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ABSTRACT

Engineered Nanomaterials for Energy Harvesting and Storage
Applications

by
Hemtej Gullapalli

Energy harvesting and storage are independent mechanisms, each having their
own significance in the energy cycle. Energy is generally harvested from temperature
variations, mechanical vibrations and other phenomena which are inherently sporadic in
nature, the harvested energy stands a better chance of efficient utilization if it can be
stored and used later, depending on the demand. In essence a comprehensive device that
can harness power from surrounding environment and provide a steady and reliable
source of energy would be ideal. Towards realizing such a system, for the harvesting
component, a piezoelectric nano-composite material consisting of ZnO nanostructures
embedded into the matrix of ‘Paper’ has been developed. Providing a flexible backbone
to a brittle material makes it a robust architecture. Energy harvesting by scavenging both
mechanical and thermal fluctuations using this flexible nano-composite is discussed in
this thesis. On the energy storage front, Graphene based materials developed with a focus
towards realizing ultra-thin lithium ion batteries and supercapacitors are introduced.
Efforts for enhancing the energy storage performance of such graphitic carbon are
detailed. Increasing the rate capability by direct CVD synthesis of graphene on current
collectors, enhancing its electrochemical capacity through doping and engineering 3D

metallic structures to increase the areal energy density have been studied.
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Chapter 1

Introduction

Energy conversion from one form to the other has been one of the prime
distinctive achievements of human race. With an ever increasing dependence on energy,
the quest has always been to harvest it from reliable sources and store it until being used.
Pioneering both these mechanisms has been evolutionary and has always been followed

from the Stone Age to the Electronic Age.

Recent advancements in portable electronics have put up a demand for portable
and reliable energy sources. With the electronic components shrinking by the day, low
powered portable systems have been designed for various applications and have reached
to the stage of micron scale. However, the advancement in energy storage technology is
not as steep as compared to that of electronics. Today, bulk of the weight and volume in
any commercial electronics device, from cellphones to hybrid cars is occupied by the
battery that powers it. A US soldier in combat would carry about 45 pounds of batteries

to power various devices such as communication electronics, night vision equipment,



computing equipment, ammunition etc., which adds to the other required load of about
100 pounds.! In today’s technology driven battle field, power for a soldier has become as
critical as ammunition and food. Carrying such heavy load not only limits theirs mobility
in the battle field but also leads to long term muscular injuries. While there is no
available mechanism to charge a battery when in the field, soldiers are often required to
carry primary non rechargeable batteries with long lifetime. During a state of war, this
also adds to the logistics issues as battery stockpiles should be sufficiently maintained
and supplied. An article published in the national defense magazine? gives a glimpse of
the challenges faced by the army during the Iraq war. The author reveals that battery
supplies had reached a dangerously low level during the war and could have been
exhausted if the war lasted a few weeks more. Also difficulty in supplying these batteries

to the soldiers in the frontline on a regular basis was challenging.

On parallel lines, implantable medical devices and biomedical sensors have
already shrunk in size while being more advanced and sophisticated. Most of these
wireless devices are again limited by the energy source they carry. Many other
applications from down-hole oil field sensors, to environmental and chemical sensors,
have the need for wireless micro devices, limited by the size of the net device. Many an
instant, it is not very practical or economical to replace the batteries in these kinds of
devices. For example, changing batteries in a peacemaker would add to the patient
discomfort, while changing a battery in a down-hole oil drilling equipment would incur
huge operating costs. And in some applications such as micro devices, existing battery
technologies at the miniature size scale cannot meet the energy demands for a prolonged

duration, To solve this energy bottleneck, the quest has been to develop autonomous



energy sources, one that can provide uninterrupted energy without the need for physical
intervention. This is envisioned to use locally available sources rather than transporting
energy to the device. To realize such a system, the device would need to first convert the

locally available energy into a usable form and store it in a reservoir for later use.

Towards building one such product, Kymissis et al. (1998)2 have built an
integrated power harvesting-storage component that has been integrated into the insole of
a shoe, to parasitically tap the energy from its bending while the user walks. A concept of
building the piezoelectric component in a unimorph design was introduced, by making a
somewhat bent PZT crystal. To store the energy generated from the harvester, a
commercial 47 mF electrolytic capacitor was used. Army research labs (ARL) has
explored the usability of this concept for use by soldiers, but have lately stopped the
project.* Though an important concept of powering wearable electronics by human
motion, certain caveats exist in this technology. One deterrent is the load it creates on the
user as the weight and rigidity of the device results in user discomfort. Also, a bendable
form of piezoelectric material is required and the crystal has to withstand the stress
created by the weight of the user. A crack in this crystal would make the device

incapable.

Integrated energy harvesters have also been the focus of interest for implantable
medical devices. This area has been more critical than others, owing to the sensitivity of
the usage. While a number of medical implants such as pacemakers, defibrillator, neural
stimulators, and lab on a chip monitors & sensors have been developed, most of them
being battery powered are dependent on its performance. The concept of using the natural

processes in the human body to power these devices is an attractive option, and adds to



the reliability of such implants. Many research reports made progress in this direction,
and have used both involuntary motions of the internal organs and the physical motion of
the patient to harvest and power devices. >° Recently, Dagdeviren et al. (2014)*° have
developed an efficient piezoelectric harvesting device, made out of a flexible design of
PZT coated into a mesh like pattern. A complete system consisting of rectifiers and a
micro battery has been built and its capability of harvesting energy from the natural
contraction and relaxation motions of the heart, lung, and diaphragm has been
demonstrated. This work stands the latest of a series of numerous similar efforts reported
earlier.11-15 Most of these works call for the piezoelectric material to be flexible. Having
a flexible nature reduces the stress required to deform it and thereby reduces the
encumbrance it has on the host. Also such implantable devices have serious size and

weight limitations and hence micro scale engineering is required for their fabrication.

Another application of uninterrupted energy sources is in developing wireless
micro sensor technologies. With the trend of electronics becoming smaller and energy
efficient by the day, it has been envisioned that micro devices will soon find their place in
areas such as targeted drug delivery,16-20 sensors for oil and gas reservoir
characterization,21-25 geological surveys using micro swamps, environmental, chemical
and biological detection. etc.26-28 Micro sensors are usually dormant for long periods of
time until when a measurement is needed which is usually transient in nature. In such
cases, the size of the energy storage device and its survival in harsh environmental

conditions for extended periods of time is critical.

In every context of developing an autonomous energy source, the common

characteristics to incorporate includes, a rather flexible and light weight nature for the



harvesting unit so as not to overload the host structure and a highly efficient energy
storage unit that can be coupled to this harvester without overloading it in terms of space,
weight and electronics. Though the field of developing autonomous energy sources has
seen many revolutionary achievements, there is still a quest for materials that can design
such a system effectively. A flexible, robust and efficient energy harvester that can also
be made in an economical and scalable method is the need of the hour. Though many
energy storage technologies are being developed with great success, to meet the energy
compliance of micro scale autonomy, an ultralight and miniaturized device, yet capable
of withstanding the rigorous atmospheric conditions is still in need. Material

configurations hold the key for building such a tailored system.

1.1. Material choice for Energy Harvesting

Towards optimizing the concept of energy scavenging, cheap and reliable
harvesters are needed. While many forms of stray energy sources exist, mechanical and
thermal energies are the most common ones, and can be found in conditions where other
efficient forms (example solar) seize to exist. Scavenging these two common energy

forms has attained much research attention over the last decade.29-38

Converting mechanical energy into electrical charge can be achieved by either of
three mechanisms, electrostatic,39-44 electromagnetic*>-50 and piezoelectric.51-54
Electrostatic mechanism uses a variable capacitor structure to generate charges from a
relative motion between two plates, while electromagnetic devices are based on
electromagnetic induction and ruled by Lenz’s law. An electromotive force is generated

from a relative motion between a coil and a magnet. Harvesting at the micro scale



involves Micro Electromechanical devices employing cantilever beam mechanisms
which result in efficiency loss. Piezoelectric phenomenon is rather a straight forward one

and involves special class of materials to achieve this.

In case of thermal energy, two forms of thermal excitations exist, one is the
temperature gradient which can be tapped using the thermoelectric effect while the other
is the fluctuations in temperature over time, harvested by a concept called the pyroelectric

effect, also a material property of certain subclass of piezoelectric materials.>>

Piezoelectric materials are a set of crystalline materials, with a non-
centrosymmetric crystal structure. Of all the 32 existing crystal classes, 21 lack center of
symmetry and of which 20 are classified as piezoelectric in nature. When the
piezoelectric crystal is mechanically strained, or when the crystal is deformed by the
application of an external stress, electric charges appear on the crystal surfaces. Of these
crystals, 10 crystal classes are polar in nature, i.e. they have a dipole in their crystal
structure. These polar crystals exhibit pyroelectric behavior, meaning, the dipoles can be
polarized and surface charges are created by thermal excitation. Of these pyroelectric
materials are yet another subgroup of materials called the ferroelectrics which exhibit
spontaneous polarization meaning the dipoles can be reoriented with an external electric

field.56.57

Though numerous materials fall under these crystal categories and in theory are
piezoelectric in nature, only a few exhibit enhanced effects, useful for practical

applications. The efficiency of a crystal to convert mechanical energy into electrical is



gauged by its piezoelectric constant. Both naturally occurring and manmade chemical

structures have been shown to have substantial piezoelectric nature.58

The piezoelectric effect of materials has been extensively used for sensor
applications and found their place in devices such as microphones, accelerometers and
sensors.>9-64 Active energy harvesting from such materials has also been extensively
studied and documented. Sodano and co-others have reported a series of reviews of the
various significant contributions in the field.6566 Several types of piezoelectric materials
ranging from ceramics to polymers have already been shown to harvest multiple forms of
energy such as thermal and mechanical.67-70 However the most efficient piezoelectric
materials are ceramics and hence brittle in nature. Lack of structural stability and abuse
tolerance hinders their performance.?1-75> To overcome this, composites of piezoelectric
materials have also been explored in which the brittle materials are pooled to the
mechanical compliance and flexibility of polymers. Furukawa et al.(1979)7¢ have
proposed early in the field, a series of composite systems consisting of PZT ceramics
combined with various polymers. The piezoelectric activity of the composites was tested
and documented. This concept though introduces a sense of robustness to the system,
lacks efficiency as the energy transfer between the two constituents of the composite is

not ideal.

Energy harvesting at small scales has also been taken up and has gained
momentum in the last decade with the technological advancements seen in the field of
nanotechnology. Particular mention would need to be given to the series of works done
by Wang et al. group at Georgia tech institute.”7-86 A report by Wang and Song (2006)87

introduced the concept of nano-generator, where in they fabricated vertically aligned zinc



oxide (piezoelectric in nature) nanorods on various substrates using a vapor-liquid-solid
process. These rods when deflected by a gold coated AFM tip would generate voltage
which could be used to power nano devices. The interesting aspect of this work is the
direct current output observed from the device. This is explained to be a result of the
Schottky contact between the semiconductor ZnO and the gold coating on the AFM tip.
This essentially eliminates the need of a rectifier circuit needed to smooth the bipolar
output observed in a vibrational harvesting system. Extrapolating this novel concept, the
research group went on to build various other configurations and devices, gearing
towards realizing more practical designs. Of the several other reports branched out of this
work, Yang et al. (2009)84 and Zhu et al.( 2010)8> have increased the performance and
introduced flexibility to the system by designing a laterally oriented ZnO rod array on a
polymer substrate. Dong et al (2012)8¢ went ahead and integrated it with a graphene
based supercapacitor. Though this technology and others have set benchmarks for
developing energy harvesting systems at the micro scale, they involve high level of
complexity in making such devices. Synthesis of nanorods and positioning them in a
patterned format using micromanipulators is a complex task, adding to the cost, effort
and effectiveness. The structural integrity of devices with such microstructures is hard to

stabilize and therefore scalability remains a factor.

Although these reports have made significant contributions and set benchmarks in
the field of energy harvesting using nanoengineered materials, it is important to explore
innovative, inexpensive, scalable technologies based on new materials and engineering

approaches wherein a single device can be used to transform multiple sources of energy



1.2. Energy storage mechanisms

Energy storage would need to complement the energy harvesting component in
the best way possible to avoid losses and capacity mismatch. As energy harvesting is
often taken up in harsh environmental conditions, the storage component would need to
withstand these conditions without losing its performance. For example, while harvesting
thermal energy, the storage reservoir would need to be stable at high temperatures.
Hence, in order to support the envisioned flexible, low cost - harvester unit, a customized
energy tank needs to be developed with a matching form factor and electrical

compatibility.

In the volumetric and gravimetric terms, energy storage technology is much
efficient compared to that of energy harvesters. Hence for powering micro devices,
without overloading the energy storage component, a miniature energy storage
component is required. Though many different types of energy storage technologies exist,
two classes of devices, batteries and capacitors dominate the micro scale arena. The
choice between either is decided on the application. Branching out from these broader

classes, various types of capacitors and batteries exist.

Capacitors, commonly employed for a short term energy supply range from
miniature dielectric capacitors to large transmission scale oil filled ones.® However, the
ideal one to support energy harvesting would have a high capacity packed in a very light
weight miniature device. Supercapacitor is the term coined for capacitors with very high
capacity and ideal for such a system.%® Moreover, apart from capacitors, batteries are also

an important alternative. While capacitors have the advantage of providing fast energy
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required for applications like single shot sensors, batteries on the other hand provide a
more robust uninterrupted energy for applications with continuous operation requirement.
Numerous capacitor and battery choices exist and choosing one that is optimum for

integration to the harvester has to be done wisely.

A comprehensive background about the current state of these two alternatives,
viz. lithium ion batteries and electrochemical supercapacitors is taken up. In particular,
electrochemical double layer supercapacitors and lithium ion batteries have been
identified as the choice of technologies by understanding their working principle and

performance characteristics.

1.2.1. Lithium ion batteries

The development and commercialization of lithium ion batteries have
revolutionized the energy industry by making portable energy more efficient and
robust.?® However, the need for higher energy densities and cycle life along with being
economically viable and environmentally benign requires constant research and
development of new materials for each of the components of a battery. A typical lithium
ion battery consists of two electrodes (cathode and anode) separated by an electronically
insulating and ion permeable porous separator membrane, confined in an electrolyte
containing lithium salt, most commonly, LiPFe in ethylene carbonate—diethyl carbonate.
The charge and discharge of a lithium ion battery can be visualized as the tunneling of
lithium ions through the electrolyte from cathode to anode and vice versa respectively,
forcing electrons through the external circuit to maintain charge neutrality.®1 Figure 1-1

illustrates the schematic of a typical lithium ion battery mechanism.92
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Figure 1-1: Schematic of the charge and discharge mechanisms in a lithium ion
battery (adapted from ref [92])

The capacity of the battery is defined as the amount of reversible lithium that can
be stored into either of the host electrodes. And, the net cell voltage is the difference
between the lithiation potentials of the two electrodes. Often, to increase the net capacity
of a lithium ion battery, the anode and cathode materials are chosen further apart in the
electrochemical window. The process of intercalation and de-intercalation of lithium at
the surface of the electrode is a solid state redox reaction and is followed by solid state
diffusion of lithium atoms into the bulk of the material.®3 The penetration of a new atom
into the bulk lattice of the electrode results in significant volume expansion and

subsequently, changes in its crystal structure or phase. The conductivity of electrode is
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critical in having a good electron transfer and conventionally, conductive additives are
added to electrode materials to enhance electron transfer. Apart from the favorable
reversible lithiation and de-lithiation reactions, any additional reactions that may occur
between the electrodes and the electrolyte would result in the fading of capacity over

cycling due to the loss of usable lithium in the system.

