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ABSTRACT OF THE DISSERTATION
INVESTIGATION OF BIPOLAR ELECTROCHEMICALLY EXFOLIATED
GRAPHENE FOR SUPERCAPACITOR APPLICATIONS
by
Iman Khakpour
Florida International University, 2021
Miami, Florida

Professor Chunlei Wang, Major Professor

Developing a reliable, simple, cost-efficient and eco-friendly method for scale-up
production of high-quality graphene-based materials is essential for the broad
applications of graphene. Up to now, various manufacturing methods have been
employed for synthesizing high quality graphene, however aggregation and restacking
has been a major issue and the majority of commercially available graphene products
are actually graphite microplates. In this study, bipolar electrochemistry techniques
have been used to exfoliate and deposit graphene nanosheets in a single-step process to
enable high performance device application.

In the first part of this study, bipolar electrochemistry concept is utilized to design a
single-step and controllable process for simultaneously exfoliating a graphite source
and depositing both graphene oxide (GO) and reduced graphene oxide (rGO) layers on
conductive substrates. The electrochemical performance of the fabricated graphene-
based materials as the electrode for supercapacitors has been investigated. Areal
capacitance of 1.932 mF cm for the rGO, and 0.404 mF cm for GO at a scan rate of
2 mV s were achieved. Moreover, a cut-off frequency of 1820 Hz was obtained, which

is a promising characteristic for AC filtering applications.

vii



Although the physicochemical characteristics of produced graphene have been
evaluated in the first part, the exfoliation and deposition mechanisms were still unclear.
In the second part of this dissertation, a novel modified BPE system with an electrically
connected graphite-platinum couple acting as the bipolar electrode has been designed
in order to decouple and investigate the contribution of anodic/cathodic exfoliation and
deposition of graphene in the BPE process. Electron microscopy and infrared
spectroscopy results indicate that both anodic and cathodic exfoliation of graphene
could take place regardless of the type of polarization; however, the morphology and
deposition rate highly depend on the polarization. Furthermore, the graphene fabricated
by anodic exfoliation was found to show higher levels of oxidation compared to the
graphene produced by cathodic exfoliation.

In the last part of this study, for the first time, a vertically aligned graphene layer was
deposited on a micro-sized interdigitated gold current collector by a modified bipolar
electrochemistry method. Both time domain and frequency domain electrochemical
performance of on-chip micro-supercapacitors (MSCs) were evaluated. An areal
capacity of 640.9 uF cm™ at a scan rate of 2 mV s and 239.31 uF cm™ at discharge
current density of 25 u4 ¢cm™® was delivered with an excellent cyclability. Most
importantly, the MSC exhibited a very fast response (cut-off frequency of 3486 Hz)
and very close to ideal performance (phase angle reached -83.2°) at low frequencies.
For the first time, this dissertation reported the modified BPE method as a novel
approach for three in one exfoliation, deposition and reduction of high-quality graphene
with vertically aligned and porous structure. The unique design of the BPE cell enabled
the author to study the BPE mechanisms and measure the bipolar current for the first
time. The method could successfully be employed to fabricate fast response

microsupercapacitors based on vertically aligned graphene nanosheets.
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1. Introduction

1.1  Overview

The recent boom in the development of renewable energy sources, mobile electronics, and
electric vehicles has increased the demand for high-performance energy storage devices.
Good cyclability, high energy density and power density, in addition to being
environmentally friendly and cost-efficient, are usually considered as the main
performance features for energy storage systems. However, the required characteristics of
the devices are very specific due to their applications. Particularly about the miniaturized
electronics such as implantable devices, wireless microsensors, energy harvesting and
wearable devices, the required energy ranges from several hundred uWh to several hundred
mWh while they need a power of several hundred pW to several hundred mW. The
operation frequency of these devices usually ranges from some hertz to several hundred
hertz [1, 2].

Supercapacitors which can provide high power density (fast charging and discharging) and
also long cycle life with high-frequency responses have attracted the attention of scientists
in both academia and industry for being used as the energy source of aforementioned
devices and also in AC to DC converters and filtering circuits [3-5]. The development of
new electrode materials with modified microstructures is one of the most promising
approaches to improve the performance of these energy storage devices. From the
electrode fabrication point of view, different two-dimensional (2D) materials with different

nanostructures have been successfully employed to improve the performance of the



supercapacitors. However, developing a scale-up, cost-efficient, and environmentally

friendly approach for the fabrication of high-performance electrodes is still demanded.

