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Chapter 1

Introduction

Life exists in the universe only because the carbon atom possesses certain exceptional
properties.

-James Jeans

1.1 Two-dimensional carbon

Graphene is a two-dimensional allotrope of carbon, having monoatomic thick hexagonal
(honeycomb like) lattice structure with a carbon-carbon distance of 1.42 A. In other
words, it is a single layer of graphite having sp? hybridized carbon atoms (Figure 1.1(a))
[1]. In 2010, Andre K. Geim and Konstantin S. Novoselov were awarded Nobel prize
for their "groundbreaking experiments regarding the two-dimensional material graphene”
[1, 2]. They successfully synthesized graphene film for the first time using a mechanical
exfoliation method with scotch tape and the silicon substrate. Graphene is the first two-
dimensional atomic crystal and it is the representative of other two-dimensional materials

such as transition metal oxides, sulphides and boron nitride [3, 4].

Graphene shows sp? hybridization with o and 7 bonds perpendicular to each other (Fig-
ure 1.1(b)). The strong in-plane o bonds work as the rigid backbone of the hexagonal
structure and the out-of-plane ™ bonds control interaction between different graphene

layers [5]. The primitive lattice of honeycomb lattice structure of graphene can be viewed
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as a triangular Bravais lattice with a two-atom basis (A and B) as shown in figure 1.1(a).
The three vectors 1, 0o and d3 connect a site on the A sublattice with nearest neighbours
on the B sublattice and the triangular Bravais lattice is spanned by the basis vectors (a;
and ay) [6].

Due to its outstanding properties, graphene grabbed a tremendous scientific and techno-

logical interest in recent years. The properties are listed below,

A. Intrinsic (undoped) graphene is a semi-metal or zero-gap semiconductor (Figure 1.1(c)).
The interesting transport properties of graphene are due to the dispersion around the
K points. So, the charge carriers in graphene can be treated as massless Dirac parti-
cles and hence excellent electronic property due to high charge carriers (electrons and

holes) mobility 230,000 cm? V~! s7! at room temperature [7].

B. Thermal conductivity of 5,000 W m~* K~! due to strong C-C covalent bonds and less

phonon scattering [8].

C. Mechanical stiffness of 1 Tpa. The origin of this strength lies in the ¢ bonds which

connect the carbon atoms in a honeycomb packed structure [9].
D. High surface area which is theoretically predicted to be 2,600 m?/g [10].

E. Graphene is also a transparent material which only absorbs 2.3 % light of the optical

region [11].

The largest known allotrope of carbon is 3D graphite and due to its softness and dark
color, it was considered as lead (Pb) like material for a long time. Graphite is a stacking
of graphene sheets (Figure 1.1(d)) that stick together due to the Van der Waals inter-
action, which is much weaker than the in-plane covalent bonds. Carbon nanotubes, the

1D allotrope, may be viewed as graphene sheets that are rolled up (Figure 1.1(d)), with
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a diameter of several nanometers. The 0D graphitic allotrope is fullerene, the prominent
representative is Cgy molecule which has the form like a football and is also called "buck-
yball’. It consists of a graphene sheet, where some hexagons are replaced by pentagons,

which cause a crumbling/wrapping of the sheet and forms a graphene sphere.
Thus, graphene is the basic building block of all other graphitic materials. By stacking,

rolling and wrapping, graphene can transform into graphite (3D), carbon nanotube (1D)

and fullerene (0D), respectively [12].

(a)
A

0.142 nm %

& ]
Ly | =

B
(b) (c)

o bond n bond

@
>

\

Figure 1.1 - (a) Graphene crystal structure, (b) schematic of in-plane o and perpendicular
7 bonds, (c) band-energy diagram of graphene and (d) graphitic allotropes: layered 3D
structure of graphite, 0D allotrope: Cgg molecule fullerene, 1D allotrope: single-wall carbon
nanotube.

The monolayer graphene has been classified based on variations in layer number, lateral
dimension and chemical modification. According to this graphene family is classified into:
(13, 14]

Graphene: a single-atom-thick sheet of hexagonally arranged, sp?-bonded carbon atoms.
Depending on the number of layers (n), planar graphene is classified into bilayer graphene
(n=2), trilayer graphene (n=3), few layer graphene (2<n<5) or multilayer graphene
(b<n<10).

Graphene quantum dots (GQDs): GQDs have microscopic lateral dimensions <10

3
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nm, which is used in a study like photoluminescence.

Graphene oxide (GO): is chemically modified graphene prepared by oxidation and ex-
foliation i.e accompanied by extensive oxidative alteration of the basal plane. Graphene
oxide is a monolayer material with a high oxygen content, typically characterized by C/O
atomic ratios.

Reduced graphene oxide (rGO): is graphene oxide that has been reductively pro-
cessed by chemical, thermal, microwave, photo-chemical, photo-thermal methods to re-
duce its oxygen content.

Graphene nanoribbon: a single atom thick strip of hexagonal, sp? bonded carbon
atoms. To considered as ribbon, the longer lateral dimension should exceed the shorter
lateral size by at least an order of magnitude.

Graphene nanosheet: a single or few-layer graphene sheets of hexagonally arranged,
sp? bonded carbon atoms is freely suspended or adhered to a foreign substrate. The
orientation and arrangement of the graphene nanosheets will give additional applications

to the material.

1.2 VGN and its properties

Vertical graphene nanosheets (VGN) is a 3D porous network of inter-connected graphene
nanosheets oriented perpendicularly to the substrate [15]. VGN is also known as car-
bon/graphene nanowalls [16, 17|, carbon/graphene nanosheets [15, 18], carbon/graphene
nanoflakes [19] and carbon nanoflowers [20]. The sheets are self-supported wall structures
with lateral and vertical dimensions of 0.1 to tens of micrometers and a thickness of few
nanometers [21]. Each sheet consists of 1-10 number of graphene layers and of 0.34 nm
inter-layer spacing [22]. The unique structure of VGN (schematic shown in figure 1.2)

possesses amazing properties.
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Figure 1.2 — Schematic representation of VGN structure and its amazing properties.

The vertical orientation on the substrate is the first unique property of VGN, which gives
mechanical stability to the structure. This vertical orientation represents a free-standing
self-supported structure, which provides rigidity otherwise the structure would collapse.
This aligned structure also enables the improvement in electrochemical and electronic

applications as both surfaces are actively taking part in the reaction. [23, 24].

Second, VGN is a non-agglomerated morphology with a high surface area nearly 1800
m? /g [25] and contains open channels between sheets. It is possible to vary the inter-sheet
distance from few tens to hundreds of nanometers by changing the growth parameters
[16, 26]. Due to this property, the entire surface can easily be accessed by the molecules or
ions, which is crucial for enhanced gas sensing and electrochemical capacitor applications
[24].

The third feature of VGN is long, exposed, thin and reactive edges. The thickness reduces
from few-layered graphene sheets at the base to atomically thin at the top. These active
edges boost the electrochemical activity, sensing and field-emission. Also, the functional
groups attached to the active edges decide the wetting nature [27, 28]. Generally, the
VGN surface is terminated by C-H groups and thus hydrophobic in nature. The water
contact angle of VGN is found to be 130-140°. Fourth, the VGN sheets consists of

graphene networks, so gives high in-plane electrical conductivity [29].
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Figure 1.3 — Schematic of various applications of VGN (images are taken from the cor-
responding references given in text).

These unique properties make VGN stable and attractive for many applications like elec-
trochemical capacitors [18], batteries [30], fuel cells [31], solar cells [32], field emission [33],
gas, bio and chemical sensors [34, 35|, ultrafast terahertz response photoelectric device
[36], ac line filtering [37], hydrogen absorption [38], black body coating [39], spintronics
[40], hydrophobic coatings [41], photo-catalytic activity [42], template for other material
growth [43], surface enhanced Raman spectroscopy [44] and memory devices [45]. The

schematic in figure 1.3 illustrates various possible applications of the VGN.

Carbon materials in their different forms, such as graphene, carbon nanotubes (CNT) and
activated carbon (AC), have emerged as promising electrode materials for supercapacitors
due to their excellent electrical conductivity, high surface area, low cost, abundance and
chemical stability. Graphene has a high theoretical surface area around 2630 m?/g and
capacitance is up to 550 F/g with the utilization of the entire surface [46]. Unlike other

carbon materials such as activated carbon, carbon nanotube, etc., graphene doesn’t de-
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pend on the distribution of pores [47]. Graphene oxide is also used as electrode materials,

though it agglomerates upon mixing with the binder.

On the other hand, CNT, categorized as single-walled carbon nanotubes (SWCNTSs) or
multi-walled carbon nanotubes (MWCNTSs), are explored as supercapacitor electrode
materials due to their excellent electrical conductivity and large accessible surface area
[48]. Additionally, they provide a adequate support for other active materials due to their

high mechanical strength and open tubular network.

However, the most widely used supercapacitor electrode material is AC due to its large
surface area, good electrical properties, availability, easy synthesis procedure and mod-
erate cost. The activation methods and carbon precursors used for the growth of AC
possess surface area up to 3000 m? g=!. The porous structure of AC obtained from dif-
fernt synthesis procedure has a broad pore size distribution that consists of micropores
(<2 nm), mesopores (2-50 nm) and macropores (>50 nm). Also, the pore size distribu-
tion of AC plays a vital role in the capacitor performance in addition to its high surface
area [49]. Additionally, excessive activation results in large pore volume, which leads to
low conductivity and reduction in material density, resulting in low energy density and

loss of power capability.

Recently, the VGN, a new derivative of graphene found to be an excellent supercapacitor
electrode material due to its unique morphology in combined with the remarkable proper-
ties of graphene. VGN electrodes’ advantage is that they do not need any binders for elec-
trode fabrication, whose main drawback is reducing the active surface area. Further, the
advantage over activated carbon is its capacitive behavior at high-frequency [37]. Thus,
the current thesis work is mainly focused on the electrochemical capacitor/supercapacitor

application of VGN.
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1.3 Electrochemical capacitors

Electrochemical capacitors (ECs), supercapacitors (SCs) or ultracapacitors are high ca-

pacity capacitors with superior capacitance than that of electrostatic capacitors [50].

Conventional or electrostatic capacitors are energy storage devices that store electric
charges in an electric field. A capacitor consists of two metal plates separated by a non-
conducting material or an insulating dielectric material. The charged electrodes polarize
the dielectric material and its electric field is in the opposite direction to the field produced
by the charged electrodes (Figure 1.4). Capacitance is generally defined as the ratio of
accumulated charge ) at the electrode, and the potential difference V, between electrodes

ie., C=Q/V [50].

Electrode

/ Dielectric \
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CIDYCTH
CIDECTHY
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| I
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é Load

00000000

Q0000000

Figure 1.4 — Schematic of a conventional/electrostatic capacitor.

The capacitance of a parallel plate capacitor is given by the equation 1.1 [50]:

C = ¢ (A/d) (1.1)
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where, A is the area of the charged electrodes, d is the distance between them, ¢; is the
dielectric constant of free space and ¢, is the relative dielectric constant of the insulating

material between the electrodes. The dielectric constant (€) is the product of €, and e,..
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Figure 1.5 — (a) Ragone plot and (b) schematic of the a typical supercapacitor.

To achieve higher capacitance, larger dielectric constants and high surface area are re-
quired. The energy density (total energy storage in the device) and power density (time
rate of energy transfer) are the two factors that decide the performance of the energy
storage devices. Electrostatic capacitors are having high power density and less energy
density. Whereas, the batteries are just the opposite and have high energy density and
low power density. Supercapacitors are the devices bridges the energy gap between the
capacitors and batteries and have high energy and power density [51]. Energy and power
density depends on the electrode material’s active surface area and electrical conductivity.
So, graphene materials are mostly used as the supercapacitor electrode material. Ragone
plot of energy density vs. power density for various energy storing devices is shown in
figure 1.5(a) [50, 52, 53].

A general electrochemical capacitor consists of two electrodes (positive and negative)
separated by a separator and electrolyte. The electrolyte acts as a reservoir of ions in

the matrix. Schematic of the configuration for a electrochemical capacitor is shown in
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Figure 1.6 — Schematic of EDLC and pseudocapacitance charge storage.

figure 1.5(b). There are two mechanisms that contribute to the large capacitance in
supercapacitors: the electrical double layer capacitance (EDLC) and pseudocapacitance
[50, 52]. The EDLC is due to the charge separation at the electrode-electrolyte interface
and the capacitance originates due to the charge transfer between the electrolyte/electrode
is called pseudocapacitance. The latter is attributed to reversible redox processes [52].
Schematic of the charge storage mechanism is shown in figure 1.6.

Electric double layer capacitance

In the case of EDLC, the charge is stored at the electrode-electrolyte interface by the
electric-double layer mechanism. The charge separation occurs at a distance of 0.3-0.8
nm. Here, the current is independent of potential, as the charge separation is due to the
coulombic interaction, once the charge accumulation occurs, further increase in potential

does not affect the current.
The EDL concept was first described and modeled by von Helmholtz in 19** century, when

he investigated the distribution of opposite charges at the interface of colloidal particles

10
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Figure 1.7 — Schematic of the electric double layer charge storage mechanisms.

[54]. The concept of a double layer corresponds to a model consisting of two array layers

of opposite charges, separated by a small distance having atomic dimensions (Figure

1.7(a)). It was then realized that ions on the solution side would not remain static in a

compact array due to the thermal fluctuation according to the Boltzmann principle. Gouy

introduced the thermal fluctuation factor and represented the 3D diffusely distributed

population of cations and anions (Figure 1.7(b)). The capacitance associated with this

model is commonly referred to as the ’diffuse’ double-layer capacitance. The failure of

the Gouy-Chapman model is due to the assumptions that ions are assumed to be point

11
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charge. It gives an incorrect potential profile and a local field near the electrode surface
[55, 56].

Stern model: Stern combined both these models and the charge distribution was rec-
ognized by the inner region of the ion distribution due to the adsorption process and
the region beyond the inner layer could be validly treated in terms of a diffuse region
distributed ionic charge Figure 1.7(c) [57]. If the ions were recognized as having a finite
size, including the annular thickness of their hydration shells, it was easy to define a
geometrical limit to the compact region of ions’ adsorption at the electrode surface. This
corresponds to a Helmholtz type compact double layer having capacitance Cyx and the

remaining diffusion layer having capacitance Cg;rr. So overall capacitance Cg [58],

1/Cdl:1/CH+1/Cdiff (1.2)

where, Cy depends on the electrode potential and Cg;f is on the electrolyte concen-
tration. So introducing a distance of the closest approach of finite size ions, the high

capacitance arises in the Gouy-Chapman treatment is automatically avoided.

Grahame model: This model gives an important distinction between the inner and outer
Helmholtz layer in the interphase, which correspond to the different distances of the clos-
est approach for anions and cations at the electrode surface Figure 1.7(d) [50, 58]. In
general, cations are smaller than anions and retain solvent shells due to strong ion-solvent
dipole interaction. Grahame model consists of three regions: the inner Helmholtz layer,
outer Helmholtz layer and diffuse ion distribution layer. As the anion distance of closest
approach is smaller than the hydrated cations, the positive charge electrode’s inner layer
capacitance is usually twice than that of negative charge electrode.
Pseudocapacitance

Pseudocapacitance (PC) stores electric charges through Faradic redox reactions that in-

12
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volve chemical reactions [50]. As the redox reactions are potential dependent, the current
continuously changes with potential. Due to the functional groups present on the surface,
there is approximately 1-5 % pseudocapacitance in a typical double-layer carbon capaci-
tor. Several types of materials with significant pseudocapacitance have been investigated:
a) electroactive transition metals oxide/hydroxides, such as MnO,, IrO, and RuO,, and b)
conducting polymers, e.g., polypyrrole, polythiophene, polyaniline, and their derivatives
[50]. From the charge storage mechanism, the PC normally exhibit higher capacitance
but weaker cyclic stability than that of EDLC. So, recently the interest of the scien-
tific community is to combine both porous carbon materials and transition metals into
the same electrode (called a hybrid electrode) to exploit both the large surface area of
porous electrodes and the higher capacitance of the transition metals to enhance both

capacitance as well as cyclability.

Due to these properties, SC finds many applications in the field of energy storage, flexible
energy devices, memory backups, automobiles and railways [59, 60]. These applications
demand supercapacitor electrode material with high energy density and power density
and the flexible electrode is needed for the flexible energy storage devices [53]. Towards
this, recently VGN and VGN based hybrids/composites are used in electrochemical ca-
pacitors. It is reported that VGN-based EDLCs exhibited a capacitance of nearly 0.32
mF/cm? at 1 kHz, higher than the reported values of EDLCs at the same frequency [61].
Further, The capacitive behaviors of VGN can be enhanced by tuning their morphology
and structure. The specific capacitance can be improved by using the VGN-based hybrid
structures, e.g., CNT on VGN [62]. Such a combination of 1D and 2D nanostructures
further increase the surface area and enhance the electron transport within active materi-
als, leading to a high specific capacitance (278 F /g at 10 mV/s) and good cyclic stability
(99 % capacitance retention after 8000 charge-discharge cycles) [62]. Electrochemical ca-

pacitor properties of pseudocapacitors based on hybrid MnO,-VGN can compete with

13
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those of EDLC. At a CV scan rate of 10 mV /s, the MnO2-VGN electrode is reported to
have a high specific capacitance of 1060 F/g [63]. Hierarchical electrodes composed of
carbon cloth (CC), VGN and conducting polyaniline (PANI) can further improve the EC
performance. At a scan rate of 2 mV/s, the specific capacitance of the CC/VGN/PANI
electrode is three times higher than that of the CC/PANI electrode. The CC/VGN/PANI

electrode presented a specific capacitance of 2000 F/g [64].

The rapid growth of the popularity of wearable electronics in the past decade has resulted
in a strong interest in flexible electronics [65]. Presently, the most commonly employed
approach for the transfer of graphene and 2D transition metal dichalcogenide layers relies
on the chemical etching of underlying growth substrates and involves protection polymers
(66, 67]. Although ECs are available commercially, there is still a need for further im-
provement of some critical characteristics such as specific capacitance, rate capability, as
well as power and energy densities. Also, there is a need for a polymer-free transfer pro-
cess to retain the morphology of VGN for the fabrication of a flexible electrode. Hence,
the motivation of the thesis is to develop VGN based flexible electrode and to enhance
the capacitance and extending the potential window of the VGN electrode to increase the

energy density without deteriorating the morphology of the structure.

1.4 Difficulties in the polymer based transfer process

VGN is an emerging electrode material for the supercapacitor electrode and there is a
need for transferring the VGN onto flexible electrodes for flexible electronics applications.
However, the high growth temperature (800 °C) of the VGN restricts their direct growth
on the flexible substrate as they can’t withstand the high temperature. Till now, the
lowest growth temperature demonstrated for VGN growth is 225 °C [68]. The general

methods used for the transfer are laser-induced transfer technique and polymer-based
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transfer process.

(a) Incident laser pulse

Carrier
substrate

- l Transferred

material

CIes | WeGweN | MrEesm

RS — BEE

Figure 1.8 — (a) Schmatic of the LIFT technique, (b) Shows the damaged structure after
the LIFT transfer and (c) schematic of the polymer based transfer process. Pictures are
taken from the literature discussed in text.

The laser-induced forward transfer(LIFT) technique was reported by Constantinescu et.
al., [69, 70] where, a laser beam is focused on the transparent donor which cut, eject and
print pixels/droplets of the films in the desired pattern (Figurel.8(a)). However, LIFT
has the main disadvantage that it damages the sample and needs special handling skills
(Figure 1.8 (b)). Quinlan et. al., [71] has developed a two-step polymer-based chemical
transfer process in which the VGN is spin-coated with polystyrene (PS) solution followed
by transfer onto a suitable polydimethylsiloxane (PDMS) substrate. The schematic of the
transfer process is shown in figure 1.8 (¢). The polymer used in the transfer process is re-
moved by using methyl ethyl ketone (MEK) and N-methyl-2-pyrrolidone (NMP) solvents.

This method involves several chemical processes, which can degrade the morphology, sur-
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face chemistry, and structure. Also Kim et. al., [67] has developed a two-step chemical
process for transferring CVD grown single-layer graphene grown on a metal substrate
(Ni) to an insulating substrate. These processes has a difficulty in removing the polymer
layer without damaging the graphene morphology. The water soak and peel delamination
transfer method is demonstrated to avoid the Ni etching [72]. However, the problem as-
sociated with removing polymethyl methacrylate (PMMA) polymer still remains. Since
VGN itself is a porous network, the polymer coating can fill the pore structure and it
will be much more difficult to remove, unlike in the case of horizontal graphene transfer.
Further, VGN is easily peelable, and hence it can be easily damaged. Hence, one should
consider the bottom-substrate etching-transfer technique with a slow etching rate, so that

the film does not experience any kind of disturbance.

1.5 Surface modification: a strategy to enhance elec-

trochemical capacitance

The second motivation of the thesis is focused on the enhancement of the capacitance of
VGN based electrode without alteration of its morphology. The surface of VGN mostly
takes part in the electrochemical reaction, hence its suitable modification can enhance
the capacitance. The surface modification is carried out in three ways to enhance the
capacitance.

Plasma activated surface modification

The 3D interconnected porous network of VGN structures provides easy access to its sur-
faces on both sides of the sheets for the electrolyte ions to interact, which is an advantage
for its application as a supercapacitor electrode material [73, 74]. Further increase in the
surface area of VGN can be achieved by changing the inter-sheet distance and by produc-

ing secondary walls [75, 76]. The as-grown VGN is hydrophobic due to its interconnected
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porous 3D network and hydrogen-terminated edges [27, 28]. The hydrophobic surfaces
are the most suitable applications in the field like anti-icing, anti-corrosion, self-cleaning
and anti-fogging coatings. Whereas the hydrophobic nature restricts the electrolyte ac-
cess to the entire surface area for EDL formation. Hence, the transformation of VGN
surface to hydrophilic, while retaining its unique morphology is in high demand for high-
performance EC applications [77, 78]. The nature and density of defects, inter-sheet
spacing and surface functionalization play vital role in deciding the wetting nature of
VGN structures [28, 41, 77, 79-82]. Surface modification methods like chemical activa-
tion and post-plasma treatment were widely adopted to tune the wetting properties of
nanostructures [78, 82, 83]. However, chemical activation is time-consuming and there
is a possibility of damaging the morphology [84, 85]. Also, in this process it is very
difficult to achieve super-hydrophilic surfaces [85, 86]. Whereas, post-deposition plasma

treatment is fast and helps in preserving the morphology.