Research efforts in improving the performance of a lithium-ion battery are
multipronged. Several challenges in the field are being explored separately, including
material optimization for the electrodes, separators, electrolytes and current collectors;
exploring different chemistries, optimizing packaging, improving the dynamics by
innovative engineering mechanisms, and also building tailored batteries for specific
applications.?4-2¢ The scope of this thesis is limited to exploring carbon based materials

for anodes, with specific focus towards ultrathin lithium ion batteries.

Various isomorphs of carbon have been commonly used as the choice for anodes
in a lithium ion battery.®7.98 Low lithiation potential, good conductivity and structural
stability makes it an ideal candidate. Many reports have tried to increase the net capacity
in carbon structures following various methods (reported in the ranges of 250-800 mAh
g1).99.100 Sy et al. (2010) 101 have done a comprehensive review of various carbon based
structures that have been reported for use in energy storage applications. The review
conveys that in case of graphitic carbon, more than one form of lithium storage
mechanisms exists. In general, the storage of Lithium ions in carbon has been described

as:

6C + xLit + x e~ = Li,Cq
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The number of lithium ions accommodated by a host of carbon atoms is defined
by the carbon state in the structure. The nominal form of intercalation between the layers
of graphite (Figure 1-2a) results in a theoretical capacity of, 372 mAh/g, wherein x=1. 102
Though in a practical scenario, the capacity observed is lower due to secondary
irreversible reactions. Sato et al. (1994)193 has proposed that by having a crystalline
disorder in the carbon structure, the dynamics of carbon reaction with lithium changes
and a mechanism of upto LiC: is possible (Figure 1-2b). Also, in case of graphite, the
carbon atoms at the edges are more reactive than that of the once inside the crystal lattice.
Hence it is hypothesised that having more edge defects, such as voids in the lattice would
result in more lithium ions concentration at these sites (Figure 1-2¢).104 Also, Dahn et
al(1996)102 proposed a model that, if the graphene layers are exfoliated into individual
layers, instead of stacking up, lithium ions can be physically adsorbed on both sides of
the layer. Exploiting this mechanism, a high stable capacity of 540 mAh g* was reported

with chemically exfoliated graphene nanosheets.105
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Figure 1-2: (a) Storage mechanisms of Li ions in graphite. (b) Li storage in form of
Li2 covalent molecules193 (c) Schematic model of Li storage in cavities and nano
pores104 (d) Dahn’s model of Li adsorption on the two sides of an isolated graphene
sheet106, (Adapted from [101] )

Many challenges exist in using carbon materials in a lithium ion battery.
Formation of a solid electrolyte interphase (SEI), which is a result of decomposition of
organic compounds present in the electrolyte onto the surface of the electrode, is
prevalent with the carbon electrode. The SEI film formation is a self-limiting process and
is often observed only during the first discharge of the battery. If this film is not
stabilized, a loss in reversible capacity over cycling would be seen, as new lithium ions
are needed to form a fresh SEI.107 Another concern with the carbon electrodes is that a
proper contact between the electrode and the current collector is essential for realizing its
full efficiency. Nevertheless, a number of research efforts have been taken up to explore

all the hypotheses of increasing the capacity of graphitic carbon by nanostructuring it.
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Extensive research has been conducted on carbon nanotubes, with several benchmark

publications reporting remarkable performance. 108-112

Apart from using carbon as an electrode material, it has also been used as a
secondary support for other high capacity materials. Numerous studies have been
undertaken to use carbon nanostructures as a matrix to provide an electrical and structural
support to both anodic and cathodic materials.113-116 One such example is the use of
coaxial nanostructures of CNT- MnO> by Reddy et al (2009).116 By jacketing a CNT with
a layer of active electrode material, electron transfer to it is maximized, resulting in a

high rate capability and electrode stability over cycling.

1.2.2. Supercapacitors

Supercapacitors, the common name used for Electric double layer capacitor
(EDLC), are a class of energy storage devices capable of rapid charging and discharging,
producing large energy in short intervals of time. They exhibit large cycle life of over
thousands of cycles and high cyclic efficiency. An EDLC consists of two identical
electrodes, typically carbon based, separated by an ion permeable membrane, and
immersed in an ionic electrolyte. Energy storage in a supercapacitor occurs by the
formation of an electrochemical double layer by the accumulation of charges onto active
surface areas. The charge separation and recombination define the charging and
discharging of a supercapacitor.8? Figure 1-3 is a schematic of the charge discharge

mechanisms in a conventional double layer supercapacitor.
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Figure 1-3: Schematic of the mechanism of charge and discharge in an EDLC
showing the charge separation and recombination during charging and discharging
process leading to the formation of double layer at the electrode.

The net capacitance of the capacitor is the sum of capacitances of the two double
layers formed on the surface of the electrodes. At these interfaces, the capacitance is

similar to that of a parallel-plate capacitor and governed by the relation,

€r&o

The capacity is directly proportional to the surface area of the electrode (A) and
inversely proportional to the separation between the charges (d —Debye length). As the
charges in the double layer are separated by an atomic scale separation, and as a result the

net capacity is very high (hundreds of farads per gram) compared to dielectric capacitors.

Also, EDLCs have been reported to exhibit long cycle life, as the mechanism is

non-faradaic and no chemical degradation occurs to the electrode, with high power
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densities of up to 1kW kg*.117 Use of carbon as electrodes for supercapacitors has been a
well explored field, owing to its several advantages such as high specific surface area,
large specific capacitances (100- 300 F g1), low material costs, etc.118 The energy density
of the device depends on the amount of active surface area available per unit mass of the
electrode. Use of nanomaterials or nanostructured materials result in active materials with
very high specific surface areas.11® For example, use of graphene instead of graphite
enhances the energy density by orders of magnitude for the same weight of the electrode
as more surfaces are exposed to the electrolyte. Specific capacitances of about 115 F g
and power densities of about 30 W kg™ have been reported by the use of reduced
graphene oxide which is otherwise a few W kg™ for conventional EDLCs.120 The

following section discusses this interesting structure and its properties in more detail.

1.2.3. Graphene - a new frontier carbon material

Graphene is defined as a single layer of carbon atoms bound into a
2-Dimensional, sp2-sp3 hybridized honeycomb lattice. It can be seen as peeling off a
single sheet out of layered graphite. It has received great excitement from the scientific
community, especially after uncovering some of its astonishing properties by many
researchers over time and notably by A. K. Geim and K. S. Novoselov.121 |t is termed as
the “mother of all graphite forms”, as this base structure when introduced with defects,
can be molded into any of the 0 to 3 dimensional carbon structures, the schematic
depiction by Geim et.al shown in Figure 1-4 postulates this hypothesis.121 It is considered
as a very promising material by fields across the board ranging from physics, chemistry,

material science and even bio-technology.122 Particular interest on this 2D material
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comes from the fact that it possesses a package of astounding properties.23 Theoretically,
it has a large gravimetric specific surface area (2630 m2g™®), high intrinsic mobility
(200,000 cm? v1s1)124125 high Young's modulus (~1.0 TPa)!26, thermal conductivity

(~5000 WmK™)127 and optical transmittance (~97.7%)128.

......

Figure 1-4: Structure of a 2D layer of graphene and depiction of molding it into 0-D
Buckyball, 1-D CNT and 3-D graphite forms. (Adapted from ref [121])

While graphite is a naturally occurring form of carbon, synthesizing graphene has
been a scientific achievement to mention. Various routes have been employed to make
different types of graphene based structures. While chemical synthesis protocols have
been developed to exfoliate individual layers out of graphite, chemical dopants in the

final structure is almost always unavoidable.12% Thermal, mechanical and high energy
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exfoliation techniques have also been reported, with considerable success in realizing
pure carbon graphite.130.131 However, all the exfoliation methods result in graphene
flakes in a powder form factor which, if required to be used in any application, pose
challenges of assembly. Moreover, graphene being a 2D structure, electrical conductivity
between these individual flakes is not as high as that of the flake itself and as a result

significant electrical losses are inevitable.

Synthesis of large area continuous graphene with controlled number of layers has
been first achieved in 2009, reported by two separate groups.13z133 Kim et al., (2009)
have reported a CVD process for depositing few layer graphene onto metallic Nickel and
Li et al.,(2009) have reported a procedure for self-limiting deposition of one to two
layered structures on copper. These two reports have opened up the possibility of

controlled deposition, patterning and usability of graphene at the device scale.

Tapping on the superior properties, many innovative applications have been
proposed for graphene. The exceptionally high mobility in the structure has promise in
electronic applications as conductors and interconnects.134 Being a zero band gap
semiconductor, has prospects of FET.135 Optical transparency is key to using graphene in
optoelectronic applications such as LED displays and solar cells.13¢ In this front,
Samsung has already started to explore the feasibility of developing bendable displays
using graphene grown on very large areas.137 This could eventually pave way for
flexibility in wearable electronics. The chemical inertness and high Young’s modulus
have made graphene an attractive material for surface coatings. Protecting the surface
from corrosion without substantial addition to the weight and volume is an attractive

proposition.138 Moreover, it has also been shown that a single layer of graphene, in some
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cases, is transparent in terms of wettability. Surfaces where hydrogen bonding is not
dominant, presence of one layer of graphene does not change its hydrophobic or
hydrophilic nature.13% The high gravimetric surface area makes it a candidate for high
capacity batteries and supercapacitors, aimed at packing of more energy per unit weight

of the device.140

To use graphene in an electrochemical device, the choice of the underlying
metallic substrate needs to be taken care of, as not all metals sustain the rigorous
chemical reactions in a cell, especially at elevated environmental conditions such as high
temperatures. Moreover the mechanical integrity and electronic conductivity of the
electrode would need to be preserved under strong agitations expected to be witnessed by
the battery/supercapacitor. CVD deposited graphene on to metallic substrates would be
an ideal choice for such an application, if suitable metallic substrate can be identified that
is stable for such applications. Directed towards energy storage applications, this thesis
deals with first developing variations of graphene based materials, directly onto stable

metallic substrates and later testing their efficiency in energy storage.

1.3. Scope of thesis

This thesis deals with exploring material configurations for energy harvesting and
storage devices which are geared towards ultimately building an integrated energy self-
sufficient system. Chapter 1 introduces the need of such energy self-sufficient devices
and provides a comprehensive literature survey of the relevant research topics. Chapter 2
deals with synthesising a novel piezoelectric composite material, consisting of ceramic

Zinc Oxide embedded into the matrix of ‘paper’. The chapter also goes on to fabricate
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devices and using them for energy harvesting from multiple sources of excitations.
Additionally, its use as an efficient candidate for strain sensing is also discussed. In order
to effectively use the energy generated from an energy harvester, the power generated
needs to be built up and stored for later use. Chapter 3 deals with the development of
synthesis protocols for direct growth of graphene based materials onto metallic
substrates. While chapter 4 deals with exploring their use in energy storage application.
A systematic study of increasing the performance of graphene as an electrode material in
lithium ion batteries and supercapacitors is taken up. Combining the piezoelectric
harvester described in chapters 2 with a graphene based supercapacitor is also discussed
in chapter 4. Finally, chapter 5 summarizes the key findings and benchmarks of this

thesis.
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Chapter 2

Developing flexible piezoelectric composite
material

Piezoelectric materials have the capability of converting energy from the
surroundings, often from more than one form, into surface electric charge. Among many
of the proposed piezoelectric materials, Zinc oxide (ZnO) is a unique one as it has both
semiconductor and piezoelectric propertiesi4! and has an added advantage of low cost
and easy synthesis of pure crystalline phase.142-145 Being a crystalline ceramic in nature,
ZnO does not have mechanical flexibility and abuse tolerance to strains. This hinders the

materials performance in active piezoelectric applications.

On the other hand, cellulose (main constituent of paper) has been used as a
flexible platform for various applications including energy storage devices such as
batteries and supercapacitors. Being light weight, abundant, environmentally benign,

recyclable, and economically viable, cellulose has various advantages.146-149 The scope
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of this thesis is aimed at using this ‘paper’ as a flexible medium to support ceramic form

of piezoelectric ZnO, thereby forming a composite material.

Such a flexible piezoelectrically active material can be envisioned to have
multitude of applications. ZnO being a pyroelectric material (a subgroup of piezoelectric
class of materials) can convert thermal fluctuations, apart from mechanical stress, into
surface charge. If these properties of bulk ZnO are preserved in the composite form, it
can be used as a robust, flexible system to convert both mechanical and thermal energies
into electrical. Energy harvesting from the ambient is a straight forward application and
has been explored as part of this thesis. Sensitivity to strain can make this material a
candidate for sensory applications, which is also evaluated in this chapter. The findings
of this chapter have been reported in two publications, Gullapalli et al. (2010)150 and

Kumar et al. (2011) 151

2.1. Fabrication of ZnO-paper composite

Using Paper as a matrix for integrating ceramic piezoelectric materials has several
advantages to it. However the major hurdle in realizing this is its instability at high
temperatures. The cellulose structures in the paper would decay at temperatures greater
than 170°C in air. This limits the use of any high temperature reactions in the synthesis
protocol. Ceramic materials generally require high temperature annealing to achieve
good crystallinity. As an alternative, low temperature methods have been employed in
this work for the growth of ZnO in a paper matrix. The choice of ZnO as the piezoelectric
material is seconded by the many reports of synthesizing highly crystalline structures

using low temperature protocols.'*2*7
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Sol gel synthesis technique which is one of the standard type of chemical
synthesis methods had been used. The idea behind sol-gel synthesis is to “dissolve” the
constituent compounds in a liquid medium and react them in a suitable condition to form
the final sol. A Sol is defined as a stable dispersion of colloidal particles or polymers in a
solvent. Chemical reactions at the atomic scale are performed by either mixing two or
more Sol’s in a controlled fashion or by subjecting the Sol to other energetic excitations

such as heating.**®

For synthesis of ZnO, two solutions were prepared. The first solution (Sol-1)
consists of 0.1M Zinc acetate dihydrate (purchased from Sigma Aldrich, used as received
and stored in a moisture free desiccator) dissolved in 200 proof ethanol. The solution was
heated at 60°C while stirring with a magnetic stir bar for 1hour, to obtain a clear
transparent solution. The second sol (Sol-2) is a 1M sodium hydroxide (NaOH) in 200
proof ethanol. Sol-2 was also slightly heated and stirred to obtain a clear transparent
solution. Filter paper (Whatman, grade- 41 Ashless, with 20-25um pores) was taken in a
glass petri dish. The filter paper was first washed with pure Ethanol and dried in a
vacuum oven at 100°C for 30 minutes. It was then soaked with Sol-1 by drop wise
coating the solvent using a pipette. The soaked paper was dried again in the vacuum oven
at 100°C. Soaking and drying of the paper with Sol-1 was repeated again for 3 to 4 times,
until the paper is saturated and is unable to absorb any more solvent. Once saturated, the
paper is then soaked with Sol-2 and dried, and the process repeated twice. After soaking
in Sol-2, the paper is washed with pure De-ionized Water and dried for 30 minutes. The
entire process of soaking with Sol-1, Sol-2 and washing with DI water is repeated 5

times. Once done, the net increase in the weight of the filter paper is about 30%. The
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mechanism of formation of the final ZnO nanostructures involves first formation of ZnO
nanoparticles due to hydrolysis of zinc acetate using sodium hydroxide. As the
concentration of zinc oxide nanoparticles increases, it becomes a quasi-continuous film,
which then serves as the seed for growth of zinc oxide nanorods. The quality of the final
ZnO structure critically depends on the quality and adhesion of the first seed layer
deposited on the paper, and hence proper homogeneous coating and drying during the

initial cycles is critical.