1.2 Research Problems

The ultimate goal of this dissertation is to develop a facile, cost-efficient, environmentally
friendly, and scale-up bipolar electrochemistry process for the fabrication of high capacity
and fast response electrochemical Micro/Macro supercapacitors based on graphene
electrodes. Moreover, to have an insight into the performance of the fabricated electrode
material, the capacity and frequency response of fabricated supercapacitors should be
evaluated. The research problems encountered in this dissertation and their possible
solutions are discussed as follows:

1- How to reliably fabricate high-quality graphene with controllable functionality?

The fabrication and also deposition of graphene oxide have been reported by the bipolar
electrochemistry process. However, the deposited material did not show good conductivity
and acceptable electrochemical performance before a further reduction process [6-8].
Modifying the geometry of the bipolar cell and other parameters can result in the deposition
of graphene on both positive and negative feeding electrodes of the bipolar cell. Since
reduction is the dominant reaction on the negative feeding electrode, this will help to reduce
the deposited graphene. Therefore, by controlling the bipolar parameters, the properties of
fabricated graphene can be controlled in a wide range, from highly reduced graphene oxide

to the highly defected graphene oxide bonded with different functional groups.



2- What is the underlying exfoliation mechanism that occurred (anodic vs. cathodic) during
the bipolar electrochemical process?

Research interest in the electrochemical exfoliation of graphene from graphite has
significantly increased in the last decade. The exfoliation mechanism mainly depends on
the graphite's polarity (positive or negative) and the present ions in the electrolyte. Both
anodic and cathodic exfoliation of graphite has been reported in the literature. It has been
reported that the properties of exfoliated graphene are highly dependent on these two
factors. In the exfoliation of graphene by BPE, the graphite acts as the BE, which
experiences both anodic and cathodic polarization at the same time. Therefore, in a
conventional bipolar cell, it is not possible to find out the dominant exfoliation mechanism.
To address this problem, a set of experiments should be designed in a way that can stop
one of the exfoliation processes and keep the other one active and compare the results with
the reverse condition.

3- How to integrate the exfoliated graphene on the microfabricated structures?

Recent developments in the fabrication of microelectronic devices rapidly increased the
demand for micro energy storage systems that can be integrated with other microelectronic
compounds. Micro supercapacitors (MSCs) are attractive candidates to be an alternate for
bulky electrolytic capacitors or batteries in small device applications [9-15]. Recently,
using nanostructured 2D materials such as carbon nanotube, graphene, Mxene, and
phosphorene for the fabrication of MSCs resulted in significant improvements in their
energy and power density [16, 17]. However, achieving a cost-efficient, reliable,
environmentally friendly, and simple method to fabricate high-performance MSCs is still

challenging [17-19].



To study the compatibility of the BPE process in the fabrication of MSCs, a gold-based
MEMS with an in-plane interdigitated design can be used as the feeding electrode in the
BPE process. Since the deposition is an electrophoretic phenomenon, the deposition should
take place uniformly on the surface of the gold microelectrodes. However, some
modifications should be done to compensate the decrease in the surface area of feeding

electrodes.

1.3 Hypotheses

Bipolar electrochemistry is a promising method for fabricating high-quality graphene
materials in a simple, cost-efficient, environmentally friendly, and controllable process. A
deep understanding of the process and properties of fabricated graphene can leads to
improve the applications of the BPE process for the fabrication of graphene-based devices.
The particular hypothesis encountered in this thesis are as follows:

1- Single-step BPE technique could create enough potential on the graphite bipolar
electrode to activate the exfoliation process and break the VVan der Waals bonds of carbon
layers in graphite. The exfoliated graphene nanosheets may have either a positive or
negative charge, depends on the functional groups and ions bonded to the nanosheets.
Therefore nanosheets with different functionality and properties could be deposited
on different sides of feeding electrodes.