In the recent past, the post-deposition plasma treatment of carbon nanostructures gained
a lot of attention for tuning the surface functionalizations and wettability. The plasma
treatment under different plasma mediums like oxygen, hydrogen, nitrogen, fluorine and
argon was studied to tune the wetting nature of VGN [79, 82]. Amongst, surface flu-
orination makes VGN super-hydrophobic and exposure to all other plasmas (hydrogen,
nitrogen, argon and oxygen) results in hydrophilic surfaces. A recent study by Vizireanu
et. al., [87] reported, growth of super-hydrophilic carbon nanowall, which is different
from the most commonly reported intrinsic hydrophobic VGN. But they observed that
the hydrophilicity of these carbon structures sustain only for a short time (3-6 days) and
then transformed into highly hydrophobic. Furthermore, a few studies confirm that the
oxygenated functionalization improves the electrochemical capacitor performance [88, 89].
Whereas, Belova et.al., [90] reported that the oxygen surface functionalization causes low

discharge current densities and poor cyclability for battery operation. It is attributed to
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the slow oxygen reduction and evolution reaction kinetics and complex multistep reaction
pathways. However, O, reduction on graphite is found to be influenced by the nature
and concentration of active surface groups [91]. Additionally, there are reports on the
attachment of specific types of oxygenated functional groups (hydroxyl and carbonyl)
found to enhance the EC performance of graphene sheets [88]. Nevertheless, no specific
studies on functionalizing VGN surfaces with selective oxygenated groups (hydroxyl or
carbonyl) and evaluation of their capacitor performance exist. Also, the stability of the
hydrophilic surface has a significant impact on their supercapacitor performance, since
the electrode surface is the active participant in the formation of EDLC. As plasma-based
surface modification is a non-equilibrium process, studies on the long-term stability of
the plasma-induced changes in wettability are need of the hour for potential utilization
of the VGN electrodes for supercapacitor applications.

Metal /metal oxide nanoparticle decoration

An improvement in the charge storage capacity of graphene structures by different meth-
ods has gained a lot of attention. Numerous methods, like changing wettability [92-94],
doping by nitrogen and oxygen [95, 96], polymer coating [64], use of an organic and ionic
electrolyte [97, 98] and designing symmetric and asymmetric SC [99], were tried to en-
hance the capacitance performance of carbon nanostructures. Amidst, hybrid graphene
structures decorated with transition metal nanoparticles (NPs) exhibited significant im-
provement in specific capacitance [100, 101]. It is expected that VGN with a homogeneous
decoration of metal NPs will also improve its conductivity and facilitate an easy ion inser-
tion and extraction into the structure. He et al. [102] reported that the mismatch in work
function between graphene and Ag NPs resulted in a lower resistivity, which is attributed
to the increase in carrier concentration of the composite. The charge transfer due to the
adsorption of metals NPs on graphene and the metal NP’s electrochemical performance

decorated carbon nanostructures are reported independently [103, 104]. However, litera-
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ture reports on correlating the electrochemical capacitance performance with the charge

transfer process are missing.

Also, the researchers focused on exploiting the synergistic effect of both EDLC and PC,
by growing hybrid structures of carbon and metal, metal oxides/hydroxides composites
[105, 106]. High demand for enhancing the capacitance performance of VGN, entails the
growth of VGN based hybrid structures. Variety of metal oxides including MnO,, RuOs,
SnO,, NiO, Fe;O3 and Coz0y4 are used to decorate on VGN structures and their capacitor
performances were studied [25, 107-109]. Most of these oxides suffer from high cost, low
electrical conductivity, and poor cyclability. The electrochemical performance of some
effective metal oxide decorated VGN hybrid structures need to be studied.

Hybrid electrolyte with surface activation

Although the electrode material is crucial, some critical issues for the electrode materials
are stability, electrical conductivity, agglomeration, need of binder and current collector
[110-112]. Like electrodes, the choice of electrolyte and its concentration play a vital role
in capacitor performance. The device’s potential window also strongly depends on the

electrolyte and its nature of interaction with the electrode material.

Since the VGN are proven to be promising supercapacitor electrode materials, researchers
focused on finding a potential electrolyte. Recently, thorough investigation of aque-
ous electrolytes (NapSO4,HoSO4, and KOH) has demonstrated their suitability to use
with VGN [78]. The water-based electrolytes are environmental friendly, safe, and cost-
effective. Still, the limitation of the aqueous electrolyte’s narrow operational potential
window needs to be overcome to develop a high-performance SC device. Even then, the
demand for high energy storage capacities propels the research activities to focus on novel
electrolytes for further enhancement of capacitance [112]. At present, a lot of research
is being focused on organic electrolytes and ionic liquids because of their extended op-

erating potential windows [112, 113]. Recently, considerable attention is devoted to the
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use of novel electrolytes in innovative ways. Besides the use of aqueous, organic, or ionic
electrolytes, a great deal of research is concentrated on hybrid electrolytes for improving
the SC performance. For example, acetate aqueous electrolytes [114], isopropanol added
aqueous electrolytes [115], aqueous solution of acidic ionic liquid [116], ionic liquid-added
polymer electrolytes [117], and hydro-quinone doped hybrid gel electrolytes [118] are
opted for enhanced stability over an extended potential window. It is reported that with
an addition of 10™* M KOH to 1M NaySOy electrolyte solution, an extended potential

window of 1.07 V was achieved for the VGN electrode [93].

Additionally, the whole electrode surface coverage with an electrolyte also has a crucial
role in determining the SC performance. It is mainly controlled by the wetting nature
of the electrode surface. Porous carbon nanomaterials including, VGN are, in general,
hydrophobic [119] and in this context, hydrophilic electrode materials are more benefi-
cial. The electrode’s wetting nature can be altered by surface functionalization, which is
another strategy towards improving SC performance [88]. Functionalization by a polar
group is used to enhance the wetting nature of the electrode materials. However, the func-
tionalization process should not deteriorate the structure of the electrode. It is reported
that KOH is widely used for the activation of graphene oxides and activated carbon to
improve SC performance [47, 120, 121]. Also, the chemical activation process by KOH
is reported to generate nanoscale pores in carbon nanostructures [121]. Recently, better
wetting nature is found for VGN in the 1M KOH medium, leading to a higher capacitance
value [78]. Hence, the supercapacitor performance of KOH activated VGN can be studied

in a hybrid electrolyte.

Our endeavor here is to combine a novel electrolyte and chemical activation of the elec-

trode surface towards achieving enhanced SC performance.
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1.6 Research objectives and overview of the thesis

Electrochemical capacitor/supercapacitors are a potential substitute to the conventional
batteries for energy storage applications due to their longer cycle-life, high charge-discharge
rate and superior power density [53, 122]. However, the poor energy densities limit their
commercial utilization and hence, the improvement of energy density for supercapacitors
is of high demand. The carbon nanostructures are considered ideal for EDLC and metal
oxide/hydrides and nitrides are for pseudocapacitor. Amongst carbon nanostructures, the
VGN, a derivative of graphene and an ensemble of vertically standing few-layer graphene
sheets of few tens of nanometer-thick, has drawn significant attention of the research
community due to its remarkable properties [15]. The VGN has a theoretical charge stor-

2. as reported by Zhao et. al., [18]. In contrast,

age capacity of around 1.49x10* F/cm
the reported SC values for VGN are found to be in the range of micro to few milli Farad
range only. Hence, it offers to improve the charge storage capacity of graphene structures,
gained a lot of attention. To increase the energy (E) stored in electrochemical capacitors,
we can either increase the capacitance (C) or the operating voltage (V) of the device. The
capacitance can be increased by increasing the surface area by surface modification, which
allows efficient electrolyte penetration and results in good contact with active sites on the
entire surface of the porous electrode. The operating voltage can be increased by adding
carbon materials to transition metal electrodes, fabricating asymmetric supercapacitors,
changing electrolyte, and connecting several supercapacitors in series. Also, there is a
need of the flexible electrodes for flexible electronics applications. Thus, the prime focus
of this thesis is to enhance the capacitance by surface modification (plasma activation
and metal /metal oxide decoration) of the VGN, while retaining its unique geometry. An

effort is made to understand the role of surface functionalization and charge-transfer on

the capacitance performance. Further, the capacitance performance of KOH activated
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VGN is studied by using a hybrid electrolyte (tetra elthylammonium tetrafluoroborate
+ sulfuric acid). Also, a simple and polymer-free transfer process is established for the

development of VGN based flexible supercapacitor.

The present thesis comprises of seven chapters and the outline of each chapter is as

follows:

Chapter 1 introduces the structure and unique properties of the vertical graphene
nanosheets and basic concepts of the electrochemical capacitor (EDLC and PC). An up
to date literature survey of the VGN electrode for electrochemical capacitor application
is included. This chapter also discusses the need for a polymer-free transfer process to-
wards the development of flexible supercapacitors and the surface modification to enhance
specific capacitance. The focus on development of VGN and metal/metal oxides based
hybrid electrodes with enhanced capacitance is also discussed. The synergistic effect of
both EDLC (from VGN) and pseudocapacitance (from metal/metal oxide) of the hybrid
electrode for achieving the enhanced capacitance is described. Further, the chapter also

briefs about the importance of hybrid electrolytes on capacitance performance.

Chapter 2 provides a brief description of the growth techniques used for the synthe-
sis of VGN, surface modification/activation of VGN and metal nanoparticle decoration
on VGN. It also discusses, the characterization techniques such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron spec-
troscopy (XPS) and Raman spectroscopy employed to investigate the morphological,
chemical and structural properties, respectively. A detail description about the contact
angle measurement and four-point probe method for electrical resistance measurements
are presented. A brief introduction to electrochemical measurement, principles for cyclic
voltammetry, galvanostatic charge-discharge curve and electrochemical impedance spec-

troscopy (EIS) are also presented.
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Chapter-3 describes an easy, scalable and polymer-free transfer process for the success-
ful transfer of the VGN onto flexible substrates. Additionally, this process retained the
much-needed morphology of the VGN. To ascertain the retention of the structure and
morphology, the charge storage performance is evaluated by fabricating a flexible sym-
metric supercapacitor device using the transferred VGN electrodes free of binder and
current collector. The device possesses a capacitance of 158 uF/cm? with 86 % capaci-

tance retention after 10,000 charge-discharge cycles are observed.

In chapter-4, super-wetting VGN structures are achieved by oxygen plasma treatment,
while retaining its morphology. The enhanced charge storage performance of super-
wetting VGN structures from 0.15 to 1.7 mF/cm? is demonstrated. Further, ex-situ or
in-situ plasma treatment is carried out, to obtain VGN structures with preferential func-
tionalization by specific type of oxygenated groups. Moreover, the correlation between
the type of oxygen functional groups (hydroxyl, carbonyl and carboxyl) with wetting
nature, temporal stability of wettability and supercapacitor performance of VGN sur-
faces is established. The capacitance performance of VGN samples undergone oxygen
plasma treatment is also compared with the ones treated with Hy and Ny plasmas. The
significant role of process parameters towards achieving hydrophilic VGN surfaces with
long-term stability is brought out. Finally, a device of solid-state symmetric superca-
pacitor is fabricated and used to light up a blue light-emitting-diode to demonstrate its
practicability.

Chapter-5 is focused on the influence of the transition metal NP (Au, Ag, Cu and
Ni) decoration of a VGN structure on its capacitance performance. The energy storage
performance is correlated with the charge transfer resulted due to the mismatch in the
work function. Amongst, the Ni decorated VGN exhibited highest charge transfer (4+0.48
e) and capacitance (3.04 mF /cm?). Further, the metal oxide (NiO and TiO;) nanoparticle

decoration of VGN is carried out and studied their capacitance performance.
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The chapter-6 demonstrates a novel approach based on the combination of surface
activation and utilization of an organo-aqueous hybrid electrolyte, tetraethylammonium
tetrafluoroborate (TEABF,) in HySOy, to achieve significant enhancement in SC per-
formance of VGN. As-grown VGN showed a capacitance of 0.64 mF/cm? in HySO,
electrolyte. This study indicates the potential of hybrid electrolyte in enhancing the
areal capacitance to 1.99 mF /cm? with excellent retention (94.6 %) after 5000 cycles and
coulombic efficiency (93 %). Also, a fivefold enhancement in the capacitance of VGN
from 0.64 to 3.31 mF/cm? is achieved by the combination of KOH activation with the

hybrid electrolyte.

Chapter 7 summarizes the major findings of the present thesis work and also provides

the scope of the work along with future directions.
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Chapter 2

Experimental techniques

It doesn’t matter how beautiful your theory is, it doesn’t matter how smart you are. If
it doesn’t agree with experiment, it’s wrong.

Richard P. Feynman

2.1 Introduction

This chapter provides a brief description of the growth techniques used to synthesize ver-
tical graphene nanosheets (VGN), surface modification/alteration/activation of VGN and
metal nanoparticle decoration on VGN. The Microwave plasma-enhanced chemical vapor
deposition (MW-PECVD) technique is used for the synthesis and surface modification
of VGN. Metal nanoparticle decoration is carried out using thermal evaporation and DC
sputtering unit. The characterization techniques such as scanning electron microscopy
(SEM), transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy
(EDS), X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy employed to
investigate the morphological, elemental and structural analysis, respectively. Surface
energy and wetting property of the VGN surface is evaluated using contact angle mea-
surement. The Electrical resistance of the VGN is measured by the four-point probe
method. A brief introduction to the electrochemical measurement, principles for cyclic
voltammetry, galvanostatic charge-discharge curve and electrochemical impedance spec-

troscopy (EIS) techniques are also presented.
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2.2 Growth techniques

2.2.1 Electron cyclotron resonance chemical vapor deposition

Chemical vapor deposition (CVD) is a material synthesis method where a solid material
is deposited using decomposition of gaseous precursors through a chemical reaction that
takes places near the substrate’s heated surface. The characteristic feature of the CVD
technique is enabling the production of coatings with uniform thickness, non line-of-sight

deposition process, localized and selective deposition on the substrates.

Further, the CVD process is classified based on the way the chemical reaction takes place.
For example, if the chemical reaction is initiated and maintained by heat, the process is
called thermally activated CVD. Photons, electrons, ions and a combination of these, i.e
plasma also induce and sustain the CVD reactions [123]. Currently, plasma enhanced
CVD (PECVD) is the subject that brings attention from academic and industry sectors
because of the level of controllability in the plasma-based nanofabrication. Both the cat-
alytic and non-catalytic PECVD techniques are suitable for fabrication of particularly,
various carbon nanostructures including nanotubes and graphene. Compared to conven-
tional CVD techniques in PECVD, the major advantage is growth of pattern designs of

vertically oriented nanostructures, lower nucleation temperature and high growth rate.

H Parameters ‘ arc-discharge RF plasma MW plasma H
Discharge power range (kW) 0.1-10 0.01-10 0.1-10
Plasma density (cm™) 10M-10" 10'9-10" 10'9-10"3
Electron energy in discharge (eV) 0.5-1 1-5 5-10
Operating pressure range (mbar) - 0.01-10 0.1-100
Typical frequency - 0.46-13.56 MHz | 2.45 GHz
Power density (W x cm™?) - 0.01-0.5 1-2
Substrate temperature range - 100-500 °C 100-800 °C
Discharge electrode Required Required Not required

Table 2.1 — Typical parameters of arc-discharge, radio frequency and microwave plasma
used for nanomaterial synthesis.
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In this thesis, the synthesis of VGN is carried out by electron cyclotron resonance mi-
crowave plasma enhanced chemical vapor deposition (ECR-MW-PECVD) system also
known as ECRCVD. In the PECVD technique, the plasma is produced in various ways
namely arc discharge, radio frequency (RF) or microwave (MW) systems for the fabrica-
tion of various carbon nanostructures [124]. Typical parameters for the different plasma
systems are tabulated in the table 2.1. However, the microwave plasma technique enables

catalyst free nucleation and high density growth, vertically oriented structures.

(b) «<—— Water cooled antenna

MW <— Stub tuner
Generator
(1.2 KW)
(2.45 GHz)

EM Coil :-@ |Z|

(875 GAUSS)

Waveguide

Plasma

Substrate _|
Heater —>,_I_‘-__|_I > To
Vacuum

I Pump

j— Adjustable

substrate holder

Figure 2.1 — (a) Photograph and (b) schematic of the ECRCVD.

Figure 2.1 depicts the photographic image and a schematic of ECRCVD used in this
work. The important components of ECRCVD are the vacuum pumping system, growth
chamber and plasma source. Vacuum pumping system contains rotary pump (350 L/min)
and turbo molecular pump (1100 L/s) with Pirani (0.5-107 mbar) and Penning (1073-
1075 mbar) vacuum gauges. The growth chamber is 64 cm in height and a diameter of
54 cm. The heating element contains resistive coil heating of the substrate coupled with
a programmable PID controller. A thermocouple placed underneath the substrate holder
was used to monitor the temperature of the holder. For plasma production, the main

components are microwave generator, microwave introduction window and electromagnet.
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The frequency of the microwave supply is 2.45 GHz with power up to 1.2 kW. The TE(,
mode microwave is radiated by a cylindrical waveguide and is transferred to a circular
polarized TE;; mode. The stub tuners is used to adjust the reflected microwave power to
match the impedance between the microwave system and plasma. The microwave passed
to the chamber through a cylindrical quartz cup with a 90 mm diameter and 30 mm
thickness. The magnetic field of 875 Gauss is produced by a magnetic coil system which

is powered by DC current.

Growth temperature
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Figure 2.2 — Typical temperature vs. time growth profile for VGN.

The typical temperature vs. time growth profile for VGN is shown in figure 2.2. For
this thesis work, VGN are grown on Ni, carbon paper (Avcarb@® MGL370) and SiO,/Si
substrate for different purposes. For the SiOy growth, Si(100) substrate is heated up to
1000 °C, kept there for 8 hours in a muffle furnace and cooled naturally to room temper-
ature. Ultra-high pure Ar and CH, gases were used as diluent and source, respectively.
The steps involved in the growth process are as follows: the substrate is loaded into the
chamber and the chamber is evacuated to 107% mbar by a turbo molecular backed by a
rotary pump. Thereafter, the substrate is annealed at 800 °C and afterwards cleaned by
Ar plasma at 200 W power. Then the CHy gas at 5 sccm with Ar at 20 scem flow rate

are fed into the chamber for growth. The growth temperature is maintained at 800 °C
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and growth is carried out by striking plasma at 375 W microwave power at an operating
pressure of 2 x 1073 mbar. After the growth, the plasma is switched off and the film
is subjected to post-growth annealing at 800 °C to improve the structural quality of the
VGN. Finally, the sample was cooled down to room temperature and removed from the

chamber for further characterization.

2.2.2 Thermal evaporation unit

The thermal evaporation is one of the essential techniques among the PVD methods used
for the deposition of material mainly metals [125]. The three significant steps involved
in this technique are the generation, transport, and condensation of the vapor phase of
metals on the substrate under a high vacuum ( 107% mbar). The evaporation of the metal
is carried out at high temperature through electrical resistive heating. The schematic

diagram of a typical thermal evaporation system with components is shown in figure 2.3.

Bell jar (deposition chamber)
Thickness monitor — Sample

— Source
PGenning_ ., | High
auge
] I: voltage Pirani
+— Gauge
Roughing
Diffusion pump valve . valve
Rotary pump
Liquid N, bleed valve
cold trap [
Diffusion pump - > =
backing valve ’ N )
s
11~

Diffusion pump ——

Heater

Figure 2.3 — Schematic of thermal evaporation unit.

The deposition of metal and metal oxide on VGN film in this thesis were carried out using
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a high vacuum thermal evaporation system (12A4D, HINDHIVAC, India) with the mul-
tisource evaporation and in-situ thickness monitor facilities. The important components

of the system are listed below.

A. Vacuum chamber: Bell jar type
B. Substrates: SiO5/Si(100), VGN/CP, VGN/SiO,
C. Vacuum pumping system:

a) Rotary pump (ED-15, 250 L/min, 1x10~3 mbar)
b) Diffusion pump (OD-114D, 280 L/s, 1x 107° mbar)
c¢) Vacuum gauges (Pirani and Penning gauges); maximum vacuum: 1x107% mbar

d) Primary current (Maximum): 100 A

D. Digital thickness monitor: quartz crystal thickness monitor, 0.1 A /s resolution

2.2.3 DC sputtering

In this thesis, a DC sputtering unit was used for the deposition of Ni(OH), clusters onto
VGN and gold thin film coating for electrical contact. The sputtering is one of the physical
vapor deposition techniques routinely used for thin-film growth [126]. A schematic of the

sputtering process is illustrated in figure 2.4(a).

In DC sputtering system, the vacuum chamber is evacuated to 1x 1072 mbar. The
chamber pressure is maintained at 0.08 mbar by leaking high pure (99.999%) argon gas.
The potential is applied between the cathode and anode to accelerate electrons between
the electrodes. These accelerated electrons then collide with Ar atoms and produce Ar™
ions along with secondary electrons which creates the glow discharge. The electrons

are attracted by the anode, whereas the Art ions are accelerated towards the cathode.
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b Vacuum chamber Substrate
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Figure 2.4 — Schematic of (a) sputtering process and (b) DC spurrering unit.

The energetic Ar™ ions upon impinging produces secondary electrons and sputter atoms
from the surface of the cathode (target). These secondary electrons are useful to sustain
the glow. The sputtered atoms finally condense on the substrate. A sketch of the DC

sputtering system is shown in figure 2.4(b).

2.3 Characterization techniques

2.3.1 Morphological characterization

The morphology of the VGN structures was analyzed by field emission scanning electron
microscope (FESEM, Supra 55, Carl Zeiss, Germany) and high-resolution transmission
electron microscopy (HRTEM, LIBRA 200FE, Zeiss, Germany). FESEM is used to an-
alyze surface morphology and height of the VGN. HRTEM is used for high-resolution
image of the VGN to find out the number of graphene layers present in the vertical

graphene sheets.

2.3.2 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy is used for the elemental and chemical composition
analysis. The XPS works on the process of photoemission [Figure 2.5(a)] in which electron

is ejected from a core level of an atom in the specimen by an incident X-ray photon of
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energy hv [127]. The energy of the emitted photoelectrons is then analysed by the electron
spectrometer and the data is presented as a graph of intensity (counts) versus electron

energy. The photoelectrons are ejected with discrete kinetic energy (Ej) given by:

Ek:hU—EB—W (21)

Where Ejg is the binding energy of the atomic orbital from which electron originates and

W is the work function of the material.

(a) Photo electron (b) Hemispherical
Vacuum level . nergy analyzer
____________ e
'l
Fermi level H
l; ‘
4 Detector
2p _< 1 Electron] |
1
i 2 4 ," — «—X-ray
“ar y. V\’: Lenses \ source
“ry
1s Y Q@ Sample

Figure 2.5 — Schematic view of X-ray photo electron emission process and (b) block
diagram of XPS.

The energy of the photoelectron is characteristic of the element from which it is ejected,
thus enabling the identification of the atomic species. The photoelectrons that we measure
that are characteristic energies for the atoms of interest come from the region around 10
nanometers or less. So, XPS is very surface sensitive. Also, the chemical shift happens
as a change in the binding energy of a core electron of an element due to a change in
the chemical bonding of that element. The peak shift in XPS spectra is mostly related
to chemical shifts due to the presence or absence of the chemical states of the element
having different formal oxidation state. The major components of an XPS system (figure

2.5(b)) are X-ray source/gun: A twin anode configuration providing Al K, (1486.6 ¢V)
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or Mg K,, (1253.6 eV), hemispherical electron energy analyzer and an electron detector.

In the present thesis, x-ray photoelectron spectroscopy (XPS, Surface Nano Analysis
SPECS, GmbH, Germany) studies of VGN were carried out using an x-ray source of
nonmonochromatic Al K, (1486.6 eV). The spectra were analyzed by applying Shirley

type background and curve fitted with a mixture of Gaussian-Lorentzian line shape.

2.3.3 Raman spectroscopy

The scattering of light due to interaction with matter can be classified as elastic (Rayleigh

scattering) or inelastic (Raman or Brillouin scattering) [Figure 2.6] [128].

Vo + vm
Virtual --------------------------------------------- x ----------
energy states v0 VO Vm
.............. T CLECIEIPIIE-CRIRRE R RNt IO SROR
VO cg/
ANN— ¢ N |
Vibrational 5
energy states
A 4
1 1
¥ 0

Infrared  Rayleigh Stokes Anti-stokes
absorption gcattering Raman  Raman
scattering scattering

Figure 2.6 — Schematic of scattering process in Raman spectroscopy.

In the first case, the scattered light of the same frequency as the incident light (hwp).
The inelastically scattered light detected at different frequencies than the incident con-
stitutes the Raman or Brillouin signals. The Raman effect results from the change in
molecule’s polarizability induced by the interaction of vibrational and/or rotational mo-
tions of molecules with electromagnetic radiation [129]. The Raman scattering of the

incident beam has frequencies vy + v,,, where v,, is a vibrational frequency of a molecule.
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The vy - v, and vy + vy, lines are called the stokes and anti-stokes lines, respectively.

ey

Microscope : >
unit

Rayleigh filter Grating CCD

mple OB A 0|
o Mirrors U\ 4 U h

Objective lens
| J

Figure 2.7 — Schematic of the Raman spectrometer.

The major components of a Raman spectrometer are listed below:

A. Excitation source: continuous wave lasers Art with 514.5 nm (power 150 mW).

B. Sample illumination and collection system: set of lenses or microscope backscattering

configuration, standard and confocal mode, x5, x20, x50, x100.

C. Rayleigh rejection filter: Notch/edge filters.

D. Wavelength selector: monochromator gratings; 1800 and 2400 gr.mm™*.

E. Detector and computer control/processing system: photomultiplier tube/charged cou-

pled detector (CCD). Thermoelectrically cooled CCD and InGaAs detectors.

In this thesis, the Raman scattering studies on VGN were carried out using a micro-
Raman spectrometer (inVia, Renishaw, UK). All the major components along with avail-

able facilities of the system are reported below along with its block diagram [Fig. 2.7].
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2.3.4 Contact angle measurement

The surface energy, one of the important parameters to affect the wetting property of the
materials (thin films/ nanostructures), is subject of matter for their potential application.
The wetting nature and surface energy of the material’s surface can be evaluated by the

contact angle of a fluid droplet of a constant volume on the solid surface [130].

When a drop of liquid is placed on the solid surface, it experiences both adhesive and
cohesive forces. The adhesive force acting between the liquid/solid surface helps for
spreading the liquid and the cohesive force counteracts the spreading. Young’s equation
2.2 describes the balance between these forces which relates the contact angle to the
surface free energy of a system containing solid (s), liquid (1), and vapor (v) phases, as

shown in figure 2.8(a),

Ysv — Vsl = NwCOSY, (2.2)

Where, 75y, 7 and 7y, represent the surface free energy of solid, solid/liquid interface

and liquid, respectively. Where 6, is the contact angle.

Depending on the value of contact angle, the wetting nature surface can be classified
into four categories: hydrophilic (6, < 90°), super-hydrophilic(f. = 0°), hydrophobic (6.
> 90°) and super-hydrophobic (6. > 150°). In addition to that, the substrate’s surface
energy can also be calculated from contact angle measurement by using different liquids
in addition to the water. In general, the higher the contact angle, the lower the surface
energy. The contact angle measurement set up is shown in figure 2.8(c). The major
components of the set up are as follows: light source, microsyringe connected with screw

gauge, CCD camera interfaced with a computer.

The contact angle of the VGN surface were measured by the sessile drop method with the
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(b)

Vertex

Figure 2.8 — Schematic (a) of the contact angle by a liquid droplet, (b) illustration of
relation between angles and (c¢) contact angle set up in our lab.

help of a CCD camera (DINO1, Acam, India). All the measurements were carried out in
ambient conditions and the volume of the droplet was kept about 1 ul. The contact angle
value was evaluated by half-angle fitting method provided with the instrument equation
2.3 and varified by ImageJ software calculation. The angle between the vertex and the
baseline is calculated using trigonometry [Fig. 2.8(b)]. The surface was assumed to be

a part of a circle. The following relation was used to measure the contact angle, where

90 = 2(91,

tandy — " = 0, — 2tan~! (ﬁ) (2.3)
T

r

2.3.5 Four-probe point method

The sheet resistance is one of the parameters for evaluating the electrical properties of
the material [131]. The four-point probe method is commonly used to measure the sheet
resistance by using the Van der Pauw method. The advantage of the Van der Pauw

method is that it requires tiny, irregular shaped samples and also less surface area for
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resistivity measurement. Figure 2.9 shows the arrangement for the measurement that
requires four small contacts around the edge of a homogeneous and uniform thickness (t)

sample.

Figure 2.9 — Schematic of four point probe contact on the arbitrary shape of the material.
The sheet resistance (Ry, in £2/0) can be expressed as,

m
o= 5

) (2.4)

Ri234 ;L R23’41)F

Where p is the resistivity of the material, t is the layer thickness, resistance R34 is

defined as,

V34, voltage difference between contacts 3 and 4

Rig34 = (2.5)

L5, current flows between contact 1 and 2

Similarly R34 and F is van-der Pauw correction factor, which is satisfying the relation,

(2.6)

Rig3s — Rozan  F {exp(ln?/F)}
= —arccosh | —————=
Rigsq + Roza1 (N2 2

The sheet resistance of VGN structures in the current thesis was measured using the
Agilent B2902A precision source/measure unit. The electrical contacts in this study were

made by attaching a thin Cu wire to the material using conducting Ag paste.
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2.3.6 Electrochemical measurement

The electrochemical performance of the single electrode and devices were carried out by
3-electrode and 2-electrode setup, respectively. A schematic of the 3-electrode system is
depicted in figure 2.10(a). The major components of the 3-electrode system are:
Working electrode: Working electrode (WE) is the electrode on which the primary reac-
tion takes place. The area of the electrode affects the electrochemical capacitance and
very influential depending on the applications.

Counter electrode: The counter electrode (CE) is made of generally from inert materials
like Au, Pt, glassy carbon and graphite. This electrode does not participate in the chem-
ical reaction and only closes the current circuit in the electrochemical cell. Generally, a
higher area of the counter electrode is dipped into the electrolyte to avoid the surface
area not to be a limiting factor in the kinetics of the reaction process.

Reference electrode: This electrode has a stable potential and is used as a reference point
for potential measurement in the electrochemical cell. There are several standard ref-
erence electrodes (RE) like standard hydrogen electrode, saturated calomel electrode,
silver chloride electrode and pH-electrode. The high stability of these electrodes is main-
tained by providing a redox system with saturated concentration. The current through
the reference electrode kept nearly zero by keeping a very high input impedance in the
circuit between RE and CE. Figure 2.10(b) shows the basic block diagram of potentio-
stat/galvanostat (PGSTAT) of AUTOLAB, Metrohm, which was used for evaluating the

electrochemical performance of VGN structures.

The potential is controlled between the WE and CE in potentiostatic (PSTAT) mode
whereas, in case of galvanostatic (GSTAT) mode, the current is controlled between the
WE and the CE. The potential difference between the RE and WE and the current flowing

between the CE and WE are continuously monitored. By using a PGSTAT, the potential
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Figure 2.10 — (a) Schematic of three electrode system, and (b) block diagram of poten-
tiostat/galvanostat.

or current is controlled by a negative feedback mechanism. The control amplifier (CA)
forces current to flow through the cell and the value of the current is measured by a current
follower (LowCF) or HighCR, for low and high currents, respectively. The differential
amplifier (Diffamp) measures the potential difference between the RE and shunt (S). The
PSTAT /GSTAT switch is set depending on the mode (potentiostatic or galvanostatic) of
use. The input signal is then fed to the Summation Point (X) with the waveform (E;,)
set by the digital-to-analog converter. The cell cables of the Autolab PGSTAT contain

five connectors marked as WE, CE, RE, S and ground.

Figure 2.11 — Photograph of electrochemical setup.
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Always, the potential is measured between RE and S. Whereas, the current is measured
between WE and CE. The ground connector is used to connect external devices to the
same ground of the PGSTAT. The autolab system used is shown in figure 2.11. Three

different techniques measure the electrochemical performance:

2.3.6.1 Cyclic voltammetry

Cyclic voltammetry (CV) is extensively used to study the redox reaction reversibility and
determine the voltage window of electrodes or devices. The CV principle is to measure
the resulting current simultaneously when applying a linear voltage to an electrode or a
device between two preset voltage limits. The CV experiments are carried out at different
scan rates, for example from 0.1 V/s to 0.5 V /s for conventional supercapacitors and from

0.1 V/s to 0.8 V/s for symmetric supercapacitors.

2.3.6.2 Galvanostatic charge-discharge curve

Galvanostatic cycling charge-discharge (CD) is widely used to calculate the capacitance
and cycling stability of electrodes or devices. The principle of CD is to measure the result-
ing voltage simultaneously while applying a constant current to an electrode or a device
between two preset voltage limits. CD experiments are carried out at different current
densities, for example from 0.1 mA /cm? to 0.5 mA /cm? for conventional supercapacitors

and symmetric device.

2.3.6.3 Electrochemical impedance spectroscopy

The equivalent series resistance, charge transfer resistance and diffusion impedance of
electrochemical devices can be studied by electrochemical impedance spectroscopy (EIS).
The main difference between EIS and CV is that in EIS a sinusoidal voltage signal is
imposed at a range of frequencies and the resulting current is measured, while a linear
voltage is applied in CV. EIS experiments were carried out in the frequency range from 100

kHz to 0.01 Hz by applying 10 mV amplitude of the sinusoidal voltage. The impedance
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spectra are fitted by EIS spectra analyzer software by using an appropriate equivalent

electric circuit.

For this thesis work, the electrochemical performance of the VGN based materials were
carried out by Metrohm-Autolab electrical work station (model PGSTAT302N, Nether-
land). The Platinum foil, Ag/AgCl (3M KCI) and VGN based material were used as

counter, reference and working electrodes, respectively.

2.4 Summary

The experimental techniques used to synthesize VGN and modified VGN structures are

discussed in detail with principle and block diagrams.
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Chapter 3

Growth of vertical graphene
nanosheets and scalable transfer for
flexible supercapacitor applications

Equipped with his five senses, man explores the universe around him and calls the
adventure science.

-Edwin Hubble

3.1 Introduction

The demand for flexible electronic devices stimulated the rapid development of flexi-
ble supercapacitors. Towards this vertical graphene nanosheets (VGN) emerge as the
material of choice for a flexible electrode for supercapacitor applications [132, 133]. How-
ever, the growth of VGN requires high temperatures (> 300 °C), which limits the choice
of substrate materials as most of the flexible substrate does not withstand such high
temperatures. This brings in the demand for growth of VGN at lower temperature. Nev-
ertheless, high growth temperatures are required to obtain VGN with high structural
quality, good electrical conductivity and the unique interconnected 3D open porous net-
work [75]. The growth of VGN on a variety of substrates that can withstand the high
growth temperatures is reported. The difficulty associated with direct growth of VGN

on flexible substrates can be overcomed by adopting an effective strategy of transferring
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the well-grown VGN onto arbitrary flexible substrates through the chemical route. Some
literature addressed the issues by transferring graphene using methods like laser-induced
transfer technique (LIFT) and polymer-based transfer process [67, 69, 71]. However, these
methods give rise to morphological damage and surface alteration after the transfer pro-
cess. Since most of the transfer processes use polymer, which gets filled inside the porous
network of VGN and will be difficult to remove. Moreover, the VGN is easily peelable, so
it can be damaged very easily while removing the polymer in the post-cleaning processes.
Hence, one should consider the etching of the bottom substrate with a slow etching rate

and then transfer, so that the film should not experience any disturbance.

In this chapter, a single-step, polymer-free and simple technique is adopted to transfer
scalable VGN onto any arbitrary substrate without disrupting its morphology, structure
and properties. Furthermore, the charge storage capacity is studied by fabricating a
flexible symmetric supercapacitor device using the transferred VGN without any binder
and current collector. An excellent capacitance of 158 uF /cm? with capacitance retention

of 86 % is observed after 10000 charge-discharge cycles .

3.2 Growth and transfer of VGN

3.2.1 Growth of VGN

VGN are grown on Ni, SiO,/Si substrate by ECRCVD technique, where high pure Ar
and CHy were used as the diluent and source gas, respectively. The substrate is then
loaded to the chamber, which was evacuated to 107% mbar using a turbo molecular pump
backed by a rotary pump. Thereafter, the substrate was annealed at 800 °C and subse-
quently cleaned by Ar plasma at microwave power 200 W for 10 min. After the substrate
cleaning, hydrocarbon gas (CHy) at 5 scem and Ar of 20 scem flow rate was fed into

the synthesis chamber for the growth of the VGN. The substrate temperature at 800 °C,
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microwave power at 375 W and 2x 1072 mbar operating pressure was maintained during
the growth. After the growth, plasma was turned off and the as-grown film was subjected
to a post-growth annealing at 800 °C to improve the structural and morphological qual-
ity [134]. Finally, the sample was cooled down to room temperature and taken out for

characterization.

There are several studies reported on the growth mechanism of VGN [15, 75]. The
commonly accepted growth mechanism for VGN is (i) adsorption of CHj radicals and
amorphous carbon layer formation on the substrate, (ii) formation of nucleation sites at
the defect areas, (iii) appearance of nanoislands at the nucleation sites with dangling
bonds, (iv) growth of small graphene nanosheets, and (v) formation of nanographene
sheets with arbitrary orientation. The growth of VGN in the vertical direction is mainly
due to the electric field, residual stress and an-isotropic growth effects [15]. The localized
electric field at the substrate controls the orientation and density of the VGN network.
The temperature gradient and lattice mismatch produce internal stress, causing buckling
of the amorphous layer that serves as a nucleation site for vertical growth. Also, the
anisotropic growth rate in the perpendicular and parallel directions is one reason behind

the vertical growth.

3.2.2 Transfer of VGN

The transfer of VGN was carried out by soft chemical routes. The first attempt towards
the polymer-free transfer of VGN was carried out by dipping VGN grown on Si in a 1M
KOH solution. The sample was dipped for 2 hours in the KOH solution for Si etching.
The reaction for etching of Si by KOH is given by equation 3.1. After the Si substrate

was etched away, the floating VGN film was fished on to an overhead projector sheet.

Si+20H™ +2H,0 — Si(OH,)” + H, (3.1)
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The photographic image of the transferred film by this process is shown in figure 3.1.
Degradation of the sample during the transfer process is due to poor stability of the film

after wetting by KOH.

Figure 3.1 — Photograph of transferred VGN to overhead projector (OHP) sheet.

In order to avoid surface damage, the transfer process adopted in the present study is a
modified and simple form of the process reported by Kim et. al., [67] for CVD grown
single-layer graphene on metallic substrate. Polymers use in the transfer process were
excluded to avoid the tedious job of its removal. The as-grown VGN on Ni (VGN/Ni)
was annealed at 80 °C for 10 min to increase the etching rate and for easy detachment from
the substrate surface [135]. To etch Ni, the VGN/Ni was floated in 1M FeCl; solution for
90 min. The Ni ion etching reaction without the formation of gaseous products is given

here:

Fe*(ag.) + Ni(s) — Fe**(aq.) + Ni*"(aq.) (3.2)

The floating VGN film in figure 3.2(d) confirms the complete etching of the Ni substrate.
Then the FeCl; solution and etched Ni were removed using a syringe and the remaining
part was diluted by adding deionized (DI) water. This procedure of FeCls solution removal

and dilution with DI water was repeated many times until the concentration of FeCls
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reduced and entirely removed from the solution. The floating film was then transferred
to glassware containing DI water. Subsequently, the desired flexible substrate was cleaned
by sonicating it in isopropyl alcohol and dried in nitrogen gas. The floating film was then
transferred onto the clean desired substrate (OHP sheet) by carefully scooping it out and

dried for 30 min to remove the water at the interface.

Figure 3.2 — Schematic of the transfer process of VGN onto flexible substrate. (a)
VGN/Ni, (b) baked VGN/Ni, (c) floated VGN/Ni in FeCls solution, (d) freely floating
VGN after Ni etching, (e) dilution of FeCls solution by DI water, (f) free floating VGN on
DI water, (g) scooped out VGN to flexible substrate and (h), (i) optical image of 2x1 cm?
VGN on flexible substrate with scaling.

The schematic of the transfer process and photograph of the transferred film are depicted
in figure 3.2. From figure 3.2(h) and (i), it is clear that the transferred VGN (VGN/OHP)
is uniform, wrinkle and crack-free and well adherent to substrate. The whole procedure

was repeated many times to ensure reproducibility. It is noteworthy that the transfer
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procedure does not need any polymer support, removal step and helpful for the current
collector free electrode fabrication. The complete transfer process takes almost 2 hours
and requires careful handling. The transfer of VGN was also carried out onto a variety
of substrates like glass slide, paraffin and carbon cloth. The advantages of this procedure

are its high reproducibility, single-step process and simplicity.

3.3 Morphology and structural analysis

Scanning electron microscopy and Raman spectroscopy are carried out for the mor-
phological and structural study, respectively for the as-grown VGN/Ni and transferred
VGN/OHP. The SEM micrographs of the as-grown VGN/Ni and transferred VGN/OHP
are shown in figures 3.3(a) and (b), respectively. The observed results confirm the re-
tention of morphology after the transfer process. Figure 3.3(c) shows the typical cross-
sectional FESEM image of the VGN, which ensures the vertical orientation of the struc-
ture. The nanographitic layer at the interface of the substrate supports the vertical
orientation. The non-agglomerated and porous 3-D network of VGN is also evident from
the SEM micrographs. The structure helps easy access for the electrolyte ions and makes

it beneficial for supercapacitor performance.

Raman spectroscopy is a general technique used for structural confirmation of graphene
materials which also gives information about defects, disorders, doping, number of layers
and strain of the graphene materials [136]. Figure 3.3(d) depicts the obtained Raman
spectra for as-grown VGN/Ni and transferred VGN/OHP. Typical Raman spectra consist
peaks corresponding to D” (1100 cm™!), D (1350 cm™!), G (1580 cm™!), D’ (1620 cm™!),
D+D” (2460 cm™'), G’ (2700 cm™!), D+D’ (2950 cm™!) and 2D’ (3240 cm™!). The
D, G and G’ are the signature peaks of the VGN structure [75]. Where the G peak is

due to the first-order Raman scattering of the doubly degenerate (iTO and LO) phonon
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Figure 3.3 - FESEM micrograph of (a) as-grown VGN/Ni and (b) transferred VGN/OHP
; 1 cm = 500 nm, (c) cross sectional image of VGN with NG layer and (d) Raman spectra
of as-grown and transferred VGN.

modes (Eg, symmetry) at the zone center and it reflects sp? nature of the graphitic
planes [129, 136]. The G’ peak originates from a second-order process involving two iTO
phonons and gives information about the number of graphene layers [129, 136]. The D",
D, D/, D+D”, D+D’ and 2D’ are disorder-induced peaks due to random orientation of
the structure, nanographitic base layer with sp content, presence of C-H bonds, a large
amount of unsaturated edges, fullerene-like structure and pentagon-heptagon carbon rings

ete. [136, 137].

Low full width at half maximum (FWHM) of D, G and G’ indicates the higher degree of

crystallinity. The Raman spectra are recorded for both the samples at several places.

The average FWHM of the D, G and G’ peak of the as-grown VGN/Ni is found to be
38, 31, and 70 cm™!, respectively. However, for transferred VGN/OHP 39, 32, and 73

cm ™!, respectively. The slight increase in FWHM of G’ after the transfer process can be
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due to the substrate effect and trapped water in the interface of the transferred VGN
and OHP sheet. A shift in the peak position is the signature of strain, change in surface
chemistry and disorder [136]. An almost negligible shift in peak position and unchanged
FWHM affirm that the surface chemistry and crystalline quality are maintained after
the transfer process. Hence, the transfer procedure does not introduce any significant

structural degradation and alteration in surface morphology.

3.4 Surface chemistry analysis

To study the surface chemistry after the transfer process, water contact angle (WCA)
measurement and X-ray photoelectron spectroscopy (XPS) are carried out. Wetting is
an important property that gets significantly influenced by any alteration of the surface
chemistry and roughness. The WCA measurement of as-grown VGN/Ni and transferred

VGN/OHP are shown in figures 3.4(a) and (b), respectively.

(2) VGN/Ni (b) VGN/OHP

Figure 3.4 - WCA of (a) as-grown VGN/Ni and (b) transferred VGN/OHP.

A similar WCA value of 135° + 2 before and after the transfer process confirms the
unaltered morphology and surface chemistry. The intrinsic hydrophobic nature of the
VGN film has a suitable application in anti-corrosion, self-cleaning coating and anti-
biofouling.

XPS is carried out for transferred VGN/OHP to investigate the surface chemistry and
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Figure 3.5 — XPS spectra of (a) Cls and (b) Fe2p spectrum of transferred VGN/OHP.

contamination of Fe during transfer process. High resolution Cls spactrum of the trans-
ferred VGN is shown in figure 3.5(a). The Cls spectrum shows a prominent peak around
284.5 eV, assigned as sp? C-C bonds. Also, less intense peaks at 285 eV (sp® C-C), 285.9
eV (C-0), 287.4 eV (C=0) and 288.3 eV (-COO) are also observed [138, 139]. After
several steps of dilution also, an unpreventable Fe content of 3.5 % is observed from the

high resolution Fe2p spectrum shown in figure 3.5(b).

3.5 Electrical property study

Apart from structural quality, the material’s surface carrier conductivity plays a vital role
in the electrochemical capacitor as the electrical conductivity affects the charge transport,

reaction kinetics at the electrode surface and charge-discharge behavior.

Therefore, the electrical resistance of the transferred VGN was measured using the four-
probe method, as shown in the inset of figure 3.6, assuming continuous film thickness
in the macroscopic scale. The linear I-V relationship of VGN (figure 3.6), for both
the configurations (i.e. when current is supplied between contacts 1 and 2 and voltage
measured across 4 and 3 as well as current supplied between 1 and 4 and voltage measured

across 2 and 3) ensure Ohmic contact. The sheet resistance of VGN is calculated from
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Figure 3.6 — I-V characteristic of transferred VGN/OHP. Inset shows the schematic of
electrical contacts on VGN for measurement.

the slopes of the I-V curves using the Van der Pauw equation and is found to be 670
Q/cm?. The observed low resistance is helpful for faster charge transport on the surface

of the VGN.

3.6 Electrochemical capacitance study

The electrochemical capacitor characterization of as-grown and transferred VGN are car-
ried out in a 3-electrode setup using Ag/AgCl as the reference electrode and 1M KOH as
the electrolyte. Platinum is used as the counter electrode. For electrochemical capacitance
study, out of 2x1 cm? geometrical area of the sample, only 1x1 cm? area only is exposed
to the electrolyte to keep the electrical contact away from the electrolyte. The transferred
VGN/OHP is the current collector and binder-free. Figures 3.7(a) and (b) show the cyclic
voltammogram (CV) of the as-grown VGN/Ni and transferred VGN/OHP, at different
scan rates ranging from 100-500 mV/s, respectively.

The potential window is confined to 0.5 V (-0.25 V to 0.25 V) for electric double layer

formation and to exclude the possibility of faradic contribution from hydrogen storage,
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Figure 3.7 — CV of (a) as-grown VGN/Ni and (b) transferred VGN/OHP in the 3-
electrode system at different scan rates, (c¢) comparative CV of VGN/Ni and VGN/OHP
at a scan rate of 300 mV/s, (d) plot of areal capacitance of VGN/Ni and VGN/OHP as a
function of scan rate, (e) charge-discharge profile of transferred VGN at different current
densities and (f) capacitive retention versus cycle number; inset shows few charge/discharge
cycles.

electrode oxidation and electrolyte decomposition [140]. A similar range potential window
is also reported in the literature [18, 81]. However, the potential window can be extended
by improving the vertical structure’s quality and using different electrolytes, which is not
the focus of the current research. A near rectangular CV and its un-altered shape with
scan rate confirm good supercapacitor performance. The areal capacitance is calculated
from the CV using the equation 3.3. Where, [idV represents the area under the CV

curve, AV is the potential window, s is the scan rate and A is the active area of the
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electrode dipped in the electrolyte.

[idv

CA:AVxAxs

(3.3)
The calculated areal capacitance for as-grown VGN/Ni is 109 uF/cm? and 158 uF/cm?
for transferred VGN/OHP, at 100 mV /s scan rate. After the transfer, this increase in
capacitance is due to the Fe contamination, as confirmed from XPS analysis. The residual
Fe contamination has been proven to enhance the electrochemical capacitance of graphene
[141]. For comparison, the CV plot of the as-grown VGN/Ni and transferred VGN/OHP

at 300 mV /s scan rate is shown in figure 3.7(c).

Figure 3.7(d) represents the areal capacitance vs. scan rate for both the as-grown and
transferred samples and is found to decrease with scan rate. This can be attributed to the
inaccessibility of the electrolyte ion to the electrode surface at higher scan rates. The gal-
vanostatic charge-discharge of the transferred VGN/OHP represents the symmetric and
linear profile at different current densities with trivial voltage drop, which is depicted
in figure 3.7(e). The obtained result indicates ideal supercapacitor behaviour for both
as-grown and transferred VGN. Another property of supercapacitor is stability during
large charge-discharge cycles. Hence, the charge-discharge experiment is carried out for
10000 cycles at 12 pA/cm? scan rate to probe the electrochemical stability of the trans-
ferred VGN and the results are shown in figure 3.7(f). The capacitance retention of the
transferred VGN is found to be 86 % even after 10,000 charge-discharge cycles.

The practicability of the transferred VGN is validated by fabricating a symmetric de-
vice. The device was assembled by sandwiching KOH soaked laboratory filter paper
(Whatman@®)41) in between two transferred VGN electrodes. The edges were then sealed
using a suitable insulating polymer blend. The schematic of the fabricated device and

photographic image of the electrodes are depicted in figure 3.8(a) and (b).
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(a)

OHP Sheet
VGN -VE

KOH soaked filter paper

VGN
OHP Sheet

Figure 3.8 — (a) Schematic of symmetric VGN supercapacitor device (b) Photograph of
the transfer electrode for device.

The electrochemical investigation of the fabricated symmetric flexible VGN supercapaci-
tor is carried out in a 2-electrode configuration. The CV profile of the symmetric device
is shown in figure 3.9(a). The areal capacitance C4 is calculated from the CV using the

following equation,

2 [idV

CA:AVXAXS

(3.4)

Where, [idV represents the area under the CV curve, AV is the potential window, s is

the scan rate and A is the active area of the one electrode.

The device offers a capacitance value of 85 pF/cm? at a scan rate of 100 mV/s. The
obtained capacitance value matches the existing reports, where Al was used as the current
collector [142]. Excellent charge storage stability is observed with for different scan rates
(figure 3.9(b)). The linear charge-discharge profile (figure 3.9(c)) reveals good capacitive
characteristic of the device. Capacitance retention of 77% is observed after 10000 cycles
(figure 3.9(d)) and few continuous charge-dischage curves in inset of figure 3.9(d) shows
the behaviour at high cycle number. The obtained experimental results support the

suitability of VGN as a promising supercapacitor electrode material.
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Figure 3.9 — Electrochemical capacitance performance of the symmetric device in 2-
electrode setup; (a) CV at different scan rates, (b) plot of areal capacitance vs. scan rate,
(c) charge-discharge profile at different current densities and (d) capacitance retention wvs.
cycle number, inset of (d) represents few charge-discharge cycles.

3.7 Conclusion

An efficient and easily scalable, polymer-free transfer process of VGN onto the flexible
substrate is presented. The preservation of morphology, structural quality and surface
chemistry of the VGN is confirmed after the transfer process. The developed transfer
process is straightforward to implement and highly reproducible. The meager sheet re-
sistance makes VGN as potential candidates for electrode materials. Fabrication of the
flexible supercapacitor device and electrochemical characterization results proved to use
the transferred VGN electrode without additional binder and current collector. In ad-
dition to flexible device fabrication, the present scalable transfer procedure holds great

promise for future applications.
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Chapter 4

Plasma activated VGN for enhanced
electrochemical capacitance

I’'m convinced that art and science activate the same parts of the brain.

-Frank Wilczek

4.1 Introduction

Electrochemical capacitors or supercapacitors (ECs/SCs) are a potential substitute to the
conventional batteries for energy storage applications due to their high charge-discharge
rate, longer cycle-life and power density [53, 122, 143]. Supercapacitors are classified
into two categories namely, electric double-layer capacitors (EDLCs) and pseudocapaci-
tors (PCs), where the charge storage mechanism is due to the formation electric double
layer and redox reactions at the electrode surface, respectively [144]. The EDLC has
more importance than pseudocapacitors due to its better chemical stability and cyclic
stability. However, the EDLC materials exhibit a few orders of lesser capacitance than
the pseudocapacitors. This brings in many scopes to enhance the capacitance of EDLC

materials by adapting innovative strategies which is a prime focus of current research.

Different carbon materials have been extensively studied as EDLC electrodes due to their
remarkable properties like high surface area, electrical conductivity and electrochemical

stability [145-148]. Vertical graphene nanosheets (VGN) are a derivative of graphene,
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have drawn significant attention among the research community due to its outstanding
physical and chemical properties [15, 63, 73]. Generally, VGN are 3D ensemble of inter-
connected vertically standing few-layer graphene sheets of few tens of nanometer-thick
[21, 149]. The 3D interconnected porous network of VGN structures offers easy access
to both the sides of its surface to the electrolyte ions to interact with, which is a big

advantage for utilization as an electrode material [73, 74].

As-grown VGN is intrinsically hydrophobic due to its interconnected porous 3D network
and hydrogen-terminated edges [27, 28]. This hydrophobic nature restricts the entire
surface area to interact electrolyte. Whereas hydrophilic surfaces are most desired for
better electrode wettability, which improves the interaction with electrolyte and in-turn
the energy storage performance [77, 78, 150]. Hence, the VGN surface transformation
to hydrophilic while retaining its unique morphology is in demand to develop a high-
performance electrochemical capacitor. The density of defects, inter-sheet spacing and
surface functionalization also affects the wetting nature of VGN structures [28, 41, 77, 79—
82, 92]. Surface modification/activation methods like chemical activation and post-plasma
treatment are widely adopted to tune the wetting properties of nanostructures, by altering
the nature of defects and surface functional groups [78, 82, 83, 86]. However, chemical ac-
tivation is time-consuming and there is a possibility of damaging the morphology [84, 85].
Whereas post-plasma treatment is fast and it also helps in preserving the geometry. Some
research groups have reported on the SC behavior of oxygen plasma-treated VGN and
explained the role of surface oxygen groups on capacitance [79, 89, 150-152]. Addition-
ally, there are reports on the attachment of specific types of oxygenated functional groups
(hydroxyl and carbonyl) found to enhance the capacitance [88, 89, 152]. Nevertheless, no
detailed studies on tailoring VGN surfaces with selective oxygenated groups (hydroxyl or
carbonyl) and evaluating their capacitor performance exist. A comparison of the capaci-

tance for plasma-treated VGN from literature is tabulated in table 4.1.
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Also, long-term stability of the wetting nature and surface functionalization have a sig-
nificant impact on supercapacitor performance, since the electrode surface plays a vital
role in the EDL formation. Yet, only a few studies are available on detailing the ageing
behavior of wettability for carbon structures [153, 154]. Since plasma surface modifica-
tion is a non-equilibrium process, studies on the long-term stability of the plasma-induced
changes in wettability are need of the hour for potential utilization of the VGN electrodes

towards supercapacitor applications.

Reference | Areal capacitance Electrolyte
(mF/cm?)
[150] 0.12 (as-grown) | 1M Na Acetate
0.96 (Oy plasma) | and 1M MgSO,
[93] 0.16 (as-grown) 1M NapSOy
0.92 (Hs plasma)
This work | 0.15 (as-grown) 1M KOH
1.7 (O plasma)

Table 4.1 — Comparison of the areal capacitance values for plasma-treated VGN.

In this chapter, super-hydrophilic VGN are achieved by oxygen plasma treatment, while
retaining its morphology. The enhanced charge storage performance of super-hydrophilic
VGN is demonstrated. Further, the significant role of oxygen plasma treatment and VGN
with preferentially functionalized with specific type of oxygenated groups by ez-situ and
in-situ plasma treatment is studied. Moreover, the correlation between type of oxygen
functional groups (hydroxyl, carbonyl and carboxyl) with wetting nature, change in wet-
tability with ageing and supercapacitor performance of VGN surfaces is established. The
capacitance performance of VGN samples undergone oxygen plasma treatment is also
compared with those treated with Hy, Ny plasmas. The role of the process parameters
towards achieving hydrophilic VGN surfaces with long-term stability is brought out. Fi-
nally, a solid-state symmetric supercapacitor device is fabricated and used to light up a

light-emitting-diode to demonstrate its practicability.
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4.2 Tuneable oxygen plasma activation of VGN and

capacitor performance

For this work, VGN were grown on SiO,/Si and carbon paper (CP) using a plasma-
enhanced chemical vapor deposition technique. The detailed growth process is discussed

in the previous chapter.

Post oxygen plasma treatment was carried out in two ways: (i) ez-situ and (ii) in-situ
manner. In ex-situ treatment, the samples were exposed to ambient conditions for a few
days after growth and then plasma treatment was carried out. Whereas, in-situ plasma
treatment was carried out immediately after the growth without exposing the samples
to ambient. It is to avoid the contamination by atmospheric absorbents upon exposure
to ambient conditions. Plasma treatment was carried out by allowing high pure (99.99
%) oxygen gas into the vacuum chamber at a flow rate of 20 sccm and the chamber
pressure was 1.2x 1073 mbar. Plasma exposure studies (ez-situ and in-situ) were carried
at different microwave (plasma) powers 100, 300 and 600 W, at a constant exposure time
of 2 minutes. The optimum treatment time of 2 min was chosen based on our studies to
achieve super-hydrophilic VGN surfaces without reducing their height [155]. The samples
are named as 100 W ez-situ, 100 W in-situ, 300 W ez-situ, 300 W in-situ, 600 W ez-situ

and 600 W n-situ.

4.2.1 Morphological analysis

Figure 4.1(a-c) illustrate the morphology of as-grown and oxygen plasma-treated VGN
600 W ez-situ and in-situ samples, respectively. The insets show respective cross-sectional
FESEM images. The retention of morphology after oxygen plasma treatment is evident
except a reduction of height from 1.9 to 1.1 um for both ez-situ and in-situ cases. The

morphology and cross-sectional FESEM images of VGN treated at 100 and 300 W ex-
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situ and in-situ are also maintained the structure unaffected [156]. The reduction in
height is due to the etching of graphene edges by reactive oxygen species. However, the
morphology of VGN is preserved after the oxygen plasma treatment, which is vital for its

use as an electrochemical capacitor electrode material.

Figure 4.1 — FESEM micrograph of (a) as-grown VGN (b) 600 W ez-situ and (c) 600
W in-situ plasma-treated VGN. Insets show the respective cross-section images. HRTEM
micrograph of (d) as-grown VGN (e) 600 W ez-situ and (f) 600 W in-situ plasma-treated
VGN.
In general, for the interconnected, networked structures like VGN, the inter-sheet distance
is considered as pore size. In this study, the inter-sheet distance is obtained from SEM

images using ImageJ software. The distribution plot is shown in figure 4.2 and an increase
in the mean of inter-sheet distance is evident after plasma treatment.

The HRTEM micrographs illustrated in figure 4.1(d-f) affirm that the layered structure
of the as-grown is retained in the plasma-treated VGN. A reduction in the number of
layers per sheet after plasma treatment is also evidenced. For the as-grown VGN, the
number of graphene layers is about twelve and reduced to nearly eight layers after the
plasma treatment. It confirms the etching of the VGN by the reactive oxygen radicals

during the plasma treatment.
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Figure 4.2 — Inter-sheet distance distribution for as-grown VGN, 600 W ez-situ and 600
W in-situ plasma-treated VGN.

4.2.2 Structural analysis

Raman spectroscopy is a non-destructive technique to probe the structural properties of
carbon materials [129, 136]. It gives information like structural disorder, defects, doping

and strain in the investigated materials.

Figure 4.3(a) depicts the Raman spectra of VGN consisting of peaks at 1105, 1355, 1583,
1621, 2460, 2706, 2950 and 3230 cm~. D (1355 cm™), G (1583 em™!), and G’ (2706
cm™!) are the characteristic peaks of VGN structures [83, 137, 157]. The presence of G
(1583 cm™!) and G/(2706 cm™') confirms the graphitic nature of the structure. Whereas,
other peaks D” (1105 cm™!), D (1355 cm™'), D’ (1621 cm™ '), D+D” (2460 cm™?!), D+D’
(2950 cm™!) and 2D’ (3230 cm™!) correspond to the defects induced peaks [136]. The
detailed reason behind the origin of each peak is discussed in chapter-3 section 3.3.
Normalized Raman spectra of all the plasma-treated VGN are plotted with the as-grown
VGN (Figure 4.3(b)). A trivial change in peak positions of D, G and G’ are observed
which affirms the stability of graphitic structure after the plasma treatment.

The Raman spectra are further fitted to obtain detailed information about the structural
changes. The FWHMp, FWHMg and FWHM¢ are shown in figure 4.3(c). The broad-
ening of D, G and G’ peaks indicates an increase in defect density after plasma treatment
[83, 136, 158]. Further increase of FWHM in case of in-situ than ez-situ plasma-treated

VGN is observed. This is attributed to the surface passivation by the atmospheric ab-
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Figure 4.3 — Raman spectra of (a) typical as-grown VGN and (b) plasma-treated VGN
at different plasma powers; the variation of (¢) FWHMp, FWHMg and FWHM as well
as (d) Ip/lg, Ip//Ig and I/ /1 for as-grown and plasma-treated VGN.

sorbents in case of ez-situ plasma-treated VGN. Whereas, in-situ plasma treatment is
the instant extension of the growth process, resulting in less surface passivation and
more unsaturated defects. Figure 4.3(d) depicts higher Ip /I ratio forin-situ than ez-
situ plasma-treated VGN irrespective of plasma power, which confirms higher disorder
formation in in-situ case.

Additionally, the higher I /I ratio in case of in-situ treated samples, irrespective of the
plasma power further confirms that in-situ plasma exposure results in higher defected
VGN than ez-situ. Ig /lg less than one in case of in-situ and ex-situ confirm few layer
graphene in the vertical sheets. So, Raman spectra results shows that the structural dis-
order, which is more for in-situ than ez-situ plasma-treated VGN. Moreover, the disorder

found to increase with increase in plasma power.
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4.2.3 Water contact angle measurement

The water contact angle (WCA) of as-grown and plasma-treated VGN is measured to
investigate the role of plasma treatment in the wetting nature. All the WCA measure-
ments are carried out immediately after the plasma treatment. Both the VGN grown
on Si0y and CP exhibited nearly the same contact angle. For a better representation,

measurement on VGN/SiO, are shown in figure 4.4(a) and (b).

(a) Before Oxygen plasma| (D) After

treatment

Figure 4.4 — Water contact angle photograph of VGN (a) before and (b) after plasma
treatment.

Figures 4.4(a) and (b) depict the photographic image of WCA for as-grown and plasma-
treated VGN, respectively. The measured WCA for as-grown VGN is 134° (Figure
4.4(a)), which affirms the intrinsic hydrophobic nature due to its unique morphology
and hydrogen-terminated bonds (C-H). Also, It is reported that the structures with 3D
porous network geometry possess hydrophobic nature irrespective of the height and struc-
tural quality [76]. Whereas, oxygen plasma-treated VGN surfaces are super-hydrophilic
with a WCA close to zero, regardless of the plasma power (Figure 4.4(b)). The change
in wetting property is correlated to the oxygenated functional groups attached to the
VGN surface due to plasma treatment. However, these findings need to be validated by

quantifying oxygen content on the surface, discussed in the latter part of the chapter.

4.2.4 Surface chemistry analysis

A detailed XPS analysis of as-grown and plasma-treated VGN samples are carried out to

evaluate and quantify the type of oxygen functional groups attached to the surface.
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Figure 4.5 — XPS Cls spectra for (a) as-grown VGN, (b) 600 W ez-situ and (¢) 600 Win-
situ plasma-treated VGN; XPS Ols spectra for (e) 600 W ez-situ and (e) 600 W in-situ
plasma-treated VGN.

Figure 4.5(a) describes the high resolution Cls peak of as-grown VGN. The deconvoluted
Cls spectra consists of main peaks at 283.8, 284.4 and 285 eV corresponding to the
structural defects, sp? C-C and sp® C-C, respectively [79, 138, 139]. Alongside, less intense
peaks at 285.5, 286.3, 287.3 and 288.9 eV corresponing to hydroxyl (C-OH), ether/epoxy
group (C-O-C), carbonyl group (C=0) and carboxyl group (COOH), respectively are
observed [79, 138, 139]. The m-7* transition at 291 eV, that originates from the conjugated

delocalized electrons indicate a higher graphitic sp? carbon contribution.
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Figures 4.5(b) and (c) show the high resolution Cls spectra for 600 W ez-situ and in-situ
plasma-treated VGN, respectively. The percentage of vacancy defects is found to increase
from 2.8 to 5.5 % after plasma treatment and found to be higher in in-situ case. Which
is attributed to the increase in chemical etching and ion bombardment at higher plasma
powers. An increase in sp® C-C content is also observed after plasma treatment and it is

higher in the case of ez-situ treated VGN samples.

Additionally, an increase in hydroxyl and carbonyl type oxygenated functional groups on
VGN surface is evident after plasma treatment, and is found to be higher in case of in-situ
treated sample. The total oxygen content increased from 1.3 to 9.7 % after the plasma
treatment and is similar for all the samples. The details of the fitted data are provided in
the table 4.2. It clearly shows that the higher absorbed oxygen content immediately after
plasma exposure makes the surface highly polar and resulted in super-hydrophilic nature.
Therefore, the structural defects and oxygenated functional groups are responsible for the

change in wettability.

To validate the above findings a detailed analysis of Ols spectra of plasma-treated VGN
are carried out. The Ols spectra are fitted with three peaks at 530.8, 532 and 533.7 eV
corresponding to carboxyl, carbonyl and hydroxyl or epoxy/ether groups, respectively.
The deconvoluted Ols spectra parameters from fitting of plasma-treated VGN (both ez-
situ and in-situ) are given in table 4.3. It is also evident from figure 4.5(d) and (e) and
table 4.3 that the intensity of peak corresponds to carboxyl groups at 530.8 eV, reduced
and other peak increased after plasma treatment. However, the reduction is high in the
case of in-situ plasma-treated samples. The percentage of carboxyl groups (COOH) found

to reduce with an increase in plasma power and the lowest is measured to be 1.6 % for

the 600 W in-situ VGN.

In the in-situ plasma treatment process, the VGN gets exposed to the highly active

oxygen species immediately after growth, which saturates all the unsaturated dangling
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Samples Vacancy | sp? C-C | sp® C-C | C-OH | C-O-C | C=0 | COOH
defect (%) | (%) (%) (%) | (%) | () | (%)
| Asgrown | 278 [ 69.68 | 959 | 568 | 431 | 204 | 1.64 |

100 W ez-situ 4.54 55.01 16.22 7.67 5.91 2.63 4.27
100 W in-situ 4.62 64.52 7.35 7.98 3.99 | 3.46 4.09
300 W ez-situ | 4.43 5245 | 1091 | 7.3 | 464 | 3.76 | 4.2
300 W in-situ 4.73 60.48 10.95 8.28 3.36 | 4.42 3.8
600 W ex-situ 4.81 43.09 21.62 9.49 8.76 3.6 4.1
600 W in-situ 5.54 52.91 12.60 10.83 | 4.53 | 6.04 3.02

Table 4.2 — XPS Cls spectra fitted parameters for as-grown and plasma-treated VGN.

H Samples ‘ COOH (%) ‘ C=0 (%) ‘ C-0 (%) H

100 W ez-situ 4.97 49 46.03
100 W in-situ 4.1 49.3 46.6
300 W ez-situ 2.9 49.85 47.25
300 W in-situ 2.73 49.99 47.28
600 W ez-situ 2.75 49.95 47.3
600 W in-situ 1.61 50.37 48.02

Table 4.3 — XPS Ols spectra fitted parameters for as-grown and plasma-treated VGN.

bonds of as-grown VGN with the oxygen species. Thus, higher hydroxyl or epoxy/ether
groups than the carboxyl groups attached to the in-situ plasma-treated VGN surfaces,

as these groups are stable in the plasma environment.

On the other hand, in case of ex-situ plasma treatment, the VGN gets exposed to ambient
conditions for a few days before oxygen plasma treatment. During this period the dangling
bonds of as-grown VGN get saturated with carboxyl groups upon exposure to ambient
conditions. This is due to the moisture in the ambient, which supplies the hydroxyl ions
(-OH) to the unsaturated dangling bonds and results in further oxidation of the already
attached oxygen groups and converts them into carboxyl groups (-COOH) [159, 160).
Thus, higher percentage of carboxyl groups existed in ez-situ plasma-treated samples than
the in-situ treated ones. So, from the XPS analysis, an variation in surface chemistry
of VGN is observed by oxygen plasma treatment under different conditions (ez-situ and

in-situ,).
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4.2.5 Electrochemical capacitance study

Supercapacitive performance of as-grown and plasma-treated VGN are studied by expos-

ing a 1x1 cm? area to 1M KOH electrolyte in a 3-electrode setup.
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Figure 4.6 — (a) CV and (b) CD curve of as-grown VGN, (¢) CV comparison of as-
grown and 600 W ez-situ and in-situ plasma-treated VGN, (d) areal capacitance of all the
samples, (e) CV of 600 W in-situ plasma-treated VGN, and (f) capacitance retention for
as-grown and 600 W in-situ plasma-treated VGN, inset shows the CD for 600 W in-situ
plasma-treated VGN.

The areal capacitance is calculated from the cyclic voltammogram (CV) using the follow-

ing equation,

68



Chapter 4: Plasmaactivated VGN for enhanced electrochemical capacitance Chapter 4

[idv

CA:AVXAXS

(4.1)

where, [idV represents the area under the CV curve, AV is the potential window, s is

the scan rate and A is the active area of the electrode exposed to the electrolyte.

Figures 4.6(a) and (b) represent the CV measured at different scan rates and the charge-
discharge (CD) profile at different current densities of the as-grown VGN. A near rect-
angular CV profile and linear CD curve signify a good capacitive characteristic. Figure
4.6(c) represents CV comparison of as-grown VGN and both ez-situ and in-situ 600 W
plasma-treated VGN at 0.1 V/s. In-situ plasma-treated VGN shows high area under the
CV than ez-situ plasma-treated VGN indicating higher capacitance value. CV compari-
son of other plasma-treated VGN (100 W and 300 W) also follows the similar behaviour,
the areal capacitance plot is depited in figure 4.6(d). The highest capacitance value 1.7
mF /cm? is obtained for 600 W in-situ plasma-treated VGN. Figure 4.6(d) also shows
the super-hydrophilic nature in plasma-treated VGN irrespective of the plasma power.
Figure 4.6(e) represents the CV measured at different scan rates from 0.1 to 0.5 V/s and
inset of figure 4.6(f) shows the CD profile of the . A rectangular CV profile and the lin-
ear CD curve signify ideal capacitive characteristic of the 600 W in-situ plasma-treated
VGN. The capacitance retention increased after the plasma treatment from 73 to 85%
for 2000 CD cycles, shown in figure 4.6(f). The increase in capacitance is attributed to

the super-hydrophilic nature of plasma-treated VGN surface.

The oxygen functionalization or hydrophilicity also can be achievable by a simple alcohol
bath. So for the comparison sake, alteration of the wetting nature of the hydrophobic
as-grown VGN structures is carried out by simply soaking in ethyl alcohol for one day and
then cleaned it by dipping in de-ionized (DI) water for several times. The as-grown VGN

also possessed super-hydrophilic nature after alcohol soaking. The measured capacitance
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of the alcohol soaked VGN is 1.16 mF/cm?, but found to reduce rapidly to 0.49 mF /cm?
after 1000 cycle, the corresponding CV plots are shown in figure 4.7. The reduction in
capacitance after 1000 CV cycles is attributed to the decrease in oxidation/reduction
reactions reagent. Whereas, the plasma-treated VGN samples possess a stable CV profile
even after 2000 CD cycles and a higher capacitance value of 1.7 mF /cm?. Tt confirms that
the oxygen functionalization of VGN is more stable through plasma-treated than alcohol

treatment.

300F  1.16 mF/em> Alcohol soaked VGN

— 1st cycle
— After 1000 cycles

Current (nHA)
s =

100k 0.49 mF/cm’
200 F @ 0.1 V/s scan rate
-0.25 0.00 0.25 0.50
Voltage (V) vs Ag/AgCl

Figure 4.7 — CV of 15 and 1000" cycles for alcohol soaked VGN at 0.1 mV/s.

The electroactive surface area is more important for the EC electrodes than the electrode’s
entire surface area. Hence, the electrochemically active surface area from capacitive
current (Iy) vs. scan rate (V/s) is calculated to know the significant role of wetting
nature/surface functionalities towards enhancing the interacting surface area, which in
turn influence the capacitance value [161, 162]. The corresponding plot of (Iz) vs. scan
rate (V/s) are shown in figure 4.8. It is evident from the linear variation of current with
scan rate that the EDLC is the dominant charge storage mechanism. Here, we adopted
the widely used 'Jellium model’ to obtain the electrochemically active surface area [50].

The calculated active surface area values are found to be 8 m?/g for as-grown VGN, 60
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m?/g for 600 W ex-situ and 157 m?/g for 600 W in-situ plasma-treated VGN. So, it is

evidenced that the increase in active surface area after the plasma treatment.
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Figure 4.8 — Mean current passed during anodic/cathodic scan for (a) as-grown VGN,
(b) 600 W ex-situ and (c) 600 W in-situ as a function of scan rate.

In order to obtain information about electrode-electrolyte interaction, electrochemical
impedance spectroscopy (EIS) was carried out [93]. Figure 4.9 depicts the impedance
responses of as-grown and plasma-treated VGN, at a perturbation of 10 mV in the fre-
quency range of 100 kHz to 10 mHz. The Z’ intercept in the Nyquist plot is the measure
of equivalent series resistance (Rs). Equivalent circuit used to fit the impedance spectra
is shown in the inset of figure 4.9(a). The components of the equivalent circuit are the
equivalent series resistance (Rs), double layer capacitance (Cg), charge transfer resis-
tance (Re), and Warburg element /distributed charge storage component (Z,,) due to the

porous nature of the electrode.

The R, values measured are 2.2, 1.7, and 1.2 2 for as-grown VGN, 600 W ez-situ and 600
W in-situ plasma-treated VGN, respectively. It is observed that the R, value is found to
reduce after the plasma treatment. The lowest R, of in-situ plasma-treated VGN ensures
less resistance to ionic current. Figure 4.9(b) illustrates the phase angle versus frequency.
The maximum phase angle values obtained for as-grown VGN, 600 W ez-situ and 600 W
in-situ plasma-treated VGN are 79.7°, 81°, and 87.5°, respectively. In general, the phase
angle of 90° indicates an ideal capacitor behavior. The increase in phase angle close to

90° after the plasma treatment emphasizes an improved capacitor behavior.
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Figure 4.9 — Impedance responses of as-grown VGN, 600 W exz-situ and 600 W in-
situ plasma-treated VGN: (a) Nyquist plot, inset represents the equivalent circuit of fitted
impedance spectraand and (b) Bode plot

4.2.6 Discussion

It has been reported that both the hydroxyl and carbonyl type of oxygen functionalization
increase pseudocapacitance in addition to the electric double layer capacitance because of

the reversible redox reactions [88, 163, 164]. The reactions are given below [146, 165, 166],

C—OH+OH <C=0+H0+e (4.2)

COOH + OH™ ++ COO + HyO + ¢ (4.3)

In addition, the oxygenated functional groups are found to increase electrode’s wetta-
bility and gives highly access for the electrolyte ions to interact with interior surfaces.
On the other hand, the carboxyl type of oxygen functional groups cause a reduction in
capacitance. As the carboxyl groups are thermally less stable, they are detrimental for
achieving higher capacitance through Faradic reactions. Whereas, the hydroxyl and car-
bonyl groups are thermally more stable and thus, they are the most preferred functional

groups to enhance the capacitance [88, 163].

A schematic representation of the plasma-treated VGN surfaces with different oxygen
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Decrease in COOH
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In-situ

Plasma power
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Figure 4.10 — Schematic representation oxygenated functional groups attached to the
plasma-treated VGN surfaces and dependence on capacitance.

Increase in COOH
Decrease in Capacitance

functional groups determined by the plasma treatment conditions is illustrated in figure
4.10 to understand the whole mechanism. It is evident that the capacitance increased with
plasma power regardless of how the plasma treatment is conducted. Additionally, in-situ
plasma-treated VGN exhibited higher capacitance than ez-situ treated one, regardless of
the plasma power. However, at a given plasma power, in-situ plasma-treated VGN is

found to consist of higher hydroxyl and carbonyl groups and hence more capacitance.

Therefore, a strong correlation between capacitance performance, WCA and oxygenated
functional groups (hydroxyl, carbonyl) is evident. The obtained results affirm that the in-
situ oxygen plasma treatment of VGN is advantageous than ex-situ one towards achieving

higher capacitor performance.

73


gopinath
Typewriter
Plasma activated VGN for enhanced electrochemical capacitance


Different plasma activation of VGN and capacitor performance Chapter 4

4.3 Different plasma activation of VGN and capaci-

tor performance

The previous study confirms that oxygen plasma treatment transforms the VGN to hy-
drophilic and improves the wettability of the electrode. Also, the in-situ manner of
plasma treatment is preferable than exz-situ to achieve higher capacitance. For a compar-
ison sake in-situ Hy and Ny plasma treatment of VGN is performed and its influence on
both wettability and capacitance are studied. The plasma treatments were carried out
at 600 W microwave power for 2 minutes of exposure time. The samples are named as

as-grown VGN, Hy-VGN, N,-VGN and O,-VGN.

4.3.1 Morphological analysis

Figure 4.11 — FESEM micrographs of (a) as-grown VGN (b) Hy-VGN (c) N2-VGN and
(d) O2-VGN.

Figure 4.11 illustrates the FESEM morphology with the respective cross-sectional images
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of as-grown and plasma-treated VGN. The unique 3D-interconnected morphology of the
VGN is retained after the plasma treatment. Apparently, a significant reduction in ver-
tical height (from 1.8 to 1.2 pum) of the graphene sheets under oxygen plasma treatment
and a trivial change in height under hydrogen and nitrogen plasma is observed. This is
attributed to the chemical etching caused by the reactive nature of oxygen ions compared

to the hydrogen and nitrogen ions.

4.3.2 Structural analysis

The structural characterization of as-grown and plasma-treated VGN are carried out by
Raman spectroscopy to find the structural change after plasma treatment [129, 158].
Figure 4.12(a) depicts the Raman spectra for as-grown VGN and plasma-treated VGN.

The peak details and their origins are discussed in chapter-3 section 3.3.
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Figure 4.12 — (a) Raman spectra of as-grown and different plasma-treated VGN and (b)
change in FWHM¢ and Ip/Ig after plasma treatment.
Figure 4.12(a) shows the presence characteristic peaks which confirm the stability of VGN
after the plasma treatment. The obtained full width at half maxima of G (FWHM ) peak
and ratio of D and G peak intensities (Ip/l¢) from the fitted Raman spectra are plotted
in figure 4.12(b). The increase in FWHM¢ and Ip /I confirm increase in defect density
after the plasma treatment [129, 158]. This increase in defect density is due to the etching

of VGN in the plasma atmosphere, which leads to a change in local structure.
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4.3.3 Contact angle measurement and surface energy calcula-
tion

To signify the role of plasma treatment in tuning the wetting nature of VGN by mod-

ulating its surface energy, contact angle measurements of these samples are carried out.

Further, quantification of the surface energy of plasma-treated VGN samples is carried

out by measuring the contact angle using two different liquids, namely water and glyc-

erol. Figure 4.13(a) and (b) illustrates the contact angle images of the as-grown and

plasma-treated VGN samples in water and glycerol.
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(a) Water Contact Angle (b) Glycerol Contact Angle (©) Samples

Figure 4.13 — (a) Water contact angle (WCA) and (b) Glycerol contact angle (GCA) of
as-grown and different plasma-treated VGN samples; and (c) Bar graph representing the
calculated surface energy of the as-grown and plasma-treated VGN.

Transformation in the wetting nature of the O,-VGN from hydrophobic to hydrophilic is
evident from the WCA images. The as-grown VGN found to be hydrophobic with contact
angles of 13442° 12742° in water and glycerol, respectively. Apart from the as-grown
VGN, the Hy-VGN also possesses a hydrophobic (WCA= 116+4°) nature. It is attributed
to the surface passivated non-polar C-H bonds caused by the hydrogen plasma treatment.
On the other hand, both No-VGN and O2-VGN are found to be hydrophilic. Amongst,
the O2-VGN possesses an inclination to more hydrophilic nature. This is attributed to
the absorbed polar oxygen functional groups of the O2-VGN samples. Additionally, both

the nitrogen and oxygen are highly electronegative, which shows a high affinity towards
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water molecules and hence the hydrophilic nature.

To substantiate the role of surface functionalities in influencing the wetting characteristics
of the plasma-treated VGN, the surface energy of these samples are calculated using

Fowkes model by the following equation [130],

i(cosh + 1)

5 = (00 + (D)) (4.4)

where 7; is the liquid free surface energy and ~{, v, 47, 4? are the dispersive and polar
components of liquid and solid, respectively. The obtained surface energy values are
plotted and shown in figure 4.13(c). Surface energy for as-grown VGN, Hs-VGN, Ns-
VGN and O2-VGN is found to be 107.1, 123, 385 and 846.2 mJ/m?, respectively. The
surface energy of as-grown VGN is found to increase up to nearly eight times after the
oxygen plasma treatment. Amongst, the Hy-VGN exhibited the lowest variation in surface
energy. The observed surface energy, reflects on the wetting nature of the as-grown and

plasma-treated VGN.

4.3.4 Surface chemistry analysis

The chemical structure and bonding of the plasma-treated VGN are evaluated using XPS.
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Figure 4.14 — (a) XPS spectra of as-grown and different plasma-treated VGN and (b)
FTIR spectra for different plasma-treated VGN.
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Figure 4.14(a) shows the XPS survey spectra of these samples consist of peaks correspond-
ing to Cls, N1s and Ols. It is clearly evident that the peak corresponds to oxygen (Ols)
is significantly increased for O9-VGN, which indicates the increase in oxygen content.
This is attributed to i) plasma functionalization and ii) chemical absorption of oxygen
by the plasma etched VGN edges upon exposure to the ambient atmosphere. Among the
samples, the O2-VGN possessed higher oxygen content of 9.5 % compared to Hy (4.53
%) and Ny (6.52 %) VGN samples. In addition to the oxygen, a 15 % nitrogen content
is also evident in the case of No-VGN. Fourier-transform infrared spectroscopy (FTIR)
spectra show an increase in the in-plane C-H bending mode, confirming more hydrogen

termination after Hy plasma treatment (figure 4.14(b)).
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Figure 4.15 — Cls XPS spectra for different plasma-treated VGN (a-c) and N1s XPS
spectra of Ny plasma-treated VGN.

Furthermore, the Cls spectra of the samples are deconvoluted to substantiate the vari-
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ation in chemical bonding of the VGN that occurred with various plasma treatments
(figure 4.15). The fitted Cls spectra consists of major peaks corresponding to C-C sp?,
C-C sp3, C-OH, C-O-C, C=0 and COOH [79, 138, 139]. The 7-7* peak originates from
the conjugate delocalized electrons, indicates higher graphitic contribution. It is also
evident that the C-C sp? bonding has increased after plasma treatment and is higher in
the case of Ny plasma-treated ones. Also, sp? C-NHj i.e., the nitrogen incorporation to
the graphene matrix, is observed. Furthermore, the N, plasma-treated VGN possessed
pyrrolic and pyridine dominated N-doping (figure 4.15(d)). The observed changes are

attributed to the local variation in bonding due to opening up of the carbon rings by the

plasma treatment.

4.3.5 Electrochemical capacitance study

The electrochemical performance of as-grown and plasma-treated VGN are carried out

using a three-electrode configuration, where 1M KOH is used as the electrolyte.
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Figure 4.16 — CV and CD for (a, d) Ho-VGN, (b, e) No-VGN and (c, f) O2-VGN.

Figure 4.16 illustrates the cyclic voltammogram (CV) and charge-discharge (CD) curve

at different scan rates (0.1 to 0.5 V/s) and current densities (0.05 to 0.3 mA /cm?) respec-
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tively. The CV and CD of these samples are carried out over 0.5 V potential window.
A near rectangular CV and triangular CD profiles of these samples confirm a good ca-
pacitive behavior. The CD shape deviation from linear in case of Ny VGN confirms the
presence of pseudocapacitance due to pyrrolic and pyridine dominated N-doping, which

was observed from the XPS.

A comparative CV profiles of these samples are given in figure 4.17(a). It is evident that
the area under the CV curve is significantly increased after plasma treatment and is found
to be highest in the case of O-VGN followed by No-VGN and Ho-VGN. This confirms an
enhancement in specific capacitance of VGN with the plasma treatment and is highest

for oxygen plasma-treated VGN.
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Figure 4.17 — (a) CV comparison at 0.1 V/s and (b) areal capacitance vs. scan rate

profile, for as-grown and different plasma-treated VGN.
Figure 4.17(b) depicts the rate capability of the as-grown and plasma-treated VGN sam-
ples at different scan rates indicating high stability. The value of capacitance for as-
grown, Hy-VGN, No-VGN and Oo-VGN at 0.1 V/s are 0.15, 0.56, 1.04 and 1.7 mF /cm?,
respectively. All the plasma-treated VGN showed enhancement in capacitance. This is
attributed to the change in wetting nature due to the different functionalization of the
VGN surface. A ten-fold increase in capacitance is evident in O-VGN. While, both

No-VGN, Hy-VGN are also showed an enhancement in capacitance of VGN but lower

compared to Oy-VGN.

80



Chapter 4: Plasmaactivated VGN for enhanced electrochemical capacitance Chapter 4

4.3.6 Discussion

The change in capacitance with plasma treatment is attributed to the change in surface
chemistry and wetting, which is specific to the type of plasma treatment (Hy/N/Os).
The XPS analysis clearly showed the variation in surface functionalization of the VGN
treated in different plasma. Since, oxygen functionalization is evident in all the plasma-
treated samples, it could have contributed to the capacitance enhancement. However,
the amount of absorbed oxygen is higher for O,-VGN and followed by Ny-VGN, Hy VGN
and pristine. This trend confirms a correlation between oxygen content and capacitance
values. Furthermore, among the No-VGN and Hy-VGN the former possesses almost
double the capacitance than the later. It is attributed to the difference in oxygen content
and the N-doping (dominated by pyrrolic and pyridinic) in No-VGN, which contributes
to the pseudocapacitance. The deviation of the CD curve from the triangular shape
in No-VGN confirms the pseudocapacitance nature of charge storage. The above facts
attribute the augmented capacitance of VGN after plasma treatment and the significant

role of wetting in the capacitance performance.

4.4 Temporal stability of oxygen plasma activated

VGN

The previous study shows that the in-situ plasma turns the surface hydrophilic and
enhances the capacitance. Also, oxygen plasma treatment is most suitable for capaci-
tance enhancement. Since plasma activation is a non-equilibrium process, studies on the
hydrophilic surface’s long term stability is needed for the potential utilization of VGN
electrodes towards energy applications. Therefore the WCA for 100, 300, 600 W in-situ
plasma-treated VGN is measured over a long time. The samples are named as 100 W,

300 W and 600 W.
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4.4.1 Water contact angle measurement

In order to verify the stability of the wetting nature, which is an important characteristic
of a good supercapacitor electrode material, the water contact angle (WCA) of both as-
grown and plasma-treated VGN surfaces are measured in an interval of 7 days, over a
period of 90 days. The water contact angle versus ageing time is illustrated in figure 4.18

for as-grown and different plasma-treated VGN (100 W, 300 W and 600 W).
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Figure 4.18 — Contact angle vs. ageing time of as-grown and plasma-treated VGN at
different powers.

As-grown VGN exhibited excellent stability of WCA at 134° throughout the period (90
days). On the other hand, a significant transformation from super-hydrophilic to hy-
drophobic is observed in plasma-treated VGN surfaces at different plasma power. How-
ever, the rate of change in wettability, from super-hydrophilic to hydrophobic, is slowed
down with the increase in microwave power. Amidst, the slowest ageing rate is observed
for the VGN treated at 600 W microwave power, for which WCA is found to be stable at

80° even after 90 days of ageing.
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4.4.2 Surface chemistry analysis

To investigate the difference in rate of change of wetting, XPS measurements are carried
out for the aged samples after 90 days of ageing. It is found that there is a decrease in
O/C percentage with the aging process and among all the samples, the 600 W in-situ

one shows a less reduction in O/C percentage (figure 4.19(a)).
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Figure 4.19 — O/C percentage variation (a) for plasma-treated VGN after 90 days and
(b) for 600 W at different WCA.

To further emphasize the correlation between surface chemistry with super-hydrophilic
nature and its ageing in plasma-treated VGN surfaces, XPS analysis is carried out on the
plasma-treated VGN surface at 600W with WCA 0° (0 days), WCA 80° (90 days) and
an intermediate position with WCA of 40°.

The measured O/C values for the samples with WCA 0°, 40° and 80° are 9.7, 9 and 8.5
% respectively (figure 4.19(b)). The higher oxygen content in case of immediately after
plasma exposure made the surface highly polar and resulted in super-hydrophilic with
WCA nearly 0°. This confirms that a reduction in oxygen content happens on the plasma-
treated VGN surfaces as the number of days passed, which indicates the desorption of
oxygen from the VGN surface with time. It gives concrete evidence for the change in

wetting nature with time.
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4.4.3 Electrochemical capacitance study

Figure 4.20(a) illustrates the cyclic voltammogram (CV) of as-grown and 600 W plasma-

treated VGN at different WCA such as 0°, 60° and 80° at a scan rate of 0.1 V/s.
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Figure 4.20 — (a) CV of as-grown and 600 W plasma-treated VGN for WCA 0°, 60° and
80° at 0.1 V/s scan rate (b) Change in areal capacitance and WCA with ageing time for
as-grown and 600 W plasma-treated VGN.

A near rectangular CV for all samples confirms good supercapacitor performance. Figure
4.20(b) depicts the measured areal capacitance and WCA as a function of aging time. The
plasma-treated VGN surface with WCA of near 0° exhibits a maximum areal capacitance
of 1.7 mF /em? and it is found to reduce with ageing due to increase in WCA. For the 90
days aged sample with stable WCA 80°, the measured capacitance value is 1.2 mF/cm?.
In contrast, the hydrophobic as-grown VGN surface possesses an areal capacitance of
about 0.15 mF/cm? through out the aging period. The findings are attributed to the

reduction in the oxygen content, as confirmed from XPS results.

4.4.4 Discussion

Based on the investigations mentioned above, a plausible mechanism is established to
explain the change in wetting nature, as described by the schematic image shown in
figures 4.21(a) and (b).

The hydrophobic nature of the as-grown VGN surface is due to the 3D interconnected
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Non-polar groups

Carbon paper

@ (I [11))

(b)

Figure 4.21 — Structural models for change in WCA (a) before and after plasma treatment

and (b) with ageing.
porous structure and the non-polar C-H bonding as illustrated in figure 4.21(a). Sub-
sequently, after the oxygen plasma treatment, fresh dangling bonds are created due to
chemical etching and it can also oxidize the C-H bonds and transform them into hy-
droxyl, epoxy and carbonyl (C-OH, O-C-O or C=0) groups, as shown in figure 4.21(b),
that leads to hydrophilic nature. However, some of the oxygen groups are not chemically
bonded to the surface, its desorption affects the wetting nature of VGN with ageing and

hence not stable for longer time.

This study on atmospheric ageing of VGN electrodes shed light on the significant role of
oxygen functional groups to enhance the longevity of hydrophilic nature in VGN struc-
tures. It also emphasizes the role of methodological optimization of the plasma-treatment
parameters to achieve VGN electrodes with preferential oxygen functionalities for superior

energy storage performance.
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4.5 Symmetric supercapacitor fabrication and per-

formance

A symmetric VGN electrode based coin-type device was fabricated by assembling two
electrodes of 600 W in-situ plasma-treated VGN grown on carbon paper. The polyvinyl
alcohol (PVA) and KOH based gel polymer electrolyte is used as the separator between
them. The gel polymer electrolyte was prepared by the continuous stirring of 1 g PVA in
10 ml DI water at 80 °C till it completely dissolved and forms a homogeneous solution.
Followed which 10 ml of 1M KOH was added drop by drop to the solution with continuous

stirring and then cooled down to room temperature.
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Figure 4.22 — Schematic of the symmetric electrochemical capacitor device.

The photographs in figure 4.22(a) and (b) depict the fabricated VGN based coin-type
device before and after sealing, respectively. The pictorial representation of the coin-type
device assembly is illustrated in figure 4.22(c).

The electrochemical investigation of fabricated symmetric electrochemical capacitor de-
vice from 600 W in-situ plasma-treated VGN is carried out in a two-electrode configu-

ration. A solid gel electrolyte served as the separator-cum-electrolyte reservoir between
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the two symmetric electrodes. The CV profile of the device, as shown in figure 4.23(a),

exhibits a stable potential window of 0.8 V and a nearly rectangular shape profile.
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Figure 4.23 — (a) CV of coin-type device at different scan rates, (b) change in areal
capacitance with scan rate, inset shows the CV and CD at different potential window, (c) CD
at different current densities and (d) capacitance retention for 5000 cycles at 0.1 mA /em?,
inset shows the CD curve comparison for 1% and 5000t" cycle. Impedance responses of
coin-type device (e) Nyquist plot (inset shows the entire range of frequency and Randel’s
circuit) and (f) Bode plot, inset shows the discharge of the device through LED.

The areal capacitance of the symmetric coin-type device is calculated from the CV using

the equation as follows,
[idV

Ceclt = R % A x5

(4.5)
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where, [idV represents area under the curve, AV is the potential window, s is the scan
rate and A is the total area of the two-electrode exposed to electrolyte (2.26 cm?). The

radius of the electrode was 0.6 cm.

The device offers a capacitance value of 2 mF/cm? at a scan rate of 0.1 V/s. The
device’s calculated energy density and power density are 0.17 uWh/cm? and 60 uW /cm?,

respectively. An excellent charge storage stability is observed with respect to the scan

rate (figure 4.23(b)).

Figure 4.23(c) shows the CD profile of the electrochemical capacitor device. The linear
CD profile reveals the good capacitive characteristic of the device. The CV and CD of
the symmetric device are carried out at different potential windows for 0.1 V/s scan rate
and 0.2 mA/cm? current density, respectively (insets of figure 4.23(b)). Both the CV
and CD are consistent for 0.4-0.8 V potential window. An excellent cycle stability with
capacitance retention of 80% is observed for 5000 charge-discharge cycles (figure 4.23(d)).

Inset in figure 4.23(d) shows the comparison of CD curve for 1st and 5000™" cycle.

Figure 4.23(e) and (f) shows the Nyquist plot and Bode plot of the symmetric device
over the frequency range of 100 kHz to 0.01 Hz, respectively. The impedance is presented
from high to low (from left to right) frequency in the Nyquist plot (inset figure 4.23(e)).
The intercept with z-axis gives the equivalent series resistance which is 0.055 k2 (figure
4.23(e)). At low frequency, a nearly vertical Nyquist plot is observed, which indicates
good supercapacitor behavior. From the Bode plot (figure 4.23(f)), the phase angle of
the device is measured to be 74.5° at low frequency. At the phase angle of 45°, a drastic
change in the frequency represents the lower Warburg element (Z,,), owing to the large

and accessible surface area [167].

The LED test is carried out on the tandem cell prepared by connecting the symmetric

devices in series to check the device’s practicability. The cell is charged up to 4 V and
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discharged through an LED. Inset in figure 4.23(f) shows the illumination of LED.

4.6 Conclusion

Transformation of the intrinsic hydrophobic nature of vertical graphene nanosheets (VGN)
into super-hydrophilic is achieved while preserving its advantageous 3D interconnected
structure by post oxygen plasma treatment. A detailed investigation of the surface chem-
istry by XPS, affirmed an increase in surface oxygen content in VGN structures after
plasma exposure. This leads to the conversion of hydrophobic VGN surface to super-
hydrophilic which enhanced the electrochemically active surface area. Besides, a prefer-
ential increase in C-O bonding (hydroxyl & carbonyl) in plasma-treated VGN is observed
at higher plasma power. Additionally, a significant variation in concentration of oxy-
genated functional groups is evident among ex-situ & in-situ plasma-treated samples.
Interestingly, the super-hydrophilic VGN surfaces exhibited a ten times enhancement
in capacitance. The highest areal capacitance value observed is 1.7 mF/cm? for 600
W in-situ VGN. In-situ plasma-treated VGN exhibited better capacitance than ez-situ
treated, at all plasma powers. This is correlated with the higher concentration of un-
wanted carboxyl type oxygenated functional groups in ez-situ plasma-treated samples.
Also, a comparative study confirms the oxygen plasma treatment is the most effective
plasma treatment than other (Hy & N3) plasma treatment. However, the oxygenated
functional groups’ temporal instability with ageing is confirmed, which affects the hy-
drophilic nature. The rate of change in wetting is found to be influenced by the plasma
power. Herein, a correlation between capacitance, wetting nature and oxygen functional
groups is established. The charge storage capability of the plasma functionalized VGN
electrodes is also demonstrated by fabricating a symmetric device and glowing a LED

using it.
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Chapter 5

Metal /metal oxide-VGN hybrid
structures and their electrochemical
capacitor performance

The most beautiful system of the sun, planets and comets, could only proceed from the
counsel and dominion of an intelligent and powerful being.

-Isaac Newton

5.1 Introduction

Supercapacitors (SCs) are one of the emerging energy storage devices due to their superior
power density and long cycle life [52, 53, 110, 168]. However, a lower energy density com-
pared to conventional batteries has restricted their potential utilization. Supercapacitors
are classified into two categories depending upon the charge storage mechanism, electric
double-layer capacitor (EDLC) and pseudocapacitor [169]. The charge storage in the case
of EDLC relies on the electric double layer (EDL) formation at the electrode/electrolyte
interface [145, 147]. Whereas Faradic redox reactions are responsible for the pseudocapac-
itance [52]. Although pseudocapacitor materials like transition metal oxides, hydroxides,
nitrides and conducting polymers give a higher charge storage capacity, the carbon ma-
terials have drawn more attention due to their high power density, excellent electrical

conductivity and good electrochemical stability [145, 146]. Amongst the carbon family,
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vertical graphene nanosheets (VGN) garnered a lot of attention as an efficient SC elec-
trode material, due to its large accessible surface area, non-agglomerated structure and

3-D porous geometry and high in-plane electrical conductivity [23, 119, 155].

The VGN has a theoretical charge storage capacity of around 1.5x10* F/cm? [18].
Whereas, the reported SC values for graphene derivatives are found to be in the range
of micro to milli F/cm? [86, 93, 156, 170]. Hence, an improvement in the charge storage
capacity of graphene structures has attracted a lot of attention in recent times. Numer-
ous methods, like changing wettability [92-94], functionalization by nitrogen and oxygen
[95, 96], decoration of transition metal oxide/hydroxides [171, 172], use of organic/ionic
electrolyte [97, 98] or designing symmetric/asymmetric SC [99] were tried to enhance the
capacitance performance of carbon nanostructures. Amidst, hybrid graphene structures
decorated with transition metal nanoparticles (NPs) exhibited significant improvement
in specific capacitance [100, 101]. It is expected that a VGN with a homogeneous dec-
oration of metal NPs will further improve its conductivity and facilitate an easy ion
insertion /extraction into the structure. Also, the charge transfer due to the adsorption
of metals on graphene as well as the electrochemical performance of the metal NP dec-
orated carbon nanostructures are reported independently [103, 104]. Thus, the focus of
this chapter is on engineering the electrode materials with transition metal/metal oxide
NPs to achieve a superior charge storage performance and to understand the effect of

charge transfer at the graphene/metal interface on the capacitance.

This chapter is focused on the influence of the transition metal NPs (Au, Ag, Cu and
Ni) decoration of a VGN structure on its capacitance performance. The energy storage
performance is correlated with the charge transfer that occurs due to the mismatch in
the work function. The Ni decorated VGN exhibited highest charge transfer (+ 0.48 e)
and capacitance (3.04 mF/cm?). Further, NiO and TiO; NP decoration to VGN is also

carried out and the capacitance performance is discussed.
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5.2 Metal-VGN hybrid electrodes and the effect of

charge transfer on electrochemical capacitance

VGN were synthesized on SiO/Si and carbon paper (CP), using microwave plasma-
enhanced chemical vapor deposition. The detailed synthesis procedure is described in

chapter-3.

After the VGN synthesis, a variety of metal NPs, namely Au, Ag, Cu, and Ni, were
deposited onto the VGN surface using a thermal evaporation technique (12A4D, HIND-
HIVAC, India). The rate of deposition for all these metals was controlled using a quartz
crystal thickness monitor and the areal distribution of NPs depends on their evaporation
rates. The deposition rate (0.1 A/ s) and mass loading were maintained the same for all

the metal decorations.

5.2.1 Morphological analysis

VGN/CP VGN/sio, (e

, S

Au decorated

metal nano™
particles

Figure 5.1 - FESEM micrographs of (a) as-grown VGN on CP (VGN/CP) and inset shows
magnified image and (b) a cross-sectional image of as-grown VGN. Magnified micrographs
of the metal nanoparticle (c) Au, (d) Ag, (e) Cu and (f) Ni decorated VGN/CP.
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Figure 5.1(a) illustrates the morphology of the as-grown VGN on fibers of the CP sub-
strate. The magnified micrograph in the inset shows an interconnected network-like
structure of VGN. The cross-sectional image of FESEM in figure 5.1(b) confirms the
vertical orientation with a sheet height of about 2 um. Additionally, figures 5.1(c-f) de-
pict high-resolution FESEM micrographs showing the uniform distribution of metal NPs
of size 5-10 nm on the VGN structures. It is clearly evident that the morphology and

structure of the VGN are preserved after NP decoration.

5.2.2 Structural analysis

Figure 5.2(a) illustrates the Raman spectrum of VGN consists D”, D, G, D/, D+D”, G/,
D+D’ and 2D’ peaks [137]. The D (1355 cm™!), G (1583 cm™!), and G’ (2707 cm™1)
are characteristic peaks of VGN [137, 156] and their presence confirm graphitic nature of
the structure [136, 137]. Whereas, the presence of the D” (1100 cm™!), D’ (1621 cm™!),
D+D” (2455 cm™!), D+D’ (2950 cm™') and 2D’ (3245 cm™') bands confirm the highly
defective nature of VGN [136, 173]. The reason behind the origin of different peaks are
discussed in chapter-3 section 3.3.
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Figure 5.2 — (a) Raman spectrum of as-grown VGN with deconvoluted peaks and (b)
Raman spectra of as-grown and metal-decorated VGN.

The shape and features of the Raman spectra are retained after different metal NP
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decoration, which confirms the structural stability of VGN after the decoration. There is
no change in the peak position and structure of the spectra for different metal-decorated

VGN is evident from figure 5.2(b).
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Figure 5.3 — Variations in the POSg, FWHM¢ and Ip /1o values of as-grown VGN and
different metal-decorated VGN.

Furthermore, the Raman spectra are deconvoluted and the extracted parameters are
plotted in figure 5.3. The key parameters are the intensity ratio of D-to-G peaks (Ip/I¢),
the position and the full width at half maximum (FWHM) of G-peak. A shift in the G-
peak position (POS¢) indicates strain (compressive or tensile) introduced in the structure
[75].  Whereas, the FWHM and Ip/I; ratio measure crystallinity and defect density,
respectively and the crystalline size is inversely proportional to the FWHM of G and
Ip/lg ratio [174].

There is no significant shift in the G peak position of VGN structures is observed after the
metal NP decoration Figure 5.3. However, the different metal-decorated VGN resulted
in a slight broadening of the G peak and an increase in the Ip /I ratio. Both confirm
an increase in structural disorder or defects in the metal-decorated VGN, attributed to

the alteration in local bonding upon interaction between the graphene structure and the
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metal nanoparticle [175].

5.2.3 Swurface chemistry analysis

Elemental and chemical composition of the as-grown and metal-decorated VGN are car-

ried out by X-ray photoelectron spectroscopy (XPS).
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Figure 5.4 — XPS spectra of (a) Audf, (b) Ag3d, (c¢) Cu2p and (d) Ni2p.

The survey and deconvoluted spectra (figures 5.4, 5.5 and 5.6) confirms the presence
of peaks corresponding to Cls, Ols, Audf, Ag3d, Cu2p and Ni2p at 284.9, 532.7, 84.2,
368.4, 934.6 and 856.4 eV, respectively [176]. A high oxygen percentage is observed in
metal-decorated VGN and is attributed to the oxygen absorption by the reactive metal
nanoparticles upon exposure to ambient conditions. However, there is no evidence of
metal oxide formation from the low frequency region of Raman spectroscopy and XRD
[176], which could be due to a lower metal concentration or amorphous oxide. Individual
fitted metal peaks (Au, Ag, Cu, and Ni) shown in figure 5.4 confirm the metal decoration

on VGN. The Au decorated VGN shows strong metal peaks and Ag displays less intense
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(a) As-grown VGN Cls

||C-Cs»"  —o- Raw data
— Fitted data

Intensity (a.u)

COOH Tmn-—m*

282 284 286 288 290 292 294

Binding energy (eV)
(b)AuwVGN Cis (c)Ag/VGN Cls
RC-C sp? RCCsw’ _o— Raw data

-0- Raw data

—— Fitted data — Fitted data

Intensity (a.u)
Intensity (a.u)

282 284 286 288 290 292 294 282 284 286 288 290 292 294

Binding energy (eV) Binding energy (eV)
(d)CuVGN Cls (e) Ni/VGN Cls
P —o-Raw data \ . —o-Raw data

— Fitted data

—— Fitted data

Intensity (a.u)
Intensity (a.u)

d

Vacancy

defects
¢

282 284 286 288 290 292 294 282 284 286 288 200 292 294

Binding energy (eV) Binding energy (eV)

Figure 5.5 — XPS Cls spectra for as-grown and metal-decorated VGN.

oxide peak, indicating the presence of oxides. In the case of Cu and Ni peak, 2p3/, and

2p1 /2 peak position difference confirms the presence of oxides.

Figure 5.5 and 5.6 depict the high resolution Cls and Ols spectra respectively for as-
grown and metal-decorated VGN. The deconvoluted Cls spectra of VGN consists of
major peaks at 283.8, 284.4 and 285 eV corresponding to structural defects, sp? C-C
and sp® C-C, respectively [138, 156]. Also, less intense peaks at 285.5, 286.1, 286.8
and 288.9 eV corresponding to oxygenated carbon bonds, such as hydroxyl group (C-

OH), ether/epoxy group (C-O-C), carbonyl group (C=0) and carboxyl group (COOH),
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Figure 5.6 — XPS Ols spectra for as-grown and metal-decorated VGN.

respectively was observed [79, 139]. These oxygenated functional groups can serve as
bridges for the heteroatoms. The presence of m-7* transition at ca. 291 eV, originating
from the conjugated delocalized electrons, indicates graphitic carbon contribution [177].
The Cls spectrum of metal-decorated VGN shows an increase in sp® concentration and
is higher in the Ni decorated VGN, i.e 35 %. Figure 5.6 shows the deconvoluted Ols
spectrum of Ni-decorated VGN, which confirms the formation of oxides in the case of
the Ag, Cu and Ni decorated VGN. The oxide in case of the Ni/VGN corresponds to

NiO (529.8 eV). Also figure 5.4 and 5.6 confirm the oxygen bonding between the metal
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NPs and VGN [178-180]. Additionally, a change in the type of C-O bonding is observed
with different metal NP decorations. The reason is that different metal NPs have different
reactiveness to the atmospheric oxygen, which leads to a variation in the adsorbed oxygen.
Further, the pre-existing oxygen on the graphene surface provides reactive sites for the
metal ions to get attached. Further, the adsorbed metal ions get linked to the carbon and
influence the formation of functional groups upon oxygen adsorption from the atmosphere,
as shown in the schematic figure 5.7 [181, 182]. Therefore, high reactive metals like Cu and
Ni show enhancement in COOH (from 0.65% in case of Au and Ag to 13% in Cu/VGN)

bonds and Ni/VGN shows an increase in C=0 (from 1.5 to 12.4%) bonds.

; g J e Metal

Graphene

C(0)OH

Metal induced oxygen
functional groups

Figure 5.7 — A schematic diagram showing the metal-induced formation of oxygen func-
tional groups.

5.2.4 Electrical measurement

The metal NP decoration is expected to improve the electrical conductivity of graphene
structures. Therefore, the sheet resistance of these samples is measured using the four-
probe technique and calculated by the Van der Pauw method. The Ohmic behavior of the

as-grown and metal NP-decorated VGN structures is observed from the linear current-
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voltage relationship of the I-V measurements. The as-grown VGN exhibited a sheet
resistance of around 677 /00, and was found to reduce after NP decoration. The obtained
sheet resistance values for Ag/VGN, Cu/VGN, Au/VGN and Ni/VGN are 257, 160, 139
and 122 Q /00, respectively. Therefore, the improvement in the electrical conductivity of

VGN after metal NP decoration is evident.

The metal decoration of VGN induces a charge transfer and, in-turn influences the sheet
resistance. It has been reported that the adsorption of metal NPs onto graphene signif-
icantly affects its electronic properties. Because of the short-range interaction between
graphene and metal NPs, a shift in the graphene’s Fermi level occurs. To equilibrate
the Fermi level, charge transfer takes place between the graphene and metal NPs. It is
reported that the weakly bonding metals like Cu, Ag and Au, preserves the electronic
structure of the graphene and strongly interacting metals like Co and Ni, etc., form a

covalent bond with the graphene and alters its electronic structure significantly.
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Figure 5.8 — A schematic diagram of work function dependent charge (e~) transfer at
the VGN and metal NP interface.

Furthermore, charge transfers between the graphene sheet and metal NPs is due to the
mis-match in their work function (¢), with the transfer of electrons from metal NP to

VGN when ¢, < pyeny and from VGN to metal NP when ¢,, > ¢yvany. Here, ¢, is

the work function of the metal NP and ¢y gn is the VGN work function. In both cases,
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carrier density at the surface increases and reduces the resistance for charge locomotion.
Further, it helps in drawing more ions to the electrode-electrolyte interface to form an
electric double layer. Figure 5.8 illustrates a schematic of charge (e™) transfer process
that occurs at the interface of the metal NP and VGN surface. Where, E; is the Fermi
energy level. The table 5.1 shows the difference in the work function values for VGN and

metal /metal oxide from the literature.

Material Work function (eV) | Reference
from the literature
VGN 4.6-5.2 [183, 184]
Au 5.15.5 [185]
Ag, Ag oxide 4.3-4.8 [102]
Cu, Cu oxide 4.5-5.1 [186, 187]
Ni, Ni oxide 1856 [187, 18]

Table 5.1 — Work functions for VGN, metal and metal oxides from the literature.

5.2.5 Electrochemical capacitance study

Electrochemical capacitance studies are carried out for as-grown and metal-decorated
VGN in a three-electrode electrochemical cell set-up. The cyclic voltammogram (CV)
and charging-discharging (CD) of as-grown VGN are discussed in the previous chapter.
A nearly rectangular CV and a triangular CD profile of the as-grown VGN affirms good
capacitor behaviour. Comparative CVs of as-grown and NP decorated VGN are shown in
figure 5.9(a). A significant increase in area under the CV curve confirms an enhancement
in charge storage performance of VGN with NP decoration. The areal capacitance of

these samples is calculated using the following equation:

[idv

CA:AVXAXS

(5.1)

Where [4dV is the area under CV, s is the scan rate of CV, AV is the potential window

and A is the exposed area of working electrode in the electrolyte. The calculated capac-
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Figure 5.9 — (a) A comparison of CVs for as-grown and different NP-decorated VGN, (b)
plots of areal capacitance vs. scan rate of as-grown and metal NP-decorated VGN, (c) CVs
and, (d) CD data of Ni/VGN, (e) impedance spectra for as-grown and metal-decorated VGN
(the inset shows the fitted equivalent circuit), and (f) capacitance retention and coulombic
efficiency (inset) for as-grown and metal-decorated VGN.

itance values for as-grown, Ag/VGN, Cu/VGN, Au/VGN and Ni/VGN at 0.1 V/s are
0.16, 0.62, 1.47, 1.58 and 3.04 mF/cm? (121.6 F/g), respectively.

A significant enhancement in capacitance with metal NP decoration is evident, which
also corroborated with the electrical conductivity results. Although Au has more elec-
trical conductivity than Cu, both exhibited a similar range of capacitance. This could
be attributed to the contribution of oxygen in the Cu/VGN, as evident from the XPS

spectra. On the other hand, Ni NP decoration exhibited a nineteen-fold enhancement
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in capacitance. Even though the electrical resistivity of Ni/VGN is slightly lower than
that of Au and Cu/VGN, the capacitance enhancement is nearly double. This could be
attributed to the presence of NiO as confirmed from XPS spectra. However, the enhanced
capacitance value in this study is still less compared to the reported values due to the
lower mass loading of metals. As our focus is to understand the charge transfer process in
metal-decorated VGN structures, thus we limited the decoration to a lower mass loading
to reduce the effect of pseudocapacitance. Nevertheless, we found that the measured
capacitance values are still higher that a few of the reported ones. A detailed comparison

is provided in table 5.2.

Materials Capacitance Capacitance Electrolyte | Reference
(Cin F/g) | measurement at
NiO 80 10 mA /cm? 6M KOH [189]
NiO 97 0.1A/g 1M KOH [190]
Nanoparticle
NiO 81.6 0.5 A/g 3M KOH [191]
nanosheet
CNT/NiO 120 10 mV/s 1M NaySOy [192]
nanoflower
VGN/NiO 121.6 100 mV /s 1M KOH | This work
nanoparticle
Graphene/Ni 144 10 A/g 1M KOH [193]
nanocomposite

Table 5.2 — Electrochemical capacitance comparison of NiO and carbon nanostruc-
ture/NiO hybrid electrodes.

The CV measurements are carried out in a potential window from -0.25 V to 0.25 V
to evaluate the of charge transfer effect on the capacitance. Additionally, the CV mea-
surements in the extended window, also carried out for Cu and Ni/VGN to find out the
existence of redox peaks, which evident no sign of strong redox peaks [176]. Furthermore,
the CV curves are not perfectly rectangular, which also affirms the presence of pseudo-
capacitance. The enhanced capacitance of VGN after NP decoration is attributed to the

enhanced electrical conductivity of the composite and kinetically limited pseudocapaci-
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tance due to the absorbed oxygen. The areal capacitance values of all the samples at
different scan rates are shown in figure 5.9(b). As-grown VGN offers a constant capac-
itance value for different scan rates and there is a trivial decrease in capacitance value
with scan rate for metal-decorated NPs due to the electrolyte’s inaccessibility at higher
scan rates. The CV and CD profiles for the Ni/VGN are shown in figure 5.9(c) and (d)
and they affirm the ideal SC behavior. The CV and CD profiles of other metal decorated

VGN also showed a similar behavior [176].

Electrochemical impedance spectroscopy (EIS) is carried out to bring out insights on the
ion-movement and interactions at the electrode-electrolyte interface. Figure 5.9(e) depicts
the impedance response of as-grown and metal-decorated VGN. The 7' intercept in the
Nyquist plot is a measure of equivalent series resistance (ESR). Therefore, the impedance
spectra were fitted with an equivalent circuit model, as shown in the inset of figure 5.9(e).
The equivalent series resistance values obtained from the fitting are 3.5, 2.2, 1.8, 1.7 and
1.1 Q for as-grown, Ag, Cu, Au and Ni NP-decorated VGN, respectively. A reduction in
the ESR after the metal NP decoration is evident and the lowest value is observed for Ni

nanoparticle decorated VGN, which affirms its lower resistance for ion movement.

The capacitance retention (CR) and Coulombic efficiency (1) was obtained from the CD

profile using the following equations:

t
CR = - % 100 (5.2)
ta,
tq
n=%x 100 (5.3)

[

where, t; and t. is the charging and discharging time respectively, ¢4, is the discharging

time for n'* cycle (n= 1....... n) and ¢4, is the discharging time for 1% cycle.

The coulombic efficiency was found to be in the range of 80% (inset of figure 5.9(f)). Also,
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the cycle life of the electrode material is one of the key factors for SC applications. Figure
5.9(f) shows the capacitance retention values of all the samples with respect to the CD
cycle. An enhanced capacitance retention of 95% was found for Ni-decorated VGN, which
is only 70% for the as-grown VGN. Interestingly, capacitance retention initially reduced
and started to increase after 250 cycles for the Ni/VGN. This is due to the change in
the oxidation state and local chemical environment during the electrochemical process,
which is confirmed from the XPS analysis of the VGN electrodes after the electrochemical

testing [176].

5.2.6 Computational analysis of charge transfer

In order to get a qualitative idea on how charge transfer happens between the transition
metal (TM) adatoms and graphene sheet, we performed spin-polarized ab initio DFT cal-
culations using the Vienna ab initio simulation package (VASP) [194]. The projector aug-
mented wave (PAW) pseudopotential is employed to improve the efficiency and accuracy
of the calculations. The generalized gradient approximation (GGA) exchange-correlation
functionals of Perdew-Burke-Ernzerhof (PBE) are used in this study. To truncate the
size of the plane wave basis set, a kinetic energy cut-off of 500 eV was used. The partial
occupancies near the Fermi levels were treated using Methfessel-Paxton smearing with a
0.1 eV width. Integration over the Brillouin zone was performed using a Monkhorst-Pack
grid of 3x3x1 k points for a 6x6x1 super-cell of the TM /graphene systems. The effects
of Van der Waals (vdW) correction to the ab initio total energy are analyzed using a
method proposed by Tkatchenko et al. i.e., Tkatchenko-Scheffler self-consistent screening
(TS-SCS) [195].

Ab initio calculations were performed to substantiate the charge transfer between TM
adatoms and the graphene sheet to corroborate with improved electrical conductivity and

the charge storage performance of metal-decorated VGN. Here we considered a simplified
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model, in which a TM atom is adsorbed onto a graphene sheet. The adsorbed TM atom
can be anchored at three different locations on the graphene sheet, such as hollow (H),
bridge (B) and top (T) [196]. The preferred adsorption sites of each TM atom is identified

by computing the adsorption energies (E,4s) as,

Euis = Ervi—cr — (Ear + Erm) (5.4)

where Erys_gr, Eqr and Epj; are the energy of graphene with TM adatoms, a pristine
graphene sheet and isolated TM atom, respectively. The adsorption energy (E,4) and
equilibrium distance (d,,;,) between the TM atom and graphene sheet with and without
van der Waals (vdW) interactions are listed in table 5.3. The computed energies show
that Ni prefers the H site, Cu sits on the B site and Ag and Au reside on the T site. The

corresponding optimized geometries are shown in figure 5.10.

Ad atom | sites | -Eqgs (eV) | -E2V (eV) | dpas_c (A) | ¥V~ (A)
Ni H 1.432 1.738 2.117 2.112
T 1.137 1.383 1.856 1.856
B 1.218 1.477 1.939 1.939
Cu H 0.178 0.438 2.391 2.372
T 0.327 0.555 2.079 2.084
B 0.334 0.572 2.167 2.167
Ag H 0.091 0.354 4.268 3.835
T 0.098 0.361 4.072 3.529
B 0.096 0.360 3.972 3.991
Au H 0.296 0.583 4.165 4.015
T 0.308 0.591 4.128 3.807
B 0.307 0.589 4.176 3.879

Table 5.3 — Adsorption energy for different sites of metal decorated adatoms on graphene.

The nature of charge transfer is analyzed by computing the effective charges (Qss) on
adsorbed TM and bounded C atoms using Badar charge analysis. The Badar charges

(QBadar) On each atom are computed using the scheme of Tang et al., [197] and the
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Figure 5.10 — The optimized geometries of TM particles adsorbed on a graphene sheet
(6x6x1 super-cell): top view (a-d) and side view (e-h).

effective charges are computed as follows,

Qeff = Zval - QBadar (55)

where 7,4 is the number of valence electrons on each atom. The Q¢ in terms of electronic

charge e is shown in table 5.4.

The positive sign of the effective charge on the carbon atom (Q.fr (C)) represents the
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Ad atom | Qerp (TM) | Q57 (TM) in | Qegy (C) in | Q7Y (C) in
units of e units of e units of e units of e
Ni +0.488 +0.495 -0.531 -0.528
Cu +0.219 +0.216 -0.521 -0.521
Ag +0.060 +0.046 -0.233 -0.245
Au -0.314 -0.313 +0.299 +0.299

Table 5.4 — Effective charges on the transition metal and carbon atoms.

charge transfer from graphene to the metal atom and a negative sign is for the charge
transfer from the metal atom to graphene and is also the same for a charge on metal
atom (Qcsr (TM)). From table 5.4 it is evident that the Ni, Cu and Ag atoms give charge
(e™) to graphene; in contrast, Au acquires charge from the graphene sheet. The direction
of charge transfer (either metal to graphene or graphene to metal) is determined by the
difference in the Fermi energy AE;(d). Khomyakov et al., [198] reported a model to
explain the Fermi level shift and nature of the charge transfer. The parameters that
depend on the direction of charge-transfer are the equilibrium distance (d.,) between
graphene, the adatom atom and the work function of the metal atom. It is evident from
table 5.3 that the computed equilibrium separation is high for Au and also Au has a high
work function. Thus, Au atom’s adsorption on graphene results in a positive shift in the
Fermi level. Hence, the Au atom gains charge (e~) from graphene and acts as a p-type
dopant [198]. Although the equilibrium separation between the Ag atom and graphene
is high, it has a lower work function and hence it acts as an n-type dopant. Conversely,
Cu has a high work function, but low equilibrium separation. Whereas, for Ni adatoms
both the equilibrium separation and work function are low. Hence, all three, Ag, Cu
and Ni, are found to donate charge (e¢~) to graphene and acts as n-type dopants. So,
adsorption of both p-type and n-type dopants on to graphene results in charge transfer

at the interface.
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5.2.7 Dicsussion

The Ni adatoms acquired a higher effective charge (40.488) that is also more than twice
that of Cu and nearly eight times that of Ag adatoms (table 5.4). It is reported by Rego
et al., [196] that Ni with a d orbital occupancy upon adsorption onto graphene, induces
the transfer of charge twice that of Pd or Pt with higher d orbital occupancies. In this
study also, Ni, with lower d orbital occupancy than that of the Cu, Au and Ag induces a
higher charge transfer and thus a higher specific capacitance. The above results validate
the proposed charge transfer process driven by the mismatch in work function among
metal NPs. From the XPS results depicted in figures 5.4, 5.5 and 5.6, it is confirmed that
all the samples possess metal-oxygen-carbon bonding. This oxygen bridge between the
metal NPs and graphene creates a considerable electron charge overlap and further acts
as an effective pathway for the charge transfer. Finally, the enhancement in the total
capacitance of the hybrid (metal NPs/VGN) electrode is the combined effect of charge

transfer and pseudocapacitance (figure 5.11).

750 4
32F O= Areal Capacitance (mF cm™) ] s dos
O=Electrical resistance (Q cm™)
i =)= Electrolyte resistance (Q) 4600 |, 0 1
2.4F i 4104
4450 2.5 03
1.6 g
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4300 40.2
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s P N ) 0.1
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: . . I Jdoo
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Figure 5.11 — Variation of capacitance and the different factors affecting the capacitance.

From the above discussion, the electrochemical performance of the hybrid structures can
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be attributed to (i) the uniform and homogeneous distribution of NPs on VGN with the
preserved morphology of VGN;, (ii) a significant increase in the electrical conductivity of
VGN after metal NP decoration which is attributed to the charge (e~) transfer between
the metal NPs and graphene network at the interface due to the mis-match in work
function, thus increasing the carrier density at the electrode surface leading to the high
charge accumulation and (iii) catalytic effect of the metal NPs for the formation of metal-

oxygen-carbon bonding which helps in the surface redox reaction.

5.3 Metal oxide-VGN hybrid structure and the elec-

trochemical capacitance

The previous discussions, confirmed that the Ni decorated VGN hybrid structure provides
high capacitance value with the better electrochemical properties. Hence, the metal oxide
NP decoration is carried out in a sputtering deposition system to investigate the effects

further.
Towards that, NiO deposition was carried out by using a Ni target in a rough vacuum
of nearly 1x10~! mbar. The deposition was carried out at 70 V potential and depo-

sition time is varied like 30 sec, 2 min, 5 min and 10 min. The samples are named
as NiOgps/VGN, NiO,,,/VGN, NiOs,,/VGN and NiOy,,/VGN, respectively. Similarly,

TiO, is also decorated on VGN and the capacitance performance is investigated.

5.3.1 Morphological analysis

Morphology of as-grown and NiO decorated VGN (NiO/VGN) are illustrated in figure
5.12, where figure 5.12(a) consists the cross-sectional view of the as-grown VGN as an
inset. From FESEM morphology, the retention of 3D interconnected structure with ver-

tical orientations is evident, which acts as a reservoir for electrolyte and facilitates the
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electrolyte ions to interact with the entire surface of VGN. Further, figure 5.12 (b-e)

illustrate the morphology of different NiO/VGN.

A W I NiO,,/VGN
: : .70

~
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NiO;, /VGN el AT NiO,, /VGN

Figure 5.12 - FESEM micrograph of as-grown and NiO decorated VGN; (a) as-
grown VGN with cross-sectional image in the inset (b) NiO3p5/VGN (c) NiOg,,/VGN (c)
NiOs,,/VGN and (d) NiO1gpm/VGN.
From the FESEM images, it is evident that a gradual increase in NiO nanoclusters size
with the deposition time but without affecting the vertically oriented networked structure

of the VGN. However, curling of the vertically aligned graphene sheet edges is witnessed

at higher NiO deposition time. It is attributed to higher mass loading to the VGN edges.

5.3.2 Structural analysis

The structural characterization of as-grown and NiO deposited VGN are carried out by
Raman spectroscopy. Figure 5.13 depicts the Raman spectra of as-grown VGN and NiO

deposited VGN for 30 sec, 2 min, 5 min and 10 min.

The Raman spectra of as-grown VGN consists of peaks corresponding to D (1348 cm ™),

G (1582 cm™1), D’ (1617 em™), G’ (2690 cm™!) and D+D’ (2936 cm~') [83, 129, 137).
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Figure 5.13 — Shows (a) Raman spectra for as-grown and different NiO decorated VGN
and (b) full spectra and inset confirms NiO peak.

The origin and the peak details are discussed in section 3.3. All the samples exhibit the
characteristic Raman peaks D, G and G’ of VGN. Figure 5.13(a), broadening of the D
and G peaks is apparent in NiO decorated VGN samples. Also, the reduction in the
intensity of D', G’ and D+D’ peaks is evident. Furthermore, the peaks are deconvoluted
and the obtained parameters like full width at half maxima (FWHM) of peaks, Ip/Ig

and I /15 ratios are tabulated in table 5.5.

H Samples \FWHMD FWHMg FWHMG/‘ Ip/la \ Io /1 H
As-grown VGN | 47.6+0.5 | 43.540.1 | 86.341.1 | 1.8140.02 | 0.484-0.02
NiO30/VGN | 75.5+£1.9 | 72.244.5 | 123.843.2 | 1.3540.02 | 0.21+0.01
NiOy,,/VGN | 76.842.1 | 84.445.2 | 139.6+4.4 | 1.23+0.01 | 0.1740.02
NiOs,,/VGN | 106.5+3.5 | 80.44+4.5 | 142.5+3.6 | 1.214+0.02 | 0.1840.01
NiOjo,,/VGN | 120£32.6 | 85.6+1.1 | 178+2.5 | 1.1340.02 | 0.15+0.02

Table 5.5 — Tabulated FWHMD, FWHMg, FWHMgl, ID/IG and Igl/IG for as-grown
and different NiO deposited VGN.

The increase in FWHM confirms the reduction in in-plane sp? domain size and the vari-
ation in local boding. The intensity ratio of D and G peaks is considered an indication of
the structural quality of graphene. The Ip/I5 is found to decrease with NiO decoration,
which could be due to the full coverage of unsaturated edges of VGN by NiO particles.
The I¢/ /1 ratio for all samples less than one, signifies a multilayer graphene structure

and the decrease in ratio is due to the coverage of NiO nanoparticles on the surface of
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the edges. Figure 5.13 shows the Raman spectra for 5 min NiO decorated VGN sample
with low frequency region and the inset confirms the presence of NiO. The peak observed

at the 405 cm™! corresponds to the Ay, of NiO [199)].

5.3.3 Electrochemical capacitance study

Electrochemical capacitance measurements for as-grown and NiO decorated VGN are
carried out a in 3-electrode set-up, where 1M KOH is used as the electrolyte. Platinum
and Ag/AgCl are used as the counter and reference electrode, respectively. Figure 5.14(a)
shows the comparative CV curve for NiO decorated VGN at 0.1 V /s scan rate in a 0.8 V
potential window (-0.2 to 0.6 V) and the calculated capacitance using equation 5.1 is com-
paratively higher for the NiOs,,/VGN i.e. 13.8 mF/cm? (Figure 5.14(b)). The obtained
capacitance values for as-grown VGN, NiO3q,/VGN, Ni,y,,/VGN and Niy,,/VGN are 0.15,
5.8, 10 and 11.9 mF/cm? respectively. The NiOzg,/VGN, Niy,,/VGN and Nijg,,/VGN
samples exhibit similar CV and CD behavior like Nis,,, /VGN. The capacitance is reduced
for high NiO deposition time, which is due to the damage that occurred to the VGN

structure, as confirmed from the SEM micrograph.

The NiOj,,/VGN sample shows consistent CV (-0.2 to 0.6 V) and CD (0 to 0.5 V) behavior
at different scan rates (0.01 to 0.5 V/s) and current densities (0.05 to 0.2 mA/cm?)
respectively (Figure 5.14(c, d)). The CV and CD reflect the redox-mediated charge
storage. The capacitive stability is plotted in figure 5.14(e) and found a decrease in
capacitance with the scan rate, which also confirms the redox-mediated charge storage.
The capacitance retention for all the NiO deposited VGN samples are plotted in figure
5.14(f), inset shows the Coulombic efficiency. The capacitance retention increased from 78
to 98 % and amongst the NiOs,,/VGN shows better stability. The Coulombic efficiency

is found to be in the range of 80 to 85 %.

Also, the TiOs deposition is carried out on VGN in the same condition as NiO and
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Figure 5.14 — Shows (a) CV comparison at 0.1 V/s scan rate, (b) areal capacitance at
0.1 V/s for different NiO/VGN, (d) CV at different scan rates, (e) CD at different current
densities for 5m NiO deposited VGN, (e) capacitance stability for different NiO/VGN and
(f) capacitance retention for different NiO/VGN (inset shows the coulombic efficiency).

studied the capacitance performance. Conformally coating of TiO5 on the VGN surface
is evident from the magnified FESEM micrograph shown in figure 5.15(a). XPS spectra
confirms the TiOy deposition (figure 5.15(b)). The capacitance for TiOs/VGN is found
to be 2.8 mF /cm? whereas as-grown and TiO, on carbon paper shows capacitance of 0.15
and 0.06 mF/cm?, respectively (figure 5.15(c)). Figure 5.15(d) depicts the CV behavior
of TiO2/VGN at different scan rates. The capacitance enhancement is due to the increase

in the electrical conductivity of the hydrid electrode and presence of pseudocapacitance

[200].
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Figure 5.15 — (a) Magnified FESEM micrograph of TiO2 decorated VGN (TiO2/VGN),
(b) Ols spectra of TiO2/VGN, (c¢) CV comparision of as-grown VGN, TiOs decorated on
carbon paper (TiO2/CP) and TiO2/VGN (d) CV of TiO2/VGN at different scan rates.

5.3.4 Surface chemistry analysis

The chemical structure and bonding of the as-grown and NiO decorated VGN samples are
evaluated using XPS. The details about the deconvoluted Cls and Ols peak is discussed
in the previous section. All the results obtained after deconvolution are tabulated in the

table 5.6.

The oxygen percentage after the NiO deposition increased from 1.3 % to nearly 18 %.
With different NiO deposition times, the NiO percentage is also found to increase from
10.2 (NiO305/VGN) to 44.8 % (NiO1¢,,/VGN). The sp? to sp?® ratio showed a decrease
with increasing NiO deposition time due to the carbon bonding with NiO nanoparticles.
Further, the Ols spectra for different NiO deposited VGN are deconvoluted and found
that the NiO percentage increased with the NiO deposition time. The deconvoluted Cl1s,

O1s and Ni2p spectra are shown in figure 5.16.
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Figure 5.16 — Shows XPS spectra: (a) Cls, (b) Ols and (c) Ni2p spectra for NiOs,,, /VGN.

Ni2p spectra are deconvoluted by using a Gaussian fitting method considering spin-orbit
doublets and shakeup satellites. The binding energy peaks for Ni2p3/, and Ni2p, /5 located
at 856 eV and 874 eV, respectively (figure 5.16(c)), Ni2p3/» demonstrating the existence
of both Ni*T and Ni**. The Ni*T and Ni** are more in samples NiOj,,/VGN, although
high in NiOjq,,/VGN but with high NiO deposition, there is damage occurred to the
VGN structure (table 5.6).

This distinct peak Ni?T/Ni*T attributes reversible Faradic redox process based on the

following reaction:

NiO+ OH™ +» NiOOH + e~ (5.6)

So pseudocapacitance plays a role in the enhancement of the capacitance and NiOs,,-

/VGN sample shows better capacitance performance due to the high percentage of Ni** /Ni%*+
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H Samples ‘ 0% ‘ Ni % ‘ NiO % ‘ Ni2ps /o % ‘ 2T % ‘ 3" % H
As-grown VGN | 1.27 - - - - -
NiOss/VGN | 19.16 | 10.21 | - 2.16 o216
NiO,,,/VGN | 18.73 | 16.73 | 0.52 5.27 - 5.27
NiOs,,/VGN 17.81 | 31.74 2.81 10.41 3.4 7
NiO1om/VGN | 17.45 | 44.83 | 5.00 14.95 | 4.41 | 10.53

Table 5.6 — XPS spectra fitted parameters for all NiO/VGN systems.

and undamaged VGN structure.

5.4 Conclusion

Vertical graphene nanosheets (VGN) are decorated with transition metal (Au, Ag, Cu and
Ni) nanoparticles and demonstrated charge-storage performance. The transition metal
nanoparticle (TM NP) decoration of VGN evidenced an improvement in electrical con-
ductivity, which led to enhancement in the charge storage capacity. Amongst them, the
Ni NP decorated VGN resulted in a 20 times enhancement in capacitance (3.04 mF /cm?).
Ab initio calculations substantiated the charge-transfer process in the TM NPs/VGN hy-
brid, which is found to be highest for Ni/VGN. The supercapacitor performance of metal
NP decorated VGN is attributed to the charge transfer and improved electrical conductiv-
ity. Additionally, in the case of both Cu and Ni decorated VGN, the pseudocapacitance
induced by their oxides also contributed capacitance enhancement. Further, the NiO and
TiOy NP is deposited on the VGN surface and studied their capacitance performance.
The five minutes NiO deposited VGN gives a high capacitance value of 13.8 mF /cm?. The
enhancement in capacitance is due to the enhancement in the Ni** /Ni®* which helps in
Faradic redox reaction. We anticipate that our investigations will pave the way to realize

the hybrid VGN electrode for supercapacitor devices with superior performance.
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Chapter 6

Electrochemical capacitor
performance of activated VGN in
hybrid electrolyte

There is no great genius without a mixture of madness.

-Aristotle

6.1 Introduction

Supercapacitors (SCs) are becoming crucial for energy storage applications due to their
high power density and superior cycle life compared to conventional batteries [52, 53, 201].
However, the low energy density of SCs compared to batteries limits their use in some
applications. To achieve high energy density, interconnected porous vertical graphene
nanosheets (VGN) have proved to be leading SC electrode materials due to the remarkable
properties such as high surface area, sharp edges, good electrical conductivity and easy
functionalization [15, 119, 202-205].

Although the active electrode material is important for the SC performance, the elec-
trolyte and its concentration also play significant roles. The ever-rising demand for high
energy density device drives the research community to aim on novel electrolytes to

improve capacitance [112]. Moreover, the electrolyte and its interaction with electrode
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helps to enhance the SC device’s potential window. Since VGN are one of the promising
SC electrode material, here the focus mainly lies on finding out a potential electrolyte
to achieve enhanced storage performance. The aqueous electrolytes are environmental
friendly, safe and cost-effective but the limitation of narrow operational potential window
gives low SC performance. Recently, a lot of research for high capacitance SC is being
reported on ionic and organic electrolytes, because they help to extend the potential win-
dow. Besides the use of aqueous, ionic or organic electrolytes, recent research is focused
on hybrid electrolytes, for improving the performance of SC. For example, iso-propanol
added aqueous electrolytes [115], acetate aqueous electrolytes [114], aqueous solution of
acidic ionic liquid [116], hydroquinone doped hybrid gel electrolytes [118] and ionic lig-
uid added polymer electrolytes [117] are reported for enhanced capacitance and working
potential window. Therefore the research to enhance the capacitance and extending the

potential window using hybrid electrolyte is still under active research.

Further, the electroactive surface area has an important role in the SC performance,
which is mainly controlled by the wetting nature of the electrode surface. But, VGN is
hydrophobic and restricts the surface for access of electrolyte [117]. This can be overcome
by the fuctionalization of VGN surface with some polar groups [156]. In chapter-3 it
is found that there is an enhancement in wettability and SC performance by in-situ
oxygen plasma treatment [155, 156]. However, chemical functionalization is a very easy
and cost-effective way. It is reported that KOH is widely used in the activation process
to improve SC performance and also generate nanoscale pores in carbon nanostructures
[47, 121]. Hence, our interest is to activate VGN and study the SC performance in a

hybrid electrolyte.

The present chapter demonstrates an approach based on the combination of surface
activation and utilization of a organo-aqueous hybrid electrolyte, tetraethylammonium

tetrafluoroborate (TEABF,) in HySOy, to achieve enhancement in SC performance of
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VGN. The study manifests the importance of hybrid electrolyte in enhancing the areal
capacitance (1.99 mF cm™2) with capacitance retention of 94.6% after 5000 cycles. Also,
a five fold enhancement in the capacitance of VGN (0.64 to 3.31 mF cm™2) is achieved

by the combination of KOH activation of VGN with the hybrid electrolyte.

6.2 Growth and activation of VGN

Microwave plasma-enhanced chemical vapor deposition is used for the growth of VGN.
The detailed procedure of growth is described in chapter-3. After the growth, VGN is
dipped in KOH solution for 28 h to activate the VGN surface. As KOH is an oxidizing
agent that grafts the functional group to the surface and improves the quality of the

material [84]. The activation of VGN in the KOH medium proceeds as [120],

After activation, the VGN was rinsed with de-ionized water several times and dried at

room temperature.