2.2. Characterization of ZnO-paper composite

Photographs of thus formed ZnO-paper composite with gold sputtered on the
surface are shown in Figure 2-1. The composite remains flexible and bending it does not

damage its mechanical structure and the deformation is fully recoverable.

Figure 2-1: Photographs of the ZnO-paper composite with gold coated on the
surface



26

The morphology of the ZnO-paper is observed by scanning electron microscope
(FEI Quanta 400, operated at 20 kV and equipped with an energy-dispersive X-ray
spectrometry (EDS) detector). The micrographs of plain filter paper are shown in Figure
2-2. The microstructure of paper consists of intermingled fibers which in turn are made
up of finer cellulose fibers. It is clearly visible that most of the volume in the paper
structure is void and consists of both macro and micro pores. This porous structure can

accommodate considerable mass of ceramic without losing its mechanical integrity.

Figure 2-2: Scanning electron micrographs showing the structure of plain filter
paper. Cellulose fibers are intermingled to form a porous network

The images in Figure 2-3 show the SEM images of the microstructure of ZnO
infused paper. The cellulose fibers in the paper are conformally coated with ZnO thin
film and also nanorods protrude out from this crystalline film. The structure of the
composite paper is schematically depicted in Figure 2-3 (d). The ZnO nanorods have a

typical diameter in the range of 40-100 nm and lengths between 500-1000 nm. It can be
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seen from the SEM images that even after loading the paper with 30% by weight with
Zn0, the macro structure still has considerable porosity, making the composite very

flexible and mechanically robust.

Figure 2-3: (a-c) Scanning electron micrographs of ZnO-paper composite.
(d) Schematic depicting the structure

Energy dispersive X-ray analysis (EDAX) done on the composite, confirms its
chemical build-up. The survey analysis done on the surface, is shown in Figure 2-4, with

the prominent peaks labeled with their corresponding elements. The peak corresponding
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to gold on the surface is a result of the thin layer sputter coated on to it to make the
sample conductive. The other three prominent peaks correspond to Zinc, Oxygen and
Carbon. The important aspect of this measurement is that there is no substantial presence
of Sodium in the composite, ruling out any remaining contaminant or secondary products
from the sodium hydroxide used during the synthesis process. The crystallinity of the
ZnO in the composite is studied using an X-ray diffractometer (Rigaku D/Max Ultima I1)
operated at 40kV and using CuKa radiation. Figure 2-5 shows the diffraction spectrum of
the composite. The peak positions have been mapped to their corresponding compounds
using the Jade reference software with elemental database. The first three prominent
peaks below 40° in the spectrum correspond to the cellulose matrix, while the angles of
the other prominent peaks clearly coincide with the Wurtzite structure of ZnO,
confirming its crystal structure. Also, no other secondary phases have been detected,

implying the crystalline purity in the system.
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Figure 2-4: Energy dispersive X-ray analysis used to detect the elemental
composition of the surface of ZnO-paper
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Figure 2-5: X-ray diffraction spectrum of the Zn-Paper composite. The peak
position closely match with the wurtzite structure of ZnO

The ZnO rods grown on cellulose paper was further characterized by
Transmission electron microscopy. The ZnO—paper was sonicated in ethanol and the
dispersion dropped on a carbon coated copper grid. The rods were observed to be
uniform and discrete with a diameter ~ 20nm. High-resolution TEM image shown in
Figure 2-6 reveals the uniform crystalline nature of one of the rods, with the FFT

diffraction patterning in the inset confirming the [002] crystal plane of ZnO crystal.

30
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Figure 2-6: Transmission electron micrograph of a single ZnO nanorod extracted
from the ZnO-paper composite. Highly uniform crystallinity is observed and
confirmed with the diffraction pattern in the inset

To quantify the amount of ZnO present in the composite structure, Thermo
gravimetric analysis (TGA) was employed. The thermal analysis plots of plain paper and
the composite, with the weight measured against a continuously ramped temperature up
to 800°C in air, is shown in Figure 2-7 (a) and (b) respectively. It can be seen from the
plot in Figure 2-7 (a) that there is no considerable weight loss until about 300°C, proving

the stability of the structure. There is about 90% drop in the weight after 300°C, which
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can be attributed to the decomposition of cellulose. When comparing this to that of the
weight profile of the composite in Figure 2-7 (b), the composite loses 55% of its weight
after 200 °C. ZnO being ceramic, can withstand much higher temperature, the reduction
in weight can be safely attributed to the decomposition of cellulose matrix. By comparing
these two results, the net gravimetric composition of the ZnO-paper can be deduced to be

of ~35 wt% ZnO and 65wt% paper matrix.
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Figure 2-7: Thermogravemetric analysis plots showing the weight loss of (A) plain
filer paper and (B) ZnO-paper composite as they are heated in air. Comparing the
trend, it can be deduced that the ZnO-paper has a 35% by weight of ZnO in it.

2.3. Mechanical energy harvesting

Piezoelectric devices are designed to use piezoelectric materials that have the
ability to generate charges when they are under stress/strain, as described in Section 1.1.
Conventional piezoelectric harvesters are expensive as a high crystalline purity and

defect free nature is required. Flexibility of the piezoelectric component is required for
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many applications and also increases the efficiency. The applicability of ZnO-paper as a

cheaper and robust alternative for harvesting mechanical vibrations is taken up here.

2.3.1. Experimental details

To test the mechanical energy harvesting capabilities of the ZnO-paper composite
material, a test device had been fabricated. As mechanical excitations to the composite
would result in charge accumulation on its surface, a conductive current collector is
required to collect them. In order to have a good electrical contact with the
microscopically rough surface, gold was sputtered (100nm thick) on to either surfaces of
the ZnO-paper. This gold coating also acts as a diode, as it is known that gold-ZnO have
a schottky contact, allowing current to flow only in one direction.?>° The gold coated
ZnO-paper is then cut into required sizes (typically 1cm X 1cm in area) and sandwiched
between two copper current collectors and laminated using a commercial 1D card
laminator. The final device is shown in Figure 2-8 along with a schematic depiction of
the cross-section. This lamination helps in keeping the components tightly packed and
also protects them from exposure to harsh environmental conditions. Even exposure of
ZnO-paper to atmosphere for a prolonged time is vicious, as the highly porous structure

absorbs moisture which in turn dampens the piezoelectric nature.
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Figure 2-8: Photograph of a device made of ZnO-paper composite. Schematic
describes the cross section of the structure

In order to test convoluted effects of energy harvesting, multiple pieces of the
composite can be connected in series, parallel or a combination thereof in a single

packaging. Photographs of some of these interconnected devices are shown in Figure 2-9.
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Figure 2-9: Photographs of devices with interconnected ZnO-Paper patches.
(@) 10 in series (b) 4 in parallel

Before any measurements are done, the device needs to be poled. This is required
as the ZnO structure in the composite is polycrystalline in nature and has randomly
oriented dipole orientation in each crystal domain. To have a convoluted piezoelectric
effect, these dipoles in the crystal structure need to be aligned (schematically depicted in

Figure 2-10).66 This is achieved by applying a voltage of 20V/cm? across the terminals
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for 30 minutes. After this, a residual capacitive voltage is observed in the device which is
removed by short circuiting the two terminals for 30 minutes. The device is used for
energy harvesting measurements only after the open circuit voltage and current are close

to zero.

Figure 2-10: Schematic depicting a (a) polycrystalline material with random dipole
polarization (b) Polling with an external voltage bias (c) aligned polarity

To mechanically excite the device, it is submerged in a sonication bath. The
vibrations from the sonicator are Gaussian in frequency and as a result the device sees a
randomized high frequency mechanical energy. Electrical output from the device is
measured across the two terminals. The current output from the device is measured using

a current meter (model: Keithley 2400, with a sensitivity of 10pA and a sampling rate of
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100 samples per second), while the voltage output is measured across a 1pF connected in
parallel to the device. The Keithley is connected to a computer and is controlled and read

through a Labview program.

2.3.2. Results and discussion

The current output from a device made out of a patch of 0.5 cm? ZnO-paper is
shown in Figure 2-11(a). The output current from the device is continuously measured
while it was immersed in the sonicator water bath for certain time and then removed. The
current output reaches a peak value of about 350nA when the device is immersed in the
bath and it quickly drops to zero when removed out of it. The output is not instantaneous
and is stable as long as the device is under mechanical agitation. To scale up the current,
multiple pieces of ZnO-paper can be connected in parallel. One such device with 4 pieces
of 0.5 cm? area each connected in parallel is tested under similar conditions. The output
current profile from this device upon cycled mechanical excitation is shown in Figure
2-11(c). A current of close to 0.7pA has been observed from this device. The current
output does not linearly scale with the number of patches present in the device, owing to

losses in interconnects between them.
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Figure 2-11: Energy harvested from the ZnO-paper device. (a) Current output when
one device (0.5cmX0.5cm) is vibrated (b) Output when terminals reversed (c)
Current output with 4 patches in parallel (d) Voltage output with 4 devices in series

The vibrational response in the ZnO-paper can be explained as follows. The strain
transferred from the vibration creates two types of stresses on the ZnO coated paper: a) as
the cellulose fibers are deformed, the nanorods on their surfaces get rubbed against each
other, causing them to deflect, and generating a potential difference (or piezoelectric
potential) along the nanowire diameter; and b) since the fibers are coated with a ZnO thin
film, there is a strain due to the deformation of the fibers. The ion displacement due to

this strain creates a difference of potential along the thin film. The potential difference
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that drives the current from one electrode to the other is in the ZnO thin film and the

difference of potential within individual nanorods barely contributes.

2.4. Thermal energy harvesting

Thermal energy in the ambient is present in two different forms. Thermal gradient
between two regions and thermal fluctuations involving change in temperature of a
region over time. While thermal gradients are harvested using thermoelectric effects,
temperature fluctuations can be harvested using pyroelectric materials. Alternatively,
secondary piezoelectric effects are also observed due to the strains created by the thermal
gradient. ZnO being a pyroelectric and semiconducting material, its use in harvesting

thermal energy is explored here.
2.4.1. Experimental details

The device fabricated by sandwiching the ZnO-paper composite between metallic
current collectors can be used for harvesting thermal energy. The device was similar to
the one used for mechanical energy harvesting. A probe thermocouple is attached next to
the ZnO-paper and is connected to a temperature readout, which in turn is connected to a
computer. A Lab view program is developed which can simultaneously read data from

the temperature controller and the Keithley meter with a synchronized timestamp.

To test the effect of thermal energy on the device, it is placed on a ceramic topped
hotplate maintained at 150°C. Cycling between hot and cold zones is done by manually
removing the device from the hotplate while still continuously measuring the temperature

and current from the device.
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2.4.2. Results and discussion

The open circuit current measured while cycling the device, made out of a 1cm?
ZnO-paper, between heating on a hotplate and cooling naturally is shown in
Figure 2-12(a). The temperature profile has also been plotted along with the measured
current. It can be clearly observed that a current is observed at the output when the device
heats up and reaches a maximum value of ~1.25 pA. The current profile follows the
temperature seen by the device and clearly depicts the thermal energy harvesting nature
of the ZnO-paper ceramic composite. To rule out any artefacts during the measurement
the terminals on the device have been interchanged and the measurements repeated. The
current profile from the device with the terminals reversed has been plotted in Figure
2-12(b). The current observed still follows the duty cycle of the temperature but with a
negative polarity, confirming that the observed current is in fact a result of energy
harvesting and not due to any stray electromagnetic fields that may result in an artefact.
In a similar way, the voltage generated across the terminals is also measured and the
output profile upon thermal cycling is plotted. Both cases of measurements taken with
forward and reversed terminals have been shown in Figure 2-12(c) and (d) respectively.
A peak voltage of ~80 mV has been observed in this case with the device of 1cm?active

material.

To test the scalability of the harvesting nature of ZnO-paper, devices with larger
active material have been tested. Higher output currents of ~18 pA and ~45 pA were

achieved using 4 cm? and 9 cm? size devices, respectively and plotted in Figure 2-13
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Figure 2-13: Current output of 4 cm? and 9 cm? size devices on thermal cycling

The maximum power output for a single layer (1 cm?) device presented in this
work is ~50 nW/cm? when subjected to a temperature difference of around 80 °C at a rate
of approximately 5.8 °Cs L. The response of the composite can be attributed to be a
convolution of three different mechanisms. Firstly, the initial increase in the voltage can
be attributed to the pyroelectric behavior of ZnO since there was a steep change in
temperature. Whereas the stable output after the sample is heated is believed to be
essentially due to the other two corresponding factors. First being the temperature
gradient between the two terminals; as one side of the harvester is in contact with the hot
plate, while the other is exposed to air. The other predominant factor is the local strains

created due to the unequal expansion of cellulose and ZnO when the composite is heated.
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This results in local strains acting radially outwards in the fibers thereby causing

piezoelectric currents from the ZnO thin film.

To confirm that indeed two convoluting effects are responsible for this effect, a
long time harvesting test was done. As in real-time applications, instantaneous energy
harvesting is not very useful and a continuous power output is always required. To test
the device for such applicability, a device with 1cm? active material was heated for 30
minutes and the voltage across the terminals measured throughout. The voltage and
temperature profile of the result has been plotted in Figure 2-14. It has been observed that
as the device is placed on the hotplate, an instant spike in the voltage is observed which
can be attributed to the pyroelectric effect as a change in temperature is seen by the
composite. After the temperature stabilizes, the voltage drops instantly by ~ 20% and
then the loss in voltage is gradual but slow. The loss in the voltage can be attributed to
the system relaxing and also due to resistive losses in the device. After 30 minutes of
continuous energy harvesting, the voltage drops by about 30%. The voltage falls to zero

when heating is stopped and the device is moved to a cool zone.
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Figure 2-14: Voltage output from a device with 1cm? active material patch,
subjected to a continuous thermal heating for 30 minutes

2.5. Strain Sensor for structural health monitoring

In addition to their ability to harvest energy from locally available energy sources,
piezoelectric materials can also serve the purpose of detecting change in the mechanical
strain. Mechanical strain is a direct and most reliable measure of the mechanical state of
the equipment that endure stress and strain during their operational course of action such
as down-hole drilling. The ability of the sensor to measure strain along any given

direction at any specific location of the equipment and the flexibility of the sensor to
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confirm to the contours of the equipment are important desired characteristics in sensors.
Being able to accomplish the above mentioned tasks without the need for any power
input serves to enhance the reach of the sensors to locations where power accessibility is
limited or restricted altogether. Such abilities to detect and monitor real time changes in
mechanical strain enables to accomplish tasks such as monitoring drilling
conditions160.161 gnd also enables to address more complicated problems pertaining to
other industries such as aeronautical, civil infrastructure etc. by aiding in fatigue

detection, crack detection and so on.

2.5.1. Experimental details

For the fabrication of a typical composite sensor specimen, a piece of the ZnO-
paper (2 cm x 0.5 cm) was coated with two gold electrodes, on the surface, separated by a
distance of ~0.3 mm. For static strain measurements, the specimen was attached to a
brass beam (cross sectional area 3.17 cm x 0.635 cm with Young’s Modulus of 166 GPa)
using a thin coat of insulating epoxy. A conventional, commercial grade foil strain gage
(Vishay Intertechnology Inc., PA, with a Gage Factor of 2.1) was also attached onto the
beam for comparison. Both the strain gage and the composite sensor were oriented along
the length of the beam. The brass beam was mounted in an MTS hydraulic testing
machine and an axial load was applied to it along its length. Figure 2-15 shows a
schematic of the device assembly and a photograph of the brass specimen loaded onto the

hydraulic testing machine.
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Figure 2-15: Schematic of test device for measuring strain experienced by a metal

beam. (B) Photograph of the test setup to measure static strain loading
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For dynamical testing and measurement, the ZnO-paper is attached to a 50 x 0.7
mm? cross-section aluminium strip having a Young’s modulus of 69 GPa using superglue
as shown in Figure 2-18(a). Another commercial metallic foil strain gauge is attached on
the opposite side of the aluminium specimen for strain measurement comparisons. A
piezoelectric actuator (from Mide Technology Corporation, MA) is attached to the
aluminium specimen to excite the beam at different frequencies for a fixed duration of
time. The piezoelectric actuator was actuated using a dSPACE Data Acquisition and
control unit in conjunction with a power amplifier. The beam was excited with the

external actuator for a range of frequencies.

The performance of the composite sensor to both applied static and dynamic loads
were evaluated by measuring its output current using a Keithley Series 2400 Digital
Source Meter (with a sensitivity of 10pA and a sampling rate of 100 samples per second)
and compared with the strain measured using a commercial foil strain gage. The
measurements from the composite sensor was done using insulated/sheathed cables

taking care to minimize the influence of surrounding noise on the measurements.

2.5.2. Results and discussion

The I-V characteristic curves of the nanocomposite sensor at different strains
indicate a shift with increasing tension and shown in Figure 2-16(A). Figure 2-16 (B)
shows the current response from the nanocomposite sensor and the strain reading from
the commercial strain gauge for a stepped tensile loading. The behavior of the
nanocomposite sensor as it is subjected to constant load is tested by applying tensile load

to the specimen in increments of 44.48 kN. It is evident from the electrical response that
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the nanocomposite sensor demonstrates a stable response similar to the commercial one.
The nanocomposite sensor was tested under cyclic loading in both compression and
tension as shown in Figure 2-16 (C). The loading was done at a very low rate and hence,
no dynamic effects of the brass beam are observed in the response. A voltage bias of
0.1V was applied to the sensor for the results presented in Figure 2-16. The electrical
response from the nanocomposite sensor is found to be in good agreement with the strain
measured from foil strain gage for static loading. The nanocomposite sensor behaves in a
similar manner in both compression and tension as demonstrated from the response of the
sensor for cyclic loading and it is observed that even after repeated cycles, no drift is

observed in the response.

The signal to noise ratio is also very high for the response observed. Gage Factor

of the nanocomposite sensor can be calculated using the modified formula [**! as follows:

AR AL

- 1 (,—i
= B _ k)

& & leS

Where, ¢ is the strain applied to the sensor, i, is the initial current at zero strain,
and if is the final current at € strain. From the observed results the gage factor of the
nanocomposite sensor was found to be ~21.12 which is comparable to the generally
recorded values for commercial strain gauges. The long-time response of the sensor when
it is subjected to various static load tests is presented in Figure 2-17, from the response it
is clearly evident that the sensors shows consistent performance without any remnant
drifts at the end of each successive load test. It is clear indicator of the stable response of

the sensor.
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Figure 2-17: Response of the sensor as it is subjected to various static loads
continuously

The response of the sensor is also studied for dynamic loading. Figure 2-18 (a)
depicts the experimental setup used for such testing. The actuator was excited at various
frequencies keeping the excitation amplitude constant and the response of the composite
sensor was measured without giving any input voltage to it. The measured response from
the sensor at frequencies 0.1, 1, 2 and 4 Hz is presented in Figure 2-18 (b), (c), (d) and (e)
respectively. The excitation was given in repeated sets of cycles of sinusoidal waves. The
frequency of the response corresponds well with the frequency of excitation; a consistent
behavior in the response of the sensor is observed for different frequencies. Figure 2-18
(F) shows a closer view of the response and illustrates the reproducibility under cyclic
loading. Also, no drift was observed in the response at the end of each cycle of excitation.

The amplitude of the response of the sensor is observed to be increasing with increase in
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frequencies because the amplitude of vibration of the beam increases with increasing
input frequencies. The first resonant frequency of the beam was observed to be at a value

higher than 4 Hz.

The nanocomposite sensor shows good strain sensitivity for deformations in both
tension and compression corresponding to the positive and negative peaks of the
response. Due to the piezoelectric nature of the nanocomposite, it can be operated
without any source power as demonstrated in this test, opening the possibility of self-

powered sensors.
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sensor on exciting the beam with frequencies (b) 0.1, (c) 2, (d & f) 2, and (e) 4 Hz



53

2.6. Conclusions

In summary, a simple, scalable system has been developed to synthesise a truly
flexible form of piezoelectric composite material. By using the matrix of ‘paper’ as the
structural backbone, ZnO nanostructures were fabricated completely encapsulating the
cellulose fibers while still leaving behind the porous nature. The composite material has
the convoluted piezoelectric property, like a bulk ceramic material, yet has the retained
flexibility from the paper. Energy harvesting from multiple sources has been
demonstrated using this material. Harvesting from mechanical vibrations and thermal
fluctuations has been studied. Also the use of this ZnO-paper for strain sensing
applications is demonstrated. The material is capable of measuring the strain experienced

by a host structure when subjected to both static as well as dynamic loading.



Chapter 3

Direct synthesis of graphene on metallic
substrates

Recent advancements in Chemical Vapor Deposition (CVD) techniques had
facilitated growth of graphene on various metallic substrates such as Ni,32 Cu,133 Pd,162
Ru,163 and Irté4, The nature and crystal structure of the metal determines the growth
mechanism and properties of the resulting graphene. Growing graphene on different
metallic substrates and understanding its physical and chemical properties is very
fascinating. Mattevi et al.(2010)165 has done a comprehensive review of various reported
variations. The CVD technique typically involves heating the substrate at high
temperatures under a flow of hydrogen gas and once a set temperature is reached,

exposing it to carbon atoms by pyrolysing a hydrocarbon.

The mechanism of graphene growth is dependent on the catalytic substrate it is

being deposited on to. Many transition metals have been identified to have catalytic

54
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activity towards carbon, and have been used for the very reason in the synthesis of carbon
nanotubes.166-168 The mechanism of nanotube synthesis involves dissolution of carbon
atoms into the crystal structure of metal particles, forming a solid solution. As the
concentration of carbon increases, a supersaturated state is reached and the carbon is
precipitated out, thereby graphitizing into nanostructures.16® The essential characteristic
of the catalyst is its ability to have sufficient solubility of carbon. While Iron has high
solubility of carbon due to its ability to form various phases of stable carbides, it has been
the prime choice for CNT growth. Cobalt and Nickel follow next in solubility while
copper has negligible solubility, as it does not form any carbides.170 However copper can

form weak m bonding on its surface with carbon atoms at high temperatures.165171

For applications involving graphene, the most sought after properties are layer
control and continuity over large area. Extrapolating the process of CNT growth,
controlled fabrication of graphene has been first reported on Nickel substrates.132 The
solubility of carbon in nickel is temperature dependent and the phase diagram of carbon-
nickel system is shown in Figure 3-1(a). While the solubility is rather high at
temperatures greater than 1360 (melting temperature), it is linear until about 800 °C and
is under 0.6%. The solubility sharply drops at lower temperatures. Nickel forms carbides
at high temperature which when cooled down separates back to pure metal and carbon. If
a smooth surface of nickel is heated in a carbon rich environment, a solid solution is
formed and during cooling, carbon would precipitated out. By controlling the cooling
rate, the amount of carbon that surfaces out can be limited thereby forming continuous

graphene on the surface. The layer control in such a process is however very difficult as



the rate of diffusion of carbon is hard to control. Single layered continuous graphene is

therefore challenging to achieve using such an approach.
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Figure 3-1: Phase diagrams of (a) Nickel-Carbon system (b) Copper-Carbon system.

Adapted from ref [165]
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On the contrary, Copper has negligible solubility of carbon as seen from the phase
diagram in Figure 3-1 (b), but does have a weak 7 interaction on the surface. Exploiting
this property, large area single layer graphene has been realized thru CVD deposition
onto copper foils.133 Since the interaction between copper and carbon is surface a

mitigated one, the growth is a self-limiting process.

Li et al(2009) 172 have conducted a comprehensive study on the growth
mechanism of graphene through carbon isotope labelling, which helps in better
understanding of the process. By using Raman spectroscopy as a tool for identifying the
different energies possessed by the isotopes of carbon, they have mapped the process of
graphene formation in both copper and nickel substrates. By passing two different
isotopes, *2C and 3C, in sequence during the growth of graphene, they have time mapped
their presence in the structure. It was revealed that in the case of nickel, due to the solid
solution and perspiration mechanism, the isotopes are dispersed in a random fashion in
the graphene structure. However, in case of copper, the two isotopes have been identified
to be concentrated in regions. While the first introduced *2C atoms occupy the nucleation
sites, mostly at the centers of the grain boundaries the later introduced *C atoms are
concentrated on the edges of the grains. This confirms that the mechanism indeed is a
surface phenomenon, and follows a nucleation and growth process. The schematic
representation of the observation is shown in Figure 3-2, reiterated from the
manuscript.172 This elegant experiment evidently proves the two varying processes for

graphene formation.
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different growth mechanisms (a) on nickel (b) on copper (adapted from ref [172])

While most of the initial reports of CVVD process for graphene have employed

gaseous precursors, liquid and solid carbon sources have also been explored.173.174 While

gas has an advantage of avoiding contaminants and ease of measuring the flow,

selectively modifying its ingredients to explore possibilities such as doping would be

difficult, complete pyrolysis also needs temperatures upwards of 1000°C. Liquid based

precursors have been used as an alternative and have advantages such as lower

pyrolysing temperatures and ease of mixing dopants into the system. A formulation for

use of Hexane as the carbon source has been developed and reported by Srivastava et

al.(2010)173 where in graphene growth onto copper foils has been achieved at a

temperature of 950°C. While all reports using gases such as methane or acetylene have a
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growth temperature of 1000°C, which is close to the melting point of copper, lowering
the temperature in case of liquids adds robustness to the system. Employing this
technique and using different types of liquid organic substances as carbon precursors,
different variations of graphene based structures on catalytic substrates have been

realized and discussed in this thesis.

An experimental setup equipped with the flexibility to change the type of source
and substrates has been built and optimized. Building on the reported technique of liquid
precursor pristine graphene growth, as it gives the flexibility of introducing dopants in the
system, nitrogen doping of graphene has been explored. The lower temperature required
for pyrolysis of liquid precursor also opens up doors for using other substrates which
might otherwise cannot be used. Alternative to pure metals, metallic alloys have been
reported to form graphene using this liquid source CVD. Finally, while conventional
CVD synthesis techniques do not modify the structure of the substrate, by employing
suitable chemical groups, the substrate has been engineered into useful structures, while
still forming graphene on the surface. Parts of this chapter have been reported in two

publications, Reddy et al. (2010)175, and Gullapalli et al. (2011)176

3.1. General Experimental Setup

Liquid source Chemical VVapor Deposition (CVD) technique has been employed
for developing graphene materials on various metallic foils. The photograph of the
experimental setup is shown in Figure 3-3 and the corresponding schematic depicting the
drawing of the tubing and the various fittings is shown in Figure 3-4. Split-Hinge Tube

Furnaces with a single zone heating element capable of heating up to 1200°C was used,
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along with a programmable temperature control module (from Thermo Scientific/
Lindberg Blue). Quartz tube of dimensions 50mm OD, 47mm ID and 4 feet in length
was fitted at it its ends with vacuum sealed flanges and used as the heating chamber in
the furnace. One end of the tube was attached to a vacuum pump (oil rotary type, ultimate
pressure rating of 6.7 x 10Pa). An inline pirani pressure gauge and a cut off valve (V6)

are also attached between the pump and the quartz tube.

On the other end of the quartz tube, gas tubing inputs were attached. Two
independent tube lines are attached to the quartz tube, one of which is connected to inert
gas inlets through an on/off valve V1 and a regulator needle valve R1. A switch valve S1
is connected which can be switched between either ultra-high purity argon connected to

inlet 11 or 15%mixture of hydrogen in argon connected to inlet 12.
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Figure 3-3: (a )Photograph of the Chemical VVapor deposition setup. (b)
Photographh of the tubing at the inlet side, multiple inputs can be independently
controlled with the valves
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The second gas line, called the source line, has four inlets connected in series,
each inlet can be independently turned on or off. The first inlet (13) is connected to a
safety pressure release fitting which is set to trigger and vent the tube in case of
accidental over pressurization the second inlet (14) is the vent/purge provision, controlled
through an on/off valve V2. The third input (I5) is used as a liquid source input connected
to a 1L capacity Buchner flask containing a few ml of appropriate chemical solution with
its mouth closed using a rubber stopper. The last input (16) is reserved for gas inputs
connected to appropriate cylinders through a mass flow meter. The last two inputs (I5 and
16) are connected through an on/off valve (V2) and a high precision regulator needle
valve (R2). The setup is planned in such a way that the inert gas input is not contaminated
by the chemicals in the source line. And the last two inputs in the source line can be used
either independently, sequentially or mixed together as demanded by the process. The

vent connection can also be converted into an additional source input if need be.