2- The positive polarization promotes the oxidation reactions, where reduction is the
dominant electrochemical reaction on the electrode with negative polarization. Therefore,

the graphene deposited on the positive feeding electrode is expected to be at a higher



level of oxidation compared to the one deposited on the negative feeding electrode.
Reducing effect at negative feeding electrode could produce rGO.

3- Both anodic and cathodic electrochemical exfoliation of graphene is probable due to the
applied potential to the graphite source and present ions in the electrolyte. In the fabrication
of graphene through BPE, the BE (graphite rod) polarizes to both positive and negative
potentials simultaneously; however, either anodic or cathodic exfoliation could be the
dominant exfoliation mechanism that controls the properties of fabricated graphene.
4- Either the anodic or the cathodic exfoliation mechanism could be regulated by placing
a platinum wire on the anodic or cathodic side of the bipolar electrode, respectively.

5- The unique porous and vertically aligned structure of the deposited graphene on
microelectrodes can minimize the electric and ionic resistance of the supercapacitors and
increase their response rate

6- Integration of vertically aligned graphene nanosheets into microsupercapacitors could
significantly improve the performance of supercapacitors, which is favorable for high-

frequency applications such as AC line filter circuits.

1.4 Research Plan

The research plan adopted for this dissertation is presented in Figure 1-1; the specific
goals that were worked toward are as follow:

1- Bipolar Exfoliation and in Situ Deposition of High-Quality Graphene.

In an attempt to fabricate and deposit high-quality graphene on a conductive substrate, a

graphite rod will be placed between two stainless steel feeding electrodes in deionized



water, which are connected to a DC voltage power supply. The next step is evaluation the
formed material on both anode and cathode stainless feeding electrodes.

2- Defining the dominant exfoliation mechanism

A modified bipolar cell was developed to define the source of graphene, which was
deposited on each of the electrodes. In this new configuration, a graphite rod that was
electrically connected to a platinum wire will act as the bipolar electrode. Thus, either
anodic or cathodic exfoliation of graphite was retarded in each experiment. Then, material
properties of deposited graphene on the feeding electrodes when the graphite was polarized
negatively or positively were investigated.

3- Conducting BPE to deposit vertically aligned graphene to enable high performance
micro-supercapacitor for AC-DC filtering applications

In an attempt to develop a fast response and high capacity micro-supercapacitor (MSCs),
a modified photolithography process was employed to fabricate in-plane interdigitated
MEMS current collector. Then the fabricated MEMS was used as the feeding electrode of
the bipolar process. The electrochemical performances of produced micro-supercapacitors
were evaluated. The performance of MSCs for being used in AC line filtering circuits was

also studied.
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Figure 1-1. Flow chart of the research plan.
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1.5 Scope of the Dissertation

This dissertation consists of eight chapters. The first chapter highlights the research
problems, hypothesis and research plan. Chapter 2 provides the literature review and the
dissertation's background about supercapacitors, graphene fabrication as an exclusive
electrode material and bipolar electrochemistry (BPE) as a new approach for the fabrication
of graphene. Chapter 3 provides a detailed methodology for the adopted experimental
techniques, including bipolar electrochemical exfoliation, microdevice fabrication,

materials and electrochemical characterizations. Chapter 4 discusses the developed BPE



approach for the fabrication of graphene-based electrodes in addition to its electrochemical
performance as a double-layer supercapacitor. Chapter 5 provides an in-depth study of the
mechanistic pathways of exfoliation and deposition of graphene by bipolar. A modified
BPE system has been developed to retard either anodic or cathodic exfoliation of graphene,
and the differences between the materials deposited in either of these setups have been
studied. In chapter 6, the BPE method has been used to integrate vertically aligned rGO
into an interdigitated micro-current collector. The final product was a high-performance
micro supercapacitor that could provide high specific capacitance and very high-frequency
response. The fabrication process, both for micro current collectors and BPE process in
addition to materials and electrochemical characterizations, have been discussed in detail.
Chapter 7 provides a summary and possible future work direction of this dissertation. All

of the refrences are listed in chapter 8.



2. Background and Literature Review

2.1 Historical Overview

The concept of double-layer capacitance was described by Hermann von Helmholtz in
1853 [20]. In 1957, General Electric company patