,S3, GO/La,S3 and MnO; thin
film electrodes by hydrothermal and SILAR methods. The supercapacitive properties were
successfully tested in aqueous electrolyte using CV, GCD and EIS techniques. Among these thin
films and devices, the supercapacitive performance of (GO/Sm,Ss//PVA-Na;SO4/MnO,)
asymmetric device showed excellent performance. The (GO/Sm;Ss//PVA-Na,SO4/Mn0O,)
asymmetric supercapacitor device exhibit maximum specific capacitance of 16.5 Fg™” at a scan
rate of 5 mVs™ with cyclic stability of 90 % over 2,000 CV cycles. The ED is 3.95 Whkg™ and
PD is 900 Wkg™ The cost effective (GO/Sm.,Ss//PVA-Na,SO4//MNO,) asymmetric
supercapacitor device can be useful for various commercial applications in portable and foldable

devices.

In addition, the practical demonstration of fabricated asymmetric FSSSC device is
displayed in Fig.7.1 (a-c). One device has +1.8 V operating potential window, so the series
combination of the two devices gives a total potential up to + 3.6 V as shown in Fig.7.1 (a).
These devices are charged with a potential of +3.6 V for 30 s and discharged through a panel of
211 red LEDs for 40 seconds Fig.7.1 (b, c). The output power of the device is 0.731 mWcm™
which signifies good charge storing capacity. The larger discharge period compared to the
charging period of FSSSC device confirms its suitability for use in practical energy storage

devices.
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Fig.7.1: Digital photograph of demonstration of (a) two asymmetric (GO/Sm,S3//PVA-
Na,SO4//Mn0O,) FSSSC devices charged for +3.6 V, (b) after charging glowing 211 LEDs

panel and (c) during discharging of FSSSC device, 211 LEDs panel glows for 40 s.

The I-V characteristic of 211 of red LEDs panel by applying external source is shown in
Fig.7.2 (a). At 1.8 V with current 3.9 mA, LEDs panel starts to glow. Fig.7.2 (b-d) shows the
plot of current, voltage and power with discharge time of device using 211 LEDs panel. It is seen
that the discharge current decreases from 192 to 33 mA (b) voltage decreases from 3.6 to 1.8 V

(c) and power also decreases from 0.73 to 0.57 mWcm™ (d). This demonstration suggests the
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potential capability of GO/Sm,S3//PVA-Na,SO4//MnO, asymmetric device in energy storage for

various electronic electrical devices.
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Fig.7.2: (a) The I-V characteristic of 211 red LEDs panel, and (b-d) the 1-V characteristics

of 211 red LEDs panel operating of FSSSC device during discharging time.
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