Before the setup could be commissioned, a leak proof test has been conducted.
First, all the valves and regulators have been closed and the vacuum pump turned ON.
The valves starting from the vacuum pump are opened in sequence towards the inlets,
while monitoring the pressure reading in the pirani gauge. V6 is first opened slowly and
the pressure is allowed to reach the base value of about 2x1072 Torr, if the pressure is not
reached, any plausible leaks are checked for. Valves R1, R2, V1 and V2 are then opened
to check for any leaks in the tubing. It has to be noted that R2 being a high precision
needle valve, should not be completely closed and is not advisable to be exposed to high
vacuum while closed. Hence to protect it, it is opened first before V3. As the base

pressure is reached again, the chamber is purged with all the gases from inputs 11, 12 and
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16 one after the other, so as to remove any trapped oxygen in the lines. Finally, the flask
at input 15 is evacuated by opening valve V4. As any liquid precursor would contain
dissolved gases in it, the flask is pumped down until the pressure is stabilized in the
chamber. A stable pressure indicates the vapor pressure of the liquid. Though not used in
the context of this thesis, the contents in the flask can be slightly heater or stirred using a
magnetic stir bar, if any recipe calls for. This adds to the flexibility of the system, where
customizations in the precursor can be done using chemical routes. Once every stage of
the system has been checked for leaks, recipes involving heating cycles, exposure times

and cooling rates can be run on it.

In a typical fabrication process, a desired substrate is inserted into the quartz tube
and the ends are closed. The tube is first evacuated to its base pressure, care needs to be
taken not to expose the setup to any sudden pressure shocks. For that reason, the vent
valve V2 is set to open and the vacuum valve V6 on the outlet side is set to close before
the vacuum pump is turned on. Once the pump is turned on and running, valve V6 is
opened and then V2 is closed slowly. This process avoids any sudden movements in the
tube, avoiding damage to both the samples inside and the quartz tube itself. To ensure
that the setup is leak free, the tube is pumped down to the base pressure with all the input
source valves (V1 to V5) closed. The typical base pressure observed after pumping down
for 10 minutes is in the order of 8X107 Torr to 1X1072 Torr. Once the base pressure is
reached, the growth recipe is followed depending on the required structure and described
in subsequent sections. To vent the chamber, valves V1 and V3 are first turned close

followed by V6. The valve V2 is opened slowly to vent through Input 14.



65

3.2. Graphene growth on copper substrates using liquid precursor

The process for using liquid precursors for the growth of graphene was first
developed and reported by a team of colleagues, Srivastava et al.(2010).173 To perform a
comparative study of various other forms of graphene developed in the scope of this
thesis, the reported procedure has been followed to synthesize pristine one to two layer

graphene samples onto copper foils using the setup described in section 3.1.
3.2.1. Fabrication procedure

Hexane was taken as the carbon precursor in the flask at input I5. High purity
hexane (HPCL grade, mixture of isomers) has been used to avoid any contamination. No
precursor was used at Input 16 and the valve V5 was kept closed at all times. Copper foil
(Basic copper Inc., 1 mil thick) cut into a size of about 3cm x 5¢cm has been inserted into
the quartz tube and ends closed. After the quartz tube has been evacuated, the hexane
flask was also pumped down until a stable pressure of about 7x10 Torr has been
reached. The heating profile and corresponding gas flows have been followed according
to the recipe depicted in Figure 3-5. The furnace was heated to 950°C in 30 minutes,
while flowing Hz-Argon mixture gas. The inputs 15 and 16 have been isolated during the
heating by closing valve V3, while the pressure in the tube was controlled to be at 10Torr
using the regulator valve R1 with valve V1 kept open. Once the set temperature is
reached, Ar/H: flow was cut off by closing valve V1 and hexane vapors were passed by
opening valves V4 and V3. The flow was regulated using needle valve R2 so that the
pressure in the chamber is maintained at 0.5 Torr. After 4 to 8 minutes of hexane flow,

the furnace was turned off, and allowed to cool by opening slightly the top half of the
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furnace and wedging it. Once the temperature falls to 800°C, hexane flow was stopped

using valve V3 and Ar/H> flow reinstated by opening Valve V1, until completely cooled.
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Figure 3-5: Recipe for graphene growth on copper substrates. 4 minutes of hexane
exposure at 950°C results in one layer graphene, while 8 minutes yields 2 to 3 layers

3.2.2. Characterization

In order to characterize the quality of graphene, the thin two dimensional structure
needs to be transferred on to other substrates without damaging its physical structure. For
doing so, a convolution of reported procedures,133.177 involving polymer lift-off
technique has been used. The process involved is schematically described in Figure 3-6

and starts with spin coating onto the graphene coated copper foil, a thin layer of
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polymethyl methacrylate (A4 grade PMMA from Microchem) using a spin coater at 2000
rpm for 30 sec. the sample is then baked on a hot plate at 80°C for 30 seconds. Once dry,
the other side of the copper foil is cleaned by gently wiping it with an IPA soaked tissue
paper. The foils are then floated, with the PMMA facing up, on to diluted Marbles
reagent (10g CuSQO4, 50ml Hydrochloric acid and 100ml Water) for 6 hours. Once the
copper completely dissolves, the floating graphene-PMMA is carefully lifted using a
clean glass slide and transferred into a bath of DI water. The graphene is then lifted on to
the required substrate and allowed to dry. Proper cleaning of the substrate is critical for
good adhesion of graphene. For substrates like silicon or glass, a Piranha cleaning
procedure or even slight plasma cleaning greatly increases the adhesion.177 The substrate
is heated on a hot plate set to 120°C for 5 minutes to remove any traces of water. The
sample is then dropped with a drop of fresh PMMA to soften the existing PMMA, this
step helps in flattening the wrinkles formed due to the physical transfer and during water
evaporation. The PMMA is then washed with drop wise dripping of acetone on to it. A

final wash with Isopropanol Alcohol removes traces of dissolved polymer.
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Spin coat PMMA
(2000rpm, 30 sec)
Bake @ 80°C, 30 se

Float on 50%
concentrated marble
reagent (12 hrs )

Fresh PMMA drop

Liftoff onto cleaned
substrate;
eat @ 120°C, 1 minute

Copper dissolves,
PMMA stamp floats

Transfer to clean water

Remove PMMA with
acetone and IPA wash

Figure 3-6: Schematic sketch of polymer liftoff technique used to transfer graphene
from metallic substrates onto other substrates

Graphene fabricated with an exposure of 4 minutes and 6 minutes of hexane
vapors on to copper foils has been transferred on to Silicon wafers with 300nm of thermal
oxide on the surface. Raman spectra of the two samples is plotted in Figure 3-7.
Negligible intensity of D peak centered at ~1250 confirms the graphene to have minimal
defects in the crystal structure. By comparing the ratios of G peak centered at ~ 1600 and
the 2D peak at ~ 2700, the number of layers in the samples can be deduced. With a G: 2D
ratio of 0.28, the sample fabricated with 4 minutes of hexane exposure can be deduced to
have a single layer graphene. The sample made with 6 minutes of exposure has 2 layers

as the G to 2D ratio observed is 0.56.
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Figure 3-7: Raman spectra of graphene grown on copper foils with Hexane vapors
as the precursor using CVD technique

3.3. Nitrogen doped Graphene on copper substrates

3.3.1. Fabrication procedure

For synthesis of Nitrogen doped graphene, the CVD system was connected with
5% ammonia mixture in argon gas to the input 16 and acetonitrile was used as the source
precursor in the Buchner flask at input 15. Copper foil of 1mil thickness was cut into a

piece of 2cmX5cm. Care was taken to avoid any wrinkles and obvious contaminations
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on the surface, if required, the samples were cleaned with IPA and blow dried with dry
air. The copper piece was inserted into the quartz tube of the CVD furnace which was
then evacuated to its base pressure. The flask, and all the tubing were also evacuated by
opening the appropriate valves until a stable pressure reading is observed in the pressure
gauge. The stable pressure is a result of the vapor pressure of acetonitrile which confirms
the removal of most of the soluble gasses in the liquid. Once the system was pumped
down, the source line is isolated by closing the valve V2 and Ar/H> mixture was passed
by turning S1 to 12 and opening V1 and . The flow was adjusted using valve R1, so that
the pressure in the chamber reads 10Torr. The furnace was then heated to 950°C in 30
minutes. As the copper has an intrinsic oxide layer on it, hydrogen gas and high
temperature would reduce it and this also anneals the sample. After the temperature is
stabilized, Ar/H> was stopped (close V1) and acetonitrile vapors were allowed to pass
(open V3 and V4) while maintaining a pressure of 500mT. Control over the flow of
vapors is achieved through the high precision needle valve R2. The duration of vapor
flow dictates the number of graphene layers present in the resultant structure. One to few
layer graphene is generally obtained with a flow time of 3 to 15 minutes. After the
desired time, the precursor flow is stopped by closing valve V4 and the ammonia gas was
flown at a pressure of 5 to 10 Torr by opening valve V5. The furnace was then turned off
and allowed to cool. The growth parameters (temperature profile, Precursor and ammonia

gas flow rates and system pressure) is graphically shown in Figure 3-8.
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Figure 3-8: Recipe for nitrogen doped graphene growth on copper substrates.
Ammonia is flown while cooling the chamber

3.3.2. Characterization

The layered structure of the N-doped graphene has been observed using
Transmission Electron Microscope after transferring it onto a holey carbon coated gold
grids. The micrograph in Figure 3-9 shows the edge of one of the samples. The layered
structure of the graphene with three crystalline layers can be clearly observed. Raman
spectra of the graphene transferred on to a silicon substrate is used to characterize its
atomic structure and the corresponding plots for different growth durations are plotted in

Figure 3-10. The D peak at 1356cm™ is associate with the defects in the otherwise perfect
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structure of graphene. The noticeable D peak and the shoulder in the G peak in the plots
here is a result of the Nitrogen doping in the structure. Moreover, the peaks at about 1587
cm (G-band) and 2697 cm™* (the 2D band) are characteristic to graphitic carbon and

their intensity ratios defines the number of layers present in the graphitic structure.178

Figure 3-9: Transmission electron micrograph image of a nitrogen doped graphene
with 3 layers. The layers can be distinguished at the edge of the sample.
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Figure 3-10: Raman spectra of nitrogen doped graphene. 4minutes growth yields 1
to 2 layers while 8minutes results in 2 to 3 layers

By calculating the intensity ratios of the G and 2D peaks, sample with 4 minutes
growth shown in Figure 3-10(Plot-1) can be deduced to have just one layers as the
intensity of G is less than 1/3" to that of 2D. The sample with 8 minutes growth and
shown in Figure 3-10(Plot-2) has 2 to 3 layers in it corresponding to an intensity ratio in
between ¥ to 2/3. This confirms the layer dependence on the duration of precursor

exposure during the fabrication process.
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To confirm the N-doping of graphene and evaluate the nature of the dopants, X-
ray photoemission spectroscopy (XPS) studies were carried out. The survey scan
spectrum from XPS analysis showed the presence of the principal C1s, O1ls, and N1s core
levels with no evidence of impurities (Figure 3-11 (a)) and atomic percentage of nitrogen
doping was measured to be about 5%. The spectrum was corrected for any background

signals using the Shirley algorithm79 prior to curve resolution.

The elemental scan of C1s core level peak is shown in Figure 3-11(b) this peak
can be resolved into three components cantered at ~284.9, 285.5, and 286.5 eV represents
sp2C-sp2C, N-sp2C and N-sp3C bonds respectively. Similarly N1s peak shown in Figure
3-11 (c) can also be resolved into three components cantered at 399.1, 401.2 and 402.7
eV representing pyridinic, pyrrolic and graphitic type of N atoms doped in the graphene
structure, the intensity ratios of these peaks further indicate having higher concentration
of pyridinic nitrogen followed by pyrrolic and then graphitic nitrogen. Following these
characterization, the structure of the nitrogen doped graphene has been schematically
represented in Figure 3-11 (d). The grey spheres represent carbon atoms, blue spheres
graphitic N atoms, orange spheres pyridinic N atoms and pink spheres represent pyrrolic

N atoms.
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Figure 3-11: (a) Survey analysis of Nitrogen doped graphene, quantifying the
chemical composition using X-ray photoemission spectroscopy (XPS) technique. (b)
Higher resolution scan of carbon peak, with deconvoluted components. (c) Higher
resolution scan of Nitrogen peak, with deconvoluted components (d) Schematic
rebuild of the presumed structure as evident from the XPS results

3.4. Graphene growth on stainless steel substrates

As described above (page 58), the growth of graphene on metallic substrates has
been identified as either of two processes, depending on the metallic substrate used. One
being, physical adsorption on the metallic substrate as the case in copper while the other
being diffusion into the bulk of the solid and later precipitation during cooling, as is the

case in Nickel substrate. However, both copper and nickel not being stable either
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thermally, chemically or electrochemically, certain applications require transferring
graphene onto other stable metallic substrates. This always results in physical defects and
contact resistance. Direct growth on stable substrates can overcome this problem and can
be favorable for many applications, such as energy storage, where good electrical contact
is essential for better performance. The major problem with controlling the number of
graphene layers during the growth on metallic substrates like nickel is its high carbon
solubility and rapid segregation from the nickel carbide during cooling. By exploring
other substrates with lower carbon solubility, control on the rate of graphene growth can
be achieved. All transition metals which exhibit catalytic activity have either a minimal
solubility close to that of Nickel or are inert towards carbon as the case of copper and
gold. Substrates having solubility in between these extremes would facilitate a better
layer control of graphene growth. Moreover, lattice mismatch between the metal catalyst
would need to be <1% to that of graphene. However, intermetallic alloys which have
better properties than pure metals and having the required solubility have not been

explored as candidates until now and explored here.

Steel is formed by alloying Iron and carbon. Different grades of steel, each with
different chemical and mechanical properties, are realized by controlling the amount of
carbon in the structure and depends on the cold work conditions. The carbon content is
often considered as the reason for corrosive nature of steels. However all forms of steel
have high solubility of carbon in them with an exception of stainless steel grades.
Stainless steel differs from carbon steel by the amount of chromium present in them. By
alloying iron with a combination of chromium, nickel and molybdenum, different types

of stainless steels have been realized.180 Of these, Austenitic stainless steels are of a
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special class in which the face-centered cubic structure is stabilized by adding sufficient
ratio of nickel to the structure. These highly durable structures have a maximum
solubility of 0.15% of carbon which can be advantageous if explored for graphene

growth.