6.3 Morphology and structural analysis

The morphology of VGN grown on carbon paper is depicted in figure 6.1(a). The high-
resolution FESEM micrograph in figures 6.1(b) and (c) confirm the uniform growth and
porous structure of vertically aligned graphene sheets with transparent sheets at the
edges. Figure 6.1(c) shows the presence of transparent thin sheets at the top of each
edges, which acts as the active sites. This 3-D porous structure with exposed surface
provides sites for the functional groups and electrolyte ions to interact to form an electric
double layer. A trivial change in the VGN morphology after the KOH activation process

confirms the stability of the structure. However, the highly magnified image shows the
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nanopore formation on the nanosheets after the activation process (figure 6.1(d)).

nanopores

e

Figure 6.1 — (a)-(c) SEM micrograph of VGN with different magnifications (d) Magnified
image of single nanosheets after KOH activation.

Raman spectra of as-grown and activated VGN are depicted in figure 6.2. Typical Ra-
man spectra of VGN consists of prominent peaks D-band (1350 cm™!), G-band (1580
cm ™), and G’ (2700 cm™') [129, 137]). The D-band corresponds to the breathing mode
of hexagonal rings and disorder-induced band, whereas, in-plane vibration of sp? bonded
carbon in the ring and chain form/fashion is attributed to the G-band ( Ey, symmetry).
The G'-band arises due to the double resonance process, and it is a measure of number
of graphene layers present in the structure [136]. The D band and other defect related
bands, D”-band (1100 cm™!) and D’-band (1620 cm™!), and their overtones at 2456,
2945, and 3240 cm™! confirm the presence of defects due to huge edge density, high ion
bombardment, heptagon-pentagon structure and presence of C-H bonds [83, 139]. An
insignificant difference between the normalized Raman spectra of as-grown and activated

VGN confirms the retention of the structural quality (figure 6.2). The FWHM (I") of the
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Figure 6.2 — Raman spectra of as-grown and activated vertical graphene nanosheets.

G’-band for both as-grown and KOH activated VGN is lying within the range of 53-64
cm ™! signifies the formation of few-layered graphene sheets. The KOH activation serves
to graft the oxygen functional groups, leading to a reduction in the FWHM of D and G’
bands and in-turn improves the graphitic structure. However, increased D-band intensity
in activated VGN might be due to the formation of nanopores in the structure and hence

more defect or disorder density [121].

6.4 Water contact angle measurement

The wetting property of the electrode material depends on the capacitance performance.
The higher the wettability, the better electrode-electrolyte interaction and in-turn, im-
proved SC performance.

The as-grown VGN shows hydrophobic characteristics with a water contact angle of
137°, as illustrated in figure 6.3(a). The hydrophobicity of VGN is attributed to the

interconnected porous network and non-polar C-H bonds. There is a reduction in water
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(a) as-grown VGN | (b) Activated VGN
377 KOH

i
/ treatment
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(¢) as-grown VGN (d) as-grown VGN

‘Ll]n Q7o

IM H,SO, J IM TEABF/H,S0,

Figure 6.3 — Water contact angle of (a) as-grown and (b) activated VGN, contact angle
of as-grown VGN in (¢)1M H2SOy, and (d) 1M TEABF4/H3SO0;,.

contact angle by 30° is observed after KOH activation (figure 6.3(b)). The oxidizing
nature of the KOH helps to saturate the dangling bonds at edges and defects in basal
planes with oxygen functional groups, so a reduction in wettability. Hence, the activation
process not only improved the graphitic structure also rearranged the structures without
disturbing the morphology. In addition, the contact angle of as-grown VGN in 1M H,SO,
and 1M TEABF,/H,S0, is measured to be 131° and 97°, respectively (figure 6.3(c) and

(d)). It confirms the improved wettability of VGN with the hybrid electrolyte.

6.5 Surface chemistry analysis

X-ray photoelectron spectra of activated VGN is carried out to investigate the chemical
changes after the activation process. The survey spectra of as-grown and activated VGN
are compared and illustrated in figure 6.4(a). Clearly, a high intense Ols peak at 532.5 eV
and Ok, Auger band around 974 eV is observed in the activated VGN. The calculated

O, content for the as-grown and activated VGN is found to 1.5% and 4.5%, respectively.
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Which confirms the oxygen functionalization after the activation. Hence, the reduction
in wettability can be attributed to the oxygen functionalization through KOH activation.
Also, the fitted Cls spectra for both as-grown and activated VGN are shown in figures
6.4(b) and (c). The typical Cls spectra consists of sp?-C at 284.4 eV, sp3-C at 284.82

eV and defect peak at 283.88 eV along with oxygen functional groups [138, 139].

(a) Cls (b) spie as-grown VGN (c) asonC activated VGN

sp-C
= 2 2
g Ols o 2 £
= Tl e = = | vacancy
y . defect
activated VGN :
as-grown VGN
A 'l L ' A ' Ll :I AL L A ek . A A A
0 200 400 600 800 1000 1200 283 284 285 286 287 288 283 284 285 286 287 288
Binding Energy (¢V) Binding Energy (eV) Binding Energy (eV)

Figure 6.4 — (a) XPS survey spectra of as-grown and activated VGN and Cls spectra of
(b) as-grown and (c) activated VGN.
A reduction in area under the vacancy defect peak from 4.3 to 2.8 % is observed from
figures 6.4(b) and (c) and an increase in the sp?/sp® ratio from 3 to 4.2. Which indicates
an improvement in the graphitic structure after the activation process. So, the XPS result

corroborates well with the above mentioned Raman spectroscopic result.

6.6 Electrochemical capacitance study

The electrochemical capacitance study on as-grown and activated VGN were carried
out by conducting cyclic voltammetry (CV), galvanostatic charge-discharge (CD), and
electrochemical impedance spectroscopy (EIS). The electrochemical measurements were
carried out in a 3-electrode configuration using the Metrohm-Autolab workstation (model
PGSTAT302N). A 1x1 cm? area of the as-grown and activated VGN were used as working
electrodes, whereas platinum foil and Ag/AgCl (KCl saturated) were used as counter and
reference electrodes, respectively. Aqueous HySO, and TEABF,/HySO4 of 1M concen-

tration were used as electrolytes. TEABF,/H5SO, was prepared by dissolving TEABF,
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in 1M H5SO, solution.
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Figure 6.5 — CV of (a) VGN in 1M H3SOy4, (b) VGN in 1M TEABF,/H2SOy, and (c)
activated VGN in 1M TEABF4/H2S04; (d) comparative CV at the 500 mV/s scan rate; CV
with an extended potential window of (¢) VGN in 1M TEABF,/HSO,4 and (f) activated
VGN in 1M TEABF4/HQSO4

The areal capacitance (C4 in F/cm?) was estimated from the CV and CD profile using

the following equations,

_ Jdav
Ca= Avxaxs (62)
o I x ta
AT AX AV (63)

where [idV is the area under CV, I is the charge-discharge current, s is the scan rate
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of CV, AV is the potential window, A is the exposed area of working electrode in the

electrolyte and t4 is the discharge time of the CD profile.

The capacitance retention (CR) and Coulombic efficiency (1) was obtained from the CD

profile using the following equation,

t
CR =2 x 100 (6.4)
ta,
ta
n=% %100 (6.5)

[

where, t. and t; is the charging and discharging time respectively, ¢4, is the discharging

time for n'" cycle, t4, is the discharging time for 1% cycle and n= 1, 2,......... n.

Figure 6.5(a), (b) and (c) demonstrates a near rectangular, a perfect rectangular, and an
oval-shaped cyclic voltammogram (CV) for the VGN in H,SO4, VGN in the TEABF,/H,SO,
system and activated VGN in the TEABF,/H,SO, system, respectively. The potential
window is confined to 0.5 V for HySO,4 to exclude the possibility of Faradic contributions
from electrolyte decomposition and hydrogen storage [114]. Some existing literature on
VGN [81, 93] and other nanostructures such as defect engineered graphene [206], single-
walled carbon nanotubes (CNTs) [207] and self doped TiO, arrays [208] also reported
0.5 V potential window. The CV for TEABF,/H,SO, electrolyte was also carried out
in a 0.5 V potential window for a comparison purpose. Remarkably, similar shapes of
CV from 0.1 to 5 V/s scan rates are noticed. A higher current response of the VGN
in TEABF,/H5S0, compared to VGN in HySO, is observed in figure 6.5(a) and (b).
However, further enhancement in area under the CV curve and hence improved charge
storage is seen for the activated VGN (figure 6.5(c)). This can be attributed to the en-
hanced wetting characteristics. The maximum supercapacitance of VGN in HySO,4, VGN

in TEABF,/H,SOy, and activated VGN in TEABF,/H,SO, estimated from CV are 0.64,
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1.99, and 3.31 mF /cm?, respectively. The observed experimental findings emphasize the

potential of the present electrode-electrolyte combination for SC applications.

It is already reported that the capacitance value of VGN can be improved by functionaliz-
ing with hetero-atoms [209], tuning the wettability [93] and varying the morphology [94].
Also, KOH activated VGN TEABF, /H,SO, shows a higher areal capacitance compared to
VGN in TEABF,/propylene carbonate (PC) (1.1 mF/cm?), TEABF4/AN (1.4 mF/cm?)
[210], 1M LiClOy in PC (2 mF /cm?) [93], ionic electrolyte (2.2 mF /em?) [98] and polymer
electrolyte (2.45 mF/cm?) [133], as well as other nanostructures such as SWCNTs (0.55
mF /cm?) [207], defect engineered graphene in 0.25 M TEABF,/AN (0.75-56.6 uF/cm?)
[206], and 1.6 ym long self-doped TiO, (0.91 mF/cm?) [208]. In addition, the volumetric
capacitance of activated VGN is found to be 9.19 F/cm?, which is higher than that of
reduced graphene oxide and its composite [118]. Therefore, the usage of TEABF,/H,S0,
and surface activation by KOH not only for the improvement of SC performance of VGN
but also to open up a new window for other carbon based electrode materials. More-
over, an extension of potential window by 0.3 V is observed in TEABF,/H2SO, solution.
The comparison of CV shape for all the samples is depicted in figure 6.5(d). The CV
of VGN and activated VGN in TEABF,/H,SO, in the extended potential window with
different scan rates are depicted in figure 6.5(e) and (f), respectively. The enhancement
in the capacitance value is attributed to the presence of both cations (TEAT and H™)
and improved wettability in the hybrid electrolyte (the schematic is provided in figure
6.6).

Further to confirm the enhancement in SC performance, the CD test of VGN and activated
VGN is carried out in aqueous and hybrid electrolyte (figure 6.7(a-c)). It is noticed that
the CD profiles are symmetrical at various current densities, which indicates excellent
CD behavior. The higher area under the CD profile of activated VGN in the hybrid

electrolyte indicates its quality performance (figure 6.7(c)). The areal capacitance of
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Nanographitic base layer

Figure 6.6 — Schematic of the different ion adsorbed VGN electrode in TEABF,/H2SOy.

VGN and activated VGN are calculated using equation 6.3. The highest capacitance
obtained for the activated VGN in TEABF,/H,SO, is 2.85 mF/cm? at a current density
of 0.05 mA/cm?. The calculated areal capacitance for the VGN in 1M H,SO4 and 1M
TEABF,/H,S0, is 0.62 and 1.48 mF/cm?, respectively. Figure 6.7(d) shows the variation
of the areal capacitance of the VGN/electrolyte systems with different current densities.
The decrease in capacitance for the activaed VGN with current density indicates the
pseudocapacitance nature due to presence of oxygen groups. The Coulombic efficiency
of the VGN with different electrolyte systems are calculated using equation 6.5. VGN in
TEABF,/H,SO, shows 93.1 % Coulombic efficiency at 0.05 mA/cm? and 82.5 % at 0.5
mA /cm?.

Cycle stability is one of the important parameter to evaluate the SC performance. A
comparative result of the cyclic stability of VGN in 1M H5SO,4, VGN in TEABF,/H,SO,4
and activated VGN in TEABF,/H,S0, is demonstrated in figure 6.8(a). VGN in HySO,
and TEABF,/H,S0, exhibited cycle stabilities of 98.9 % and 94.6 %, respectively after
5000 CD cycles (calculated by using equation 6.4). The areal capacitance of activated

VGN in TEABF,/H,SO, is dropped only by 7.1 % after 5000 charge-discharge cycles.
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Figure 6.7 — CD profile of (a) VGN in 1M H3SOy, (b) VGN in 1M TEABF,/H2SO4, and
(c) activated VGN in 1M TEABF,/H2SOy; (d) variation of the areal capacitance of VGN in
1M H9SOy4, VGN in TEABF,/H2SOy, and activated VGN in TEABF4/H2SO4 with respect
to current density in the range of 0.05 mA/cm? to 0.5 mA /cm?.

Also, the cyclic stability of the activated VGN in the hybrid electrolyte is verified from

CV after the cyclability test (figure 6.8(b)).

Electrochemical impedance spectroscopy (EIS) was carried out to obtain further insights
into the electrode-electrolyte interaction [211]. Figure 6.9 depicts the impedance responses
at an open circuit alternate current perturbation of 10mV in the frequency range of 100
kHz to 10 mHz. Almost a vertical line in the Nyquist plot for all the samples confirm
near-ideal SC behaviour (figure 6.9(a)). The equivalent circuit used to fit the impedance
spectra is shown in the inset of figure 6.9(a). The component of the equivalent circuit
is the equivalent series resistance (Ry), double layer capacitance (Cg), charge transfer

resistance (R.) and Warburg component (Z,). The Z' intercepts in the Nyquist plot
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Figure 6.8 — (a) Capacitance retention with respect to the CD cycle number and (b)
comparison of CV after the cyclability test for activated VGN in TEABF,/HSO4 at 0.1

V/s.
is a measure of equivalent series resistance (Rs). The Ry values found from the fitting
are 3.03, 2.56 and 1.28 Q for VGN in HySO4, VGN in TEABF,/H,SO, and activated
VGN in TEABF,/H5S0, electrolyte, respectively. It is observed that there is a reduc-
tion of Ry after the activation of VGN (figure 6.9(a)). The low Ry of activated VGN in

TEABF,/H5SO, ensures an effective ion accumulation at the electrolyte-electrode inter-

face.
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Figure 6.9 — Impedance responses of VGN in H3SO4, VGN in TEABF4/H2SO,4 and
activated VGN TEABF,/H2SO4: (a) Nyquist plot and (b) Bode plot. The inset of (a)
represents the equivalent circuit used for impedance curve fitting.

The phase angle versus frequency is plotted in figure 6.9(b). The phase angle of 90° is
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indicative of ideal SC behaviour. The maximum phase angle obtained for VGN in 1M
H,SO4, VGN in TEABF,/H,SO,4 and activated VGN in TEABF,/H,S0, is 79.6°, 84.1°
and 78.3°, respectively. The reduced phase angle behavior for the TEABF,/H,SO, elec-
trolyte at a lower frequency can be attributed to the difficulty in accessing the electrode
surface by the TEA™ electrolyte ion and can be avoided by engineering the nanoarchi-
tecture not to block the ions [212]. The results obtained are the proof for potential usage
of the hybrid electrolyte (aqueous electrolyte with organic salt) with the KOH activation

process for higher charge storage capacity and extended operating potential window.

6.7 Conclusion

In summary, 3D porous and self-supported vertical graphene nanosheets exhibited en-
hanced supercapacitor performance combined with the organo-aqueous hybrid electrolyte
and KOH activation. The hybrid electrolyte TEABF,/H5SO,4 boosts the energy storage
capacity by five folds and also extends the potential window from by 0.3 V (0.5 to 0.8 V).
An unchanged cyclic voltammogram of VGN in the hybrid electrolyte at different scan
rates ranging from 0.1 to 5 V/s assures efficient electrolyte ion access to the electrode
material’s interior surfaces. Herein, we demonstrated a viable strategy of KOH activa-
tion of VGN with the preserved morphology, improved wettability and structural quality.
This study will pave the way to new combinations of the organo-aqueous electrolyte and
chemical activation to achieve superior charge storage capacity of novel nanostructures

based supercapacitors.
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Chapter 7

Summary and future scope

The thesis primarily focused on improvement of the charge storage capacity of vertical
graphene nanosheets (VGN). Herein, the capacitance enhancement is achieved by sur-
face modification (plasma activation and metal/metal oxide decoration) of the VGN,
while retaining its unique geometry. An effort is made to understand the role of sur-
face functionalization and charge-transfer on capacitance performance. Also, a simple
and easily scalable polymer-free transfer process is established to fabricate VGN based
flexible supercapacitor device. Furthermore, the combination of hybrid electrolyte (Tetra
elthylammonium tetrafluoroborate + sulfuric acid) with chemical activation is attempted
to enhance the charge storage performance of VGN electrodes. The summery of the

individual chapter is also discussed below.

7.1 Summary of the Thesis

Chapter 1 introduced the structure and unique properties of the vertical graphene nanosheets
and the basic electrochemical capacitor concepts. An up to date literature survey of the
VGN electrode for electrochemical capacitor application is also covered. This chapter
reported the literature on various methods adopted to enhance the capacitance perfor-
mance of VGN electrodes such as surface functionalization, metal decoration, chemical

activation and usage of hybrid electrolytes, etc. Furthermore, the novel process for the
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development of flexible electrodes is also detailed. Chapter 2 provided a brief descrip-
tion of the growth techniques used to synthesize VGN, surface modification/activation of
VGN and metal nanoparticle decoration on VGN. It also discussed the characterization
techniques employed to evaluate the morphology, structure and chemical analysis. Also,
a brief introduction to electrochemical measurement, principles for cyclic voltammetry,
galvanostatic charge-discharge curve and electrochemical impedance spectroscopy (EIS)

are presented.

The major findings of the present thesis are briefed as follows:

Chapter 3:

1. An easily scalable polymer-free scalable transfer of vertical graphene nanosheets onto
a flexible substrate is developed.

2. Retention of morphology, surface chemistry and structural quality of VGN upon trans-
fer onto polymer substrate is achieved.

3. The fabrication of the supercapacitor device without any current collector and binder
proved the utility of transferred VGN electrode.

Chapter 4:

1. Transformation of intrinsic hydrophobic VGN into super-hydrophilic is achieved by
post oxygen plasma treatment while preserving the unique interconnected porous struc-
ture.

2. Functionalization of VGN electrodes with preferential groups such as C-OH (hydroxyl)
and C=0 (carbonyl) is achieved.

3. The super-hydrophilic VGN exhibited a 10 times enhancement in capacitance value.
Chapter 5:

1. A significant enhancement in the charge storage capacity of metal nanoparticles (NPs)
decorated VGN electrodes is observed. Amongst the Ni NPs decorated VGN is resulted

nearly 20 times enhancement in capacitance from 0.15 to 3.04 mF/cm?.
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2. The supercapacitor performance of NPs/VGN hybrid structure is due to the synergetic
effect of 1) charge transfer because of the work function mismatch between NPs and VGN
network ii) Pseudocapacitance induced by the oxide part of NPs.

3. The NiO NP is deposited on the VGN surface and capacitance performance is further
improved upto 13.8 mF /cm?.

Chapter 6:

1. The combination of organic and aqueous hybrid electrolyte with KOH etching of VGN
exhibited good supercapacitor property.

2. The hybrid electrolyte not only enhanced the charge storage capacity by five times

but also extends the potential window by 0.3 V.

7.2 Future scope

1. Combination of metal/metal oxide and plasma activation for high energy density su-
percapacitors.

2. Heteroatom decoration of vertical graphene nanosheets and its effect on electrochemi-
cal capacitor performance.

3. Surface sulphonation and phosphorization of VGN and electrochemical capacitance

performance.
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Abstract

Vertical graphene nanosheets (VGN), a graphene derivative, is an ensemble of vertically
standing few-layer graphene sheets of few tens of nanometer-thick, has drawn significant
attention of the research community, for supercapacitor (SC) applications. The present
thesis addresses two things: first is to develop a polymer-free transfer process of VGN
for flexible supercapacitor applications. Second is the improvement in capacitance of
VGN based electrode by surface modification (plasma activation and metal/metal oxide
decoration) while retaining its unique geometry. The combination of hybrid electrolyte
and chemical activation is also explored to enhance the capacitance performance of VGN

electrodes. The findings of the thesis work are listed below.

The rapid growth of wearable electronics popularity in the past decade has resulted a
strong interest in flexible electronics. Presently, for this application the most commonly
employed approach for the transfer of graphene relies on the chemical etching of underly-
ing substrates and involves protection polymers. Polymer removal is one of the difficult
tasks in this process. A polymer-free and scalable technique adopted to transfer the VGN
onto a flexible substrate without disrupting its structure and properties in the present
work. The charge storage capacity is also studied by fabricating a flexible symmetric
supercapacitor device using the transferred VGN electrodes free of binder and current

collector.

Generally, as-grown VGN is hydrophobic, which restricts the electrolyte ion to access
the entire electrode surface. In contrast, hydrophilic surfaces are most desired for bet-
ter electrode wettability, which improves the interaction with electrolyte and, in-turn
the capacitance performance. Therefore, hydrophilic VGN structures are achieved by

post oxygen plasma treatment while retaining its geometry. The super-wetting VGN
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electrode exhibited a ten-time (0.15 to 1.6 mF/cm?) enhancement in capacitance perfor-
mance. Further, the preferentially functionalization by specific type of oxygenated groups
is achieved by post deposition plasma treatment. Moreover, the correlation between the
type of oxygen functional groups (hydroxyl, carbonyl and carboxyl) with wetting nature,
ageing rate of wettability and supercapacitor performance of VGN surfaces is established.
The significant role of process parameters towards achieving hydrophilic VGN surfaces
with long-term stability is brought out. The capacitance performance of VGN samples
undergone oxygen plasma treatment is also compared with the ones treated with Hy and
Ny plasmas also. Finally, a tandem device of solid-state symmetric supercapacitor is

fabricated and used to light up a light-emitting-diode to demonstrate its practicability.

The present thesis studied the influence of the transition metal nanoparticles (NPs) dec-
oration of a VGN structure on its capacitance performance. Also, It is expected that a
VGN with a homogeneous decoration of metal NPs will further improve its conductivity
and facilitate an easy ion insertion/extraction into the structure. The energy storage
performance is correlated with the charge transfer that occurs due to the mismatch in
the work function. The Ni decorated VGN exhibited highest charge transfer (+0.48 e)
and capacitance (3.04 mF/cm?). Further, the metal oxide (NiO and TiO;) nanoparticle

decoration on VGN is carried out and studied the capacitance performance.

Although the electrode material is crucial, the choice of electrolyte and its concentration
also play significant roles in enhancing capacitance and potential window of the capac-
itor. Additionally, the electroactive surface of the electrode also has a crucial role in
determining the SC performance, which is mainly controlled by the wetting nature of the
electrode. A novel approach based on the combination of KOH surface activation and an
organo-aqueous hybrid electrolyte, tetraethylammonium tetrafluoroborate (TEABF,) in
H,SOy is carried out and achieved significant enhancement from 0.64 to 3.31 mF/cm? in

SC performance of VGN.
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