Carburizing is a well-known process developed decades ago in the steel industry
and is used to case harden steel using a low quantity of carbon. In this process, steel is
introduced to a carbon rich environment at elevated temperatures for a certain amount of
time and then quenched so that the carbon is locked in the crystal structure. It will be of
fundamental interest if the dynamics of this carbon atom diffusion and kinetics can be
slightly modified in order to achieve few layers of graphene on stainless steel substrates.
Though the carburization process is similar to chemical vapor deposition (CVD)
technique which is generally used for the growth of graphene on metals such as copper,
the duration of heating, diffusion and cooling steps are the key in determining the carbon

structure that finally forms on the substrate.181

The solubility of carbon in austenitic stainless steel has been well studied and
documented. Since these steels were specifically designed to have low carbon content,
are usually soft. Various compositions of stainless steels exists, primarily with a varying
ratios of Cr and Ni content in them. Rosenberg and Irish (1952) 82 have compared three
reports'83-185 form early studies on the solubility of carbon in austenitic stainless steel
with 18% Chromium and 10% Nickel content. Figure 3-12 is an extract from the article
which tabulates the reported values of carbon solubility as a function of temperature,

according to various investigators.
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Figure 3-12: Solubility of carbon in chromium-nickel austenite according to various
investigators. (adapted from [182])

From these reports, it can be inferred that the solubility of carbon is very low
(< 0.07%) until a temperature of 1700°F in all the reports. Also, steels with a larger
concentration of Ni (12%) had slightly lower solubility. It should be noted that these
reported values are for conditions where the steel was exposed to carbon atmosphere for a
prolonged time, usually weeks so as to saturate the solid. In case for graphene growth, the
exposure time can be minimum as the interest is only for the surface. Since the solubility
of carbon almost doubles between 1700°F and 1800°F, lower temperatures would be
more suitable for greater layer control on the resultant graphene. Liquid precursor
technique would hence be ideal as it has been successfully used for graphene growth at

950°C (1742°F).
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3.4.1. Fabrication procedure

304 grade stainless steel foil (0.25mm thick, from Alfa Aesar) has been cut into a
small piece (2cmX5cm) and used as the substrate for the growth. Care has been taken to
avoid any major wrinkles and obvious contaminants. The experimental setup is the same
described in section 3.1 (Figure 3-4). Hexane was taken as the liquid source in the flask at
input 15 and input 16 is not used. The substrate is inserted into the quartz tube and the
ends closed. The recipe followed has been graphically depicted in Figure 3-12 and is as
follows. After sufficiently pumping down the chamber and tubing, the substrate was
heated to 950°C with a flow of Ar/H, (S1to 12, V1, R1 open and V2, V3 closed). Once
the temperature is stabilized, Ar/H> is closed (V1) and hexane vapors are flown (V3, V4
open) while maintaining the pressure in the chamber to be 500mTorr (controlled with
R2). An exposure time of 5 minutes is used, irrespective of the number of layers needed
in the final graphene structure. Unlike the case of pristine graphene and N-doped
graphene grown on copper substrates described in sections 3.2 and 3.3, the growth of
graphene on stainless steel is a solution-perspiration process. Hence, the cooling rate is
crucial in defining the number of layers formed on the surface. Depending on the number
of layers desired, the cooling rate is changed by either opening the split tube furnace
partially or fully. Once the temperature falls to 800°C, hexane vapors are cut off (V3

close) and Ar/H> flow resumed (V1 open) until cooled.
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Figure 3-13: Recipe for graphene growth on 304 grade Stainless Steel substrates.
The number of layers formed is dependent on the cooling rate

3.4.2. Characterization

Scanning electron images of the surface of stainless steel before graphene growth
is shown in Figure 3-13 (a). It can be observed that the surface is relatively smooth and
has ridges and groves as a result of rolling process employed industrially while making
thin foils. The resulting structure after graphene growth is shown in Figure 3-13 (b to d).
The presence of a thin continuous film of graphene with wrinkles at places is clearly
visible. It can be seen that the grain boundaries in the stainless steel structure have been
heighted after the high temperature processing. The structure of graphene however does

not limit itself to the grain boundaries and is continuous across annealed consecutive
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grains. Though atomic scale imperfections in the crystal structure of graphene are
obvious and dependent on the grain structure of substrate, on a larger scale it is not

prominent.

To confirm the crystal structure of the graphene, the structure has been observed
using a Transmission electron microscope. As Stainless steel, is chemically inert, it is not
easy to separate the graphene on the surface without seriously damaging it. So in order to
get a sample with minimum physical damage, a small piece of stainless steel substrate
with graphene grown on it is first soaked in dilute marbles reagent for few hours,
transferred into water and sonicated for 30 minutes. The solution was then dropped on a
TEM grid and dried. Graphene flakes which have come loose from the sample would be
deposited on the grid and can be observed. Figure 3-14 (a) and (b) show the high
resolution images of such a sample, clearly identified to have 3 graphitic layers stacked.
The diffraction patters shown in Figure 3-14 (c) Confirms the crystalline nature of the

sample, as the discretely spaced points can be referenced to graphitic carbon.
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Figure 3-14: (a) Scanning electron micrograph of the surface of stainless steel foil.
(b-d) various magnification images of the surface after graphene growth. A thin
layer with wrinkles and grain boundaries can be clearly seen to blanket the metal.
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Figure 3-15: (a and b) Transmission electron micrograph images of the 3 layered
graphene grown on stainless steel substrates. (c) Diffraction pattern of the sample
confirming the crystalline structure of graphene



84

As mentioned above, the number of layers in the graphene grown on stainless steel
cannot be controlled by the duration of carbon exposure. The cooling rate in turn dictates
the number of layers present in the resultant structure. To quantify this mechanism, a
controlled experiment has been conducted. A stainless steel sample is quenched after heat
treating it with carbon source (obtained from a commercial manufacturer), it results in
carburized steel for which the Raman spectra is shown in Figure 3-15(plot labelled
Quenched). The spectrum has a disorder-induced 1D band cantered at 1368 cm™ and, a
very low intense symmetry-allowed graphite band (G-band) at ~1585 cm™. This is due to
the formation of highly disordered graphitic carbon as a result of dissolved carbon atoms
in the steel lattice not having enough time to escape to the surface. However if the heat
treated steel is cooled slowly, sufficient carbon atoms are diffused to the surface thereby
forming graphitic layers. Raman spectra of such samples cooled at a rate of 15°C/sec,
2°C/sec and 0.7°C/sec from 950°C to 800°C are shown in the respective plots of Figure
3-15. These samples are characterized to have one, two and few(>3) layers of graphene
respectively as deduced from the intensity ratios of G peak at ~1585 cm™ and the 2D
peak at ~2700 cm™.178 The absence of defect induced 1D peak at 1368 cm™ in these

samples indicates that defects in the graphene are significantly less.
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Figure 3-16: Raman spectra of graphene grown on stainless steel substrates. The
cooling rate dictates the number of layers that form on the surface. While a
guenching the sample results in the carbon being locked in the lattice, controlled
cooling would allow carbon precipitation and graphitize on the surface

To test the effect of the carbon exposure time during the growth process, a control
experiment was conducted. One sample with 3 minutes exposure while the other with a
very long 40 minutes exposure have been fabricate with a similar cooling rate. The
sample with 3 minute exposure resulted in defective 1-2 layer graphene while the long 40

minute exposure yielded a high quality 1-2 layer graphene (plots of the corresponding
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samples shown in Figure 3-16). The most important observation here is that the Raman
spectra of the 40 minute exposed sample is similar to that of the 5 minute exposure with
similar cooling rate (Figure 3-15), ruling out any influence of exposure time greater than
8 minutes. This is mainly because the solubility of carbon in austenitic steel is very
minimal at 950°C,170 and the graphene growth is concluded to happen only when the

sample is cooling down.
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Figure 3-17: Raman spectra of two samples with similar cooling rates, one with very

long, 40 minute exposure to Hexane vapors during the growth process at 950°C and

the other with 3 minutes exposure. The duration of carbon exposure does not define
the number of layers formed in case of stainless steel substrates
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3.5. Direct synthesis of Graphene covered 3D metallic substrates

Though graphene has attained due attention by current research community,
owing to its exceptional two-dimensional properties, many applications call for structures
with a 3D architecture. Having a third dimension has several advantages, the major one
being increased surface area. It is not practical to deposit a two dimensional material such
as graphene on to high aspect ratio three dimensional structures efficiently. One
alternative is to create three dimensional structure out of metals such as copper, nickel or
stainless steel through established chemical routes and later grow graphene on to them
using CVD technique. Such a two-step approach has several problems to it. One, the fine
3D structures cannot survive the high processing temperature required for graphene
growth. Two, having a uniform exposure of carbon precursor into high aspect ratio 3D
structures is not efficient and would result in shadow effects. Finally, if chemical etchants
are used, they would leave behind other contaminants which can affect the quality of
graphene. In this work, a one step process has been developed wherein, etching of
metallic substrates to form 3D structures has been done together with graphene growth on
it. This process yields a clean uniform coating of graphene directly on micron sized mesh

like metallic structures.

3.5.1. Fabrication procedure

For fabricating the porous 3D structures, a metallic thin foil (either copper or
stainless steel, depending on the requirement) is inserted into the quartz tube of the
chemical vapor deposition (CVD) furnace described in section 3.1. Perfluorohexane (aka-

CsF14 or tetradecafluorohexane, hereby called PFH) (99% purity and sealed under argon,
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from Sigma Aldrich) is taken in the flask at Input I5. PFH is highly sensitive to air, as it
has high solubility of oxygen, which can hinder the graphene growth. Hence it is stored
in a glove box and small quantities transferred in a sealed flask as needed. Input 16 is not
used and is left closed. The growth recipe is graphically depicted in Figure 3-17 and is as
follows. The furnace was pumped down to the base pressure and then heated to a
temperature of 950°C while flowing Ar/H; gas to maintain the pressure at 10 Torr (S1 set
to 12, V1 open and V3 closed). Once the desired temperature is reached, hydrogen was
stopped and the furnace was flushed with pure argon for a minute and then turned off (S1
is tuned to 11). Vapors of PFH are then passed for 10 to 12 minutes (V1-close, V3, V4
open). The pressure in the tube is maintained at 600 mTorr (regulate R2). Longer or
shorter exposure time would result in variations of the size and shape of the resultant
surface features. The furnace was then cooled down and as the temperature reaches
800°C, PFH flow is stopped while purging the tube with pure argon flow (V3 close and

V1 open).
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Figure 3-18: Recipe for synthesis of graphene covered 3D etched metallic structures.
Care is taken not to mix PFH vapors with hydrogen at high temperatures

3.5.2. Characterization

PFH has a composition of CeF14, and has high concentration of fluorine in the
structure. Fluorine being highly reactive element has been extensively used in etching
technologies. Reactive lon Etching used widely in the semiconductor industry uses
ionized fluorine atoms using high power plasma to etch patterned features on various
kinds of substrates, including silicon, oxides and metals.18¢ In a similar way, here, the
vapors of PFH when passed through the high temperature zone of the CVD tube,
undergoes pyrolysis and breaks down into individual fluorine and carbon atoms. Absence

of oxygen or hydrogen in the tube avoids any instantaneous reactions. The fluorine ions
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then being highly reactive would attack and etch out the surface of the substrate. At the
same time, carbon atoms having a favorability to form graphene does so on the surface.
The process is schematically depicted in Figure 3-18. The etching process is dominant at
crystal imperfections in the substrate and is non uniform and as a results forms three
dimensional structures. Both copper and stainless steel have been used in this process to

form porous structures.

Scanning electron images of porous copper structure formed by 8 minute
exposure of PFH are shown in Figure 3-19. A honeycomb like structure is formed due to
the fluorine etching. The ordered pores formed can be attributed as a result of the rolling
process used in the industrial production of copper foils. As thicker metal blocks are
rolled into thin foils, a directional stress is created resulting in soft and hard regions in the
metal. When exposed to fluorine, the softer regions etch faster resulting in the
honeycomb like structure. In the image with higher magnification, graphene layer can be

seen blanketed on the copper substrate.
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Figure 3-19: schematic representation of the mechanism of formation of 3D patterns
on metallic substrate. Fluorine ions in pyrolyzed PFH are responsible for etching
while carbon atoms form graphene on the surface
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Figure 3-20: Porous copper with graphene coating formed by CVD using PFH as
the precursor

The Raman spectrum of the structure is shown in Figure 3-20 and has the
signature of pristine graphene with 2 to 3 layers with large disorder peak at ~1200. The
disorder in the crystal structure can be presumed to be a result of the 3D nature of the
structure. Figure 3-21 shows the survey analysis of the surface of the structure using
XPS. No traces of fluorine were observed in the structure, while 4% oxygen was detected
on the surface. Copper, which is the substrate for the sample had a negligible trace on the

surface, the reason being the blanketing of 2 to 3 layered graphene.



93

Intensity (a.u)

1000 1500 2000 2500 3000
Raman Shift (cm™)

Figure 3-21: Raman spectra of graphene covered 3D copper substrate
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Figure 3-22: X-ray photoemission spectroscopy analysis of the surface of 3D copper
substrate
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In the process of synthesizing the porous copper structures, a second by-product is
also obtained. The chemical interaction of fluorine with copper is defined as follows:
Copper and fluorine react at temperatures of 400 °C to form Copper (I1) fluoride. It

occurs as a direct reaction.

Cu + F2 — CuF2

Copper fluoride in turn loses the fluorine at temperatures close to 950 °C in a two-

step process.

2CuF2 — 2CuF + F2

2CuF — CuF2 + Cu

As the vapors of PFH flows from the source side to the vacuum side in the CVD
furnace, it pyrolysis and reacts with the copper foil and the thus formed copper fluoride is
carried through the tube, where it further heats up. When it gets in contact with the walls
of the quartz tube, the fluoride undergoes reduction reaction on experiencing high
temperature, forming copper nanoparticles. These copper particles agglomerate on the
walls of tube eventually turning into a thin foam like structure. The Scanning electron
images of this foam, peeled off from the walls of the furnace is shown in Figure 3-22.
The structure consists of discrete blobs of interconnected copper nanoparticles. High

resolution images reveal graphene layer covering these particles.
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Figure 3-23: Scanning electron micrograph images of interlinked copper particles,
formed as a byproduct while synthesizing 3D copper structures

Using this technique, porous stainless steel structures were also developed. The
surface of the structure obtained thru a growth with 12 minutes exposure of PFH is
shown in the SEM Micrographs of Figure 3-23. Compared to that of copper, the rate of
etching of stainless steel is much slower, and doesn’t etch through the thickness of the
foil. The high magnification image in (a) shows that the etching is more prominent at the
grain boundaries forming ridges. While the grains are also etched with random porosity.

On closer observation of high magnification images in panel (b) and (c), it can be
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deduced that the pores are in fact in a mesh like pattern instead of vertical holes. The
pores in the structure have a range of sizes with a typical diameter ranging from 500nm to
2 um. Figure 3-23(d) shows a close-up of a single pore and the blanketed graphene on the
surface can be clearly distinguished. The image in Figure 3-23(f) is an SEM micrograph
of the porous stainless steel cut and showing the cracked edge. It can be seen that the
steel is converted into a porous structure only until ~10pum in depth from the surface. The

bulk of the foil is unaffected.

In Figure 3-24, the Raman profile of the surface of the porous stainless steel is
compared to that of graphene grown on planar stainless steel (fabrication in Section 3.4).
The similar intensity and positions of the G and 2D peaks indicate that both the structures
have 2 to 3 layered graphene on them. A low intensity D peak is observed at ~1275cm™
in case of the 3D structure, this defect induced peak can be attributed to the disorder

introduced in the graphene lattice due to the curvatures of the pores.
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Figure 3-24: Scanning electron micrographs of 3D porour stainless steel foils.(a-c)
Surface profile (d) magnification of single pore with graphene visible on the surface
(e) sample viewed at an angle (f) cross section of a cracked sample, the prous nature

is observed until a depth of ~10 um
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Figure 3-25: Raman spectra of graphene on 3D stainless steel compared to that of
graphene on planar stainless steel

3.6. Conclusions

Chemical Vapor Deposition technique which has been extensively used in
synthesizing nanomaterials has been employed to fabricate various graphene based
materials. A customized experimental setup has been built wherein certain degree of
flexibility in choosing different kinds of carbon sources has been incorporated. Liquid

precursor techniques have been developed to fabricate variations of one to few layer
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graphene over a large, continuous area. Building up on the reported technique of using
hexane vapors as the carbon precursor in a low-pressure CVD technique to fabricate high
quality graphene on copper foils, modifications in the process have been explored by
changing the liquid precursors and the metallic substrates. Acetonitrile has been used as
the precursor to fabricate Nitrogen-doped graphene onto copper foils. A 5% atomic
doping has been realized using this technique, with a majority of nitrogen atoms in the
pyridine form followed by pyrrolic and graphitic dopants. Apart from copper substrates
which follows the physical adsorption mechanism to form graphene on the surface,
diffusion and perspiration mechanism of graphene growth on Stainless Steel substrates
has been explored. Highly defect free graphene has been realized with precise layer
control achieved by controlling the cooling rate during the synthesis. Finally, apart from
depositing two-dimensional graphene on to planar substrates, a novel concept has been
developed wherein the metallic substrate has been converted into a 3D porous structure
while concurrently covering the surface with continuous graphene layers. The process

greatly increases the accessible surface area at the nanoscale.



Chapter 4

Graphene as a material of use in ultrathin
energy storage devices

Though carbon is commonly used in both Li-ion batteries and supercapacitors
technologies, enhancing its capacity through nanostructuring and chemical modification
is of current research focus.?8.103.187 Several carbon nanostructures such as CNT,
nanofibers, graphene and their hybrid structures have been used as active electrode
materials. 98.108,187,188 Also, other high capacity materials such as metal oxides, polymers
etc. have been used with a carbon support backbone to stabilize their performance.116.189
Some of the major performance issues of using carbon as an electrode material are (1) its
high interfacial resistance with the current collector (effecting the power density) (2) Low
specific energy density (per gram) (3) Low Areal energy due to current

battery/supercapacitor design constrains.190

100
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Interfacial resistance issue

The majority of battery electrodes are fabricated by painting electrode slurries
onto metallic foils. This always results in substantial contact resistance, which is
amplified over cycling as the electrode peels off from the current collector. In case of
graphene, initial research exploration used reduced graphene oxide powders which had
similar contact issues.® This added resistance in the system effects the power densities
and cuts back its high rate capability. To overcome this issue, minimizing the electrical
mismatch between the active material and the underlying substrate is critical.191 Direct

growth of electrode material onto current collectors can intrinsically solve this problem.

Specific energy density issue

Compared to other active electrode materials, carbon has theoretically low energy
density. This is governed, in case of lithium ion batteries, by the chemistry of the reaction
with lithium ions. The nominal interaction of graphitic carbon with lithium forms a LiCs
compound, thereby accommaodating one lithium ion by 6 carbon atoms. It has been
theoretically speculated that by introducing defects in the graphitic structure, this
chemical dynamics can be tuned, and forming LiC> compound is feasible.103 Selectively
introducing these defects can be achieved by engineered doping. Atomic level doping of
carbon structures with nitrogen, sulfur etc. have been attempted and reported to enhance
the lithiation performance.192 Such an approach towards graphene would need to be taken
up with caution, as the ultrathin structure would lose other favorable properties, such as

conductivity, if the level of doping increases an optimum threshold.
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Areal energy enhancement issue

Conventional two dimensional (2-D) thin film battery electrodes have been
fabricated on planar current collectors. One of the major drawbacks with 2-D thin film
Li-ion batteries is the low energy per unit area delivered due to low electrode mass
loading per unit area. Low mass loading issues are common in any low density materials
such as carbon, however this issue will be sever in case of nano-carbons due to their
ultra-low tap density. In recent years, there has been a realization that improved battery
performance can be achieved by reconfiguring the electrode materials currently employed
in 2-D batteries into 3-D architectures.193 The general strategy of this approach is to
design cell structures that maximize power and energy density yet maintain short ion
transport distances. While many possible architectures can achieve this goal, a defining
characteristic of 3-D batteries is that transport between electrodes remains one-
dimensional (or nearly so) at the microscopic level, while the electrodes are configured in
complex geometries (i.e., nonplanar) in order to increase the energy density of the cell
within the footprint area. A 3-D matrix of electrodes (in a periodic array or an aperiodic
ensemble) is necessary to meet both the requirements of short transport lengths and large
energy capacity. Improvements in energy per unit area and high-rate discharge
capabilities are two of the benefits that may be realized by these 3-D cells. Hence,
redesigning current collectors would results in high surface area and hence high areal

energy density.

We hypothesize that direct fabrication of graphene electrode materials on current
collector substrates would minimize the interfacial resistance and enhances overall power

capabilities of energy device. Further, atomic level doping of foreign atoms such as
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nitrogen in the carbon structure would enhance the capacity (energy density) of the
electrode materials itself by providing additional sites for lithium ion storage and finally

by using 3D architectures enhancement in areal energy can be achieved.

Further, as already discussed, research in the lithium ion battery anode area is two
forked, one to enhance the capacity of carbon based electrodes and the other is to
stabilize the performance of high capacity materials. Theoretically, materials such as
silicon have an order of magnitude higher gravimetric capacity towards lithium.194
However, in practice these materials have several stability issues arising from their high
capacity. Volume expansion as a result of lithium intercalation damages the structural
integrity of the electrode over cycling, losing physical contact with the underlying current
collector, driving it towards failure. Also, lack of conductivity further hinders the
performance when the electrode material loses direct contact with the current collector.
As a possible solution for stabilizing these high capacity materials, a 3D host structure
which can support the mechanical integrity can be employed. A conducting matrix which
can hold the material after several cycles of charge/discharge and have the room for

volume expansion would be an ideal solution.

In order to test these hypotheses, Li-ion battery and supercapacitor applications of
one to few layers of graphene and nitrogen doped graphene that are directly grown on
current collector substrates (synthesis is already discussed in Chapter 3) have been
discussed in this chapter. Further, the concept of building autonomous energy devices
has been demonstrated by integrating a graphene based energy storage devices with that
of a ZnO based energy harvesting device. Parts of this chapter have also been reported in

the two publications, Reddy et al. (2010)175, and Gullapalli et al. (2011)176



104

4.1. Lithium ion battery applications

4.1.1. Cell fabrication

To test the performance of the graphene materials, CR2032 coin-type cells were
fabricated in an argon filled glove box. In a typical cell fabrication, graphene based
electrodes were used as working electrodes, lithium metal as the counter/reference
electrode and 1 M solution of LiPFe in 1:1 (v/v) mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) (obtained from Solvionic Inc.) is used as the electrolyte with
fiber glass membranes (Whatman) as the separator. Galvanostatic charge—discharge
cycles were conducted using ARBIN BT 2010 Battery Analyzer at room temperature.

Cyclic voltammetry analysis were done using an Autolab potentiostat.

4.1.2. Electrochemical properties of graphene grown on planar current

collectors

As mentioned above, the conductivity between graphene and current collector
plays an important role in increasing its rate capability. Direct growth of graphene onto
current collectors is expected to address this issue. To test this, graphene grown directly
onto stainless steel substrates (universal current collector for both anode and cathode)
described in Section 3.4 have been analyzed for their usability in lithium ion batteries.
Stainless steel foils were cut into required size before depositing graphene onto the
surface. Two to three layered graphene is deposited on the substrates by controlling the

growth parameters and test cells were assembled.
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Galvanostatic charge/discharge measurements conducted at constant current of
10 pA/cm? between 3.2 V and 0.02 V are shown in Figure 4-1 (A). The first cycle
showed a discharge capacity of approximately 0.2 mAh/cm? with a large plateau at about
0.7 V. Considerable loss in capacity was observed in the second cycle (~0.15 mAh/cm?)
due to the SEI (solid electrolyte interface) formation, very commonly observed in carbon
based electrodes. The plateau at 0.7 V in the first discharge curve can be attributed to the
formation of an SEI film, on the surface of graphene, associated with electrolyte
decomposition and formation of lithium organic compounds.198.195 |n the subsequent
cycles, the discharge plateau disappeared and a reversible capacity of 0.05 mAh/cm? was
observed after 50 cycles of charge/discharge (Figure 4-1 (B)). After the first cycle, the
Columbic efficiency remained very stable throughout the cycles, indicating that the
formed surface film remained intact. Good electrical contact between the electrode and

the current collector was realized by the direct growth of graphene on Stainless Steel foil.
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Figure 4-1: (A) Charge discharge profiles of graphene directly grown on stainless
steel substrates (B) Discharge capacity of the cell observed over a number of cycles
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To confirm the stability of the graphene at higher rates, variable rate analysis was
conducted. Figure 4-2 plots the discharge capacity of a cell cycled initially at a slower
scan rate with a current rate of 2Acm™. After the capacity is stabilized after 5 cycles of
charge discharge, the current rate was increased in steps for every 5 consecutive cycles.
The battery though lost capacity due to a faster discharge rate, displayed stability over
cycles. Finally the full nominal capacity of the battery is restored when the current rate is
returned to the nominal rate. This confirms that the structure of the electrode is not

damaged due to high rate of operation resulting in better stability.
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Figure 4-2: Rate capability studies of graphene on stainless steel
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4.1.3. Effect of nitrogen doping on the electrochemical properties of graphene

In order to compare the advantages of having nitrogen doping in graphene, its
performance is compared to that of pristine graphene films, both synthesised of copper
substrates (synthesis described in sections 3.3 and 3.2 respectively). Test cells with both
the electrodes were prepared and cycled at a rate 5pA/cm? between 3.2 V and 0.02 V vs
Li/Li*. Figure 4-3(A) shows the specific capacity vs cycle number plots for the graphene
and the N-doped graphene. Pristine and N-doped graphene shows reversible discharge
capacities of 0.03 mAh/cm? and 0.05 mAh/cm? respectively. This correlates to an
increase of 25% in the reversible capacity as a result of 5 at% nitrogen doping. This
increase can be attributed to a combination of different topological defects induced in the
N-doped graphene electrode. Firstly, a large number of surface defects are induced onto
the graphene films by N-doping which leads to the formation of a disordered carbon
structure which further enhances Li intercalation properties.187 As observed in the XPS
data, the N-doped graphene also has a high percentage of pyridinic N atoms present in it.
The pyridinic N-atoms could also be involved in the improvement of reversible capacity
of the N-doped graphene electrode compared to the pristine graphene electrode.192
Electrical contact between the electrode and current collector plays an important role in
the power capability of the Li-ion battery. Good electrical contact between the electrode

and current collector was realized by the direct growth of graphene on copper foil.

Figure 4-3(B) shows the detailed high rate cycling results for the N-doped
graphene electrode. Galvanostatic charge/discharge experiments were conducted at
various currents to investigate the rate capability of the electrode material. Stable nominal

capacity was attained at a current rate of 1pA/cm? corresponding to a C-rate of C/60.
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Subsequent cycles were cycled at higher current rates as shown in Figure 4-3(B). Even at
very high current rates of operation, such as 100 pA/cm?, excellent capacity retention of
60% of the nominal capacity was observed. On returning to the low current rate of
1puA/cm? the nominal capacity (~ 0.06mAh/cm?) is retained. which is comparable with
previously reported values of carbon based thin film electrodes.1%¢ The results of high
rate electrochemical studies prove that the N-doped graphene electrode could have both

high rate capability and enhanced capacity due to structural doping.
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Figure 4-3: (A) Comparison of discharge capacities of nitrogen doped graphene and
pristine graphene, directly grown on copper foils. (B) High rate capability test for

Nitrogen doped graphene
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4.1.4. Graphene on 3D metallic substrates as anodes for Li-ion battery

In order to compute the enhancement in the areal capacity as a result of having a
3D nature for the electrode, the porous stainless steel structures with graphene on the
surface, synthesised as per the procedure in section 3.5 were tested. A lithium half-cell
was constructed and its cyclic stability over continuous charge discharge has been
studied. The rate capability plots of the battery is shown in Figure 4-4 (A). Compared to
the 2D counterpart of graphene on planar stainless steel (Discussed in Section 4.1.2), the
3D structure had enhanced capacity at a higher operating current rate. Comparing the
capacity at similar current rate of 16A/cm?, the planar structure had a capacity of ~0.02
mAh/cm? while the 3D structure had a stable capacity of ~0.07mAh/cm?. This
enhancement can directly be credited to the increased accessible surface area of the
electrode. Higher rate capability was also tested in a similar way and excellent structural
stability of the electrode towards higher rates was confirmed. (Figure 4-4(B)). The 3D
configuration has in fact confirmed the hypothesis of high-energy, high-power

combination as a result of better electrode accessibility by the electrolyte.
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4.1.5. 3D metallic substrates as current collectors for Li-ion

To stabilize the performance of high capacity materials, 3D electrode
configurations have been proposed. Porous stainless steel structures have precisely this
property, if the pores are filled with the active material, and hence can be hypothesised to
be efficient current collectors. Moreover, the presence of graphene on the structure
increases the conductivity of the electrode material. To test this hypothesis, in this thesis,
one such high capacity electrode material (Silicon Nitride) has been deposited into the

pores and its electrochemical properties compared to that of planar configuration.

It is envisioned that the use of 3D porous graphene covered stainless steel current
collectors could stabilize adverse effects caused due to high volume expansion of SiNy
electrode materials. For this purpose, Silicon Nitride has been deposited into the pores of
the structure using Plasma enhanced vapor deposition (PECVD) technique. Battery
performance of the structure is gauged in comparison to a planar structure where similar

thickness electrode material is deposited on to the surface of a plain stainless steel foil.

Deposition and Characterization of SiNx

Plasma enhanced CVD (using commercial instrument -Trion Orion Il PECVD)
technique was employed to deposit 500 nm thin films of Silicon Nitride by the ionization
if Silane (SiH4). The deposition parameters include a chamber pressure of 600 mTorr and
temperature of 400°C. A 15% Silane gas mixture in balance nitrogen is used as the
silicon-nitrogen source, and flown at a rate of 70 SCCM. A deposition time of 20 minutes

with the RF power set to 75% was used.
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The surface morphology of the films have been studied using Scanning electron
Microscope and the micrographs shown in Figure 4-5. While a continuous thin film like
structure is formed on the planar 2D stainless steel (Figure 4-5(A, B), an area is scraped
to have a contrast of the material), the deposition on the 3D structures is more of a
particulate form (Figure 4-5(C-F)). This is presumed to be a result of the surface stresses
due to the 3D architecture and is commonly observed in similar depositions.197 The pores
of the etched stainless steel substrates are loosely filled with the SiNx while leaving voids
in between. This can be advantageous for accommodating the high volume expansion of

the electrode while cycling.

To characterize the chemical breakdown of the deposited material, X-Ray
photoemission spectroscopy studies were conducted on them. Figure 4-6 (A) is the
survey analysis of the surface, with the major peaks that have been identified labelled
with their corresponding atomic compound. Figure 4-6 (B) is the elemental analysis of
Silicon, with the peaks resolved into its constituent components. It has been mapped that
the structure has three distinct phases, a high concentration of nitride, and two low

intensity of oxide forms of silicon.
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Figure 4-5: Scanning electron micrographs of SiNx deposited (A,B) onto Planar
stainless steel{an area scraped to identify the layer} (C-F) onto 3D stainless steel
substrates
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Electrochemical performance of SiNx

Figure 4-7(A) has the galvanostatic charge discharge profiles of 3D SiNy
electrode cycled between 0.05V and 1.5V. As it can be seen from the profiles, a clear
lithiation plateau on both charge and discharge cycles is an indication of reversible
lithiation of SiNy electrode. Figure 4-7(B) is cyclic stability test results of 3D SiNy
electrode observed for 45 cycles at constant applied current. Though both 2D and 3D
electrodes show almost similar capacities in the first cycle, drastic drop in the specific
capacity of 2D electrodes is observed over cycling. As clearly seen from figure, 3D SiNy
electrode has retained considerable capacity over cycling compared to that of 2D planar
electrodes. Hence, 3D graphene covered metallic substrates could be an ideal current

collector for high volume expansion and low conducting electrode materials.
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4.2. Supercapacitor behavior of graphene based structures

Carbon based materials have been the forerunners for the design of high
performance supercapacitors, mainly due to their superior electrical conductivity and
their ease of forming a double layer with the electrolyte interface. As surface area is one
of the key property of the electrode material controlling the overall capacitance and
thereby the energy density of supercapacitor, 3D engineered graphene electrodes are
expected to deliver superior electrochemical properties compare to their planar
counterparts. The performance of both 2D and 3D graphene electrodes has been analyzed
by constructing symmetric supercapacitor cells using room temperature ionic liquids
(RTIL) as electrolyte. Due to their wide electrochemical stability window and thermal
stability, RTIL's have been chosen for this study. 1-Buty I-2,3-dimethylimidazolium
bis(trifluoromethylsuphonyl)imide (BMMI-TFESI) which has been reported to have good

performance towards graphene based supercapacitors has been used.198

Cyclic voltammetry analysis was performed on both graphene on planar stainless
steel and graphene on 3D patterned stainless steel. The measurements were done at both
room temperature and 120°C. As the electrolyte is stable at high temperatures, and using
thermally stable stainless steel as the current collector, the capacitor is expected to
withstand high temperatures, which can be very advantageous for certain applications.
The CV measurements were done at varying scan rates of 200mv/s to 1v/s and between
the voltage windows of -2.5V to 2.5V. Figure 4-8 shows the resultant plots of the

analysis.
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Figure 4-8: Cyclic voltammetry plots of supercapacitors fabricated out of graphene
coated 2D and 3D stainless steel substrates. The capacitors were tested at different
scan rates and at room temperature and 120 °C

It has been observed that in all conditions, a stable hysteresis curve is observed,
without any sharp peaks. This confirms the double layer capacitance mechanism in the
cell, and negates the existence of any electrochemical reactions. Also, as the electrode is
in direct contact with the current collector, the capacitors had good charge retention even
at very high voltage rates (even up to 1V/s). By computing the area of hysteresis, the net
capacity of the system can be deduced!? and the normalized values of the corresponding

conditions have been included in the insets of the plots. It can be observed in every cell,
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the nominal capacity decreases with an increase in scan rate, which is a commonly
observed phenomenon, and is a result of the kinetics of ion diffusion. Moreover,
capacities in case of high temperatures are observed to be higher in comparison to that of
room temperature. This is a result of the reduction in the viscosity of the electrolyte,
resulting in faster ion diffusion. Finally, in the case of 3D electrodes, a 5X enhancement
has been observed at room temperature, when compared to that of planar Stainless steel
electrodes, while still retaining the high rate capability. This can be attributed directly to

the larger surface area of the 3D structure.

4.3. Energy storage-Harvester integration

In order to build autonomous energy device, energy storage devices discussed in
previous sections (batteries and supercapacitors) has to be integrated with energy
harvesting device (discussed in chapter Chapter 2). In order to build such an integrated
hybrid device, energy outputs from individual components has to be matched. Specific
capacities and rate capabilities of energy storage devices have to be matched with energy
and power densities of energy harvesting device. Among the two energy storage devices
studied (batteries and supercapacitors), supercapacitors are found to be better match with
piezoelectric/pyroelectric based energy harvesters due to their high power densities. In
order to realize the concept of building autonomous energy device, graphene based
supercapacitors were integrated with ZnO based piezoelectric energy harvesters. The
ability of energy harvested from ZnO-paper to charge a supercapacitors has been put to
test. Having a flexible nature for both the harvester and graphene based supercapacitor

facilitates easy formfitting into virtually any shape. Multiple layers of flexible harvesters
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and capacitors can be used to increase the net energy of the device. Though a complete
integrated device would require proper packaging and needs to include other support
electronics such as current/voltage limiters for over charge/surge protection, an initial

feasibility study is taken up in this thesis.

4.3.1. Design of experimental setup

To test the hypothesis of charging a capacitor with the ZnO-paper patch in a
practical scenario, a vibrational beam setup has been designed. The setup involves
mounting of a piezoelectric harvester device, made of 4 patches of ZnO-paper composite
connected in series. The packaged device is attached to a 50 x 0.7 mm? cross-section
aluminium strip with a thin layer of epoxy, ensuring good adhesion for maximum strain
transfer. A supercapacitor fabricated out of CVD grown graphene has also been attached
to the beam, next to the piezoelectric device. To balance the energy mismatch between
the harvester and the storage unit, a miniature capacitor is required. Hence instead of the
conventional coin cell setup, an already reported in-plane configuration for the capacitor
(Yoo et al.(2011))290 has been used. To fabricate this, 2 to 3 layered graphene is
transferred on to a rigid insulating substrate and a gap is created by carefully scraping
with a sharp razor blade. A solution of Thermoplastic polyurethane (TPU) with RTIL
(BMMI-TFSI) has been dropped on the gap and acts as an electrolyte for the capacitor.
Gold pads were sputter coated on either sides of the gap and act as current collectors to
which wires are soldered to. A piezoelectric actuator (from Mide Technology
Corporation, MA) is also attached to the aluminium beam and is used to excite the beam
at different frequencies. The piezoelectric actuator was actuated using a dSPACE Data

Acquisition and control unit in conjunction with a power amplifier. The capacitor is
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connected in parallel to the harvester and the voltage is measured across the capacitor
terminals using a potentiostat/galvanostat (Metrohm Autolab). The metal beam can also
be heated with a heat gun and the temperature monitored using a probe thermocouple.
The experimental setup is schematically described in Figure 4-9 (A) and a photograph of

the same is shown in Figure 4-9 (B).

Output

Harvester

Capa{itor \AluminiUfn beam

W=l

iezo actuator

Figure 4-9: (A) Schematic of experimental setup for testing the integration of
harvesting and storage units. (B) Photograph of the setup
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4.3.2. Results and discussion

The metal beam is vibrated with a sinusoidal signal at a frequency of 10 Hz while
monitoring the voltage on the capacitor. The observed voltage profile is plotted in Figure
4-10. The voltage is observed to increase from zero as the beam is continuously vibrated.
After 30 minutes of continuous vibration, the voltage on the capacitor reached close to
1.8V (higher voltage is avoided keeping in consideration the stability of TPU-RTIL
electrolyte). At this point, the vibration is turned off while continuously measuring the
voltage. At the instance vibration is stopped, the raise in voltage is observed to stop and
started to fall instead. The fade in the voltage is a characteristic of self-discharge

mechanism of the capacitor, and is amplified by the losses due to the external wiring.

Similar tests were conducted on the setup at higher temperatures by heating the
beam with a hot air gun and temperature monitored with a probe thermocouple. The
temperature of the beam is maintained with up to a 5°C variation. The voltage profiles at
temperatures of 80°C and 100°C are also included in the plot of Figure 4-10. The
maximum voltage reached at higher temperatures is lower than that of room
temperatures, and can be speculated to be due to losses in the capacitor, and

interconnects.
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Figure 4-10: Voltage profile across the supercapacitor while charging it using the
energy generated from the harvester, at various temperatures. The capacitor has a self-

discharge mechanism once the vibration is turned off.

4.4. Conclusions

While graphitic carbon is known to be a material of use in lithium ion batteries
and supercapacitors, the use of graphene grown directly on metallic substrates using
CVD technique has been explored. By having graphene in direct contact with the
metallic substrate used as the current collector, high rate capabilities have been achieved

for both lithium ion battery and supercapacitors. Moreover use of stainless steel as the
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substrate opens up doors for the devices to withstand harsh conditions and chemistries
compared to traditional copper or nickel. Next, to enhance the capacity of such a

system, two different approaches have been taken up. First, to increase the theoretical
capacity of the material itself, the influence of dopants in the structure is explored. 5 at.%
Nitrogen doping of 2 to 3 layered graphene is found to have a 25% enhancement in its
capacity when used in a lithium ion battery. Second, to increase the areal energy density
which is rather low owing to the 2D nature of the electrode material, a 3D configuration
is explored. Graphene covered porous stainless steel structures have been used to test
such a 3D architecture. Compared to 2D, this resulted in a higher rate capability and a
fivefold increase in the capacity. Extending this, the usability of such 3D structures as
current collectors for high capacity materials has also been proved. The architecture is
shown to stabilize the capacity of silicon nitride electrodes over cycling. Finally, the
concept of integration of energy harvesting and storage units is also demonstrated by
charging a graphene based supercapacitor with the energy harvested from the vibrations

of a metallic beam.



Chapter 5

Summary

In summary, with a broad goal of developing an autonomous energy device,
capable of harvesting energy from the ambient and storing it for later use, material
configurations have been explored. For the energy harvesting part, piezoelectric
phenomenon has been employed with an intention to harvest multiple sources of energy.
To address the challenges of using brittle ceramic piezoelectric, a simple, low cost,
scalable process has been developed to synthesise a truly flexible form of piezoelectric
composite material. By using the matrix of *paper’ as the structural backbone, ZnO
nanostructures were fabricated completely encapsulating the cellulose fibers while still
retaining its flexibility. The composite material has a convoluted piezoelectric property,
like a bulk polycrystalline ceramic material. This robust material has been demonstrated
to harvest multiple forms of energy; capable of producing an output voltage and power up
to 80 mV and 50 nW cm, respectively. Furthermore, it is shown that by integrating a

certain number of devices (in series and parallel) the output voltage and the concomitant

127



128

output power can be significantly increased. Also, being sensitive to the strain applied to
it, this ZnO-paper composite has also been used for strain sensing applications. The
material is capable of measuring the strain experienced by a host structure when

subjected to both static as well as dynamic loading.

For the energy storage part, the thesis has been focused on designing materials for
ultrathin lithium ion batteries and supercapacitors. Carbon, being a very important
material for electrochemical energy storage, its ultimate thinnest form, Graphene, has
been explored. To realize an ultrathin carbon electrode, with good rate capability and

stability, graphene has been directly grown on metallic current collectors.

Chemical Vapor Deposition technique which has been extensively used in
synthesizing nanomaterials has been employed to fabricate pristine and doped form of
graphitic layers onto copper and stainless steel structures. The mechanism of graphene

growth on stainless steel has been introduced and studied in detail.

The efficiency improvement achieved by having graphene in direct contact with
the current collector and also by having dopants in the lattice is systematically studied.
Nitrogen doping into graphene has been done, using a modified liquid precursor CVD
technique employing acetonitrile as the source. A 5% doping in graphene grown directly
on copper resulted in a 25% increase in its capacity to hold lithium ions, with the capacity
retained over cycling of charge discharge. Moreover use of stainless steel as the substrate
opens up doors for the devices to withstand harsh conditions and chemistries compared to

traditional current collectors like copper and aluminum.
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Apart from depositing two-dimensional graphene on to planar substrates, a novel
concept has been developed wherein the metallic substrate is converted into a 3D porous
structure while concurrently covering the surface with continuous graphene layers.
Fluorine atoms used as part of carbon precursor have been used to etch out the metal
selectively. The process greatly increases the accessible surface area at the nanoscale.
Compared to 2D planar configuration, this 3D structures resulted in a higher rate
capability and a fivefold increase in the capacity when used as electrodes both in a
lithium ion battery as well as in electrochemical double layer supercapacitor. Stainless
steel being chemically stable at high temperatures, the capacitor has been demonstrated to

have stable operability at high temperatures.

Extending this, the usability of such 3D structures as current collectors for high
capacity materials has also been proved. The architecture is shown to stabilize the
capacity of silicon nitride electrodes over cycling. The structure of SiNx deposited on to
planar stainless steel into a thin film loses its recyclable capacity after the first cycle due
to large volume expansion of the material. When filled into the pores of the 3D structure,
the encapsulating metal holds the silicon structure after cycling and a nominal capacity is
retained over numerous cycles. Finally, the concept of integration of energy harvesting
and storage units is also demonstrated. A vibrating beam setup is built to excite the ZnO-
paper based harvester and store the energy generated into a graphene based

supercapacitor device.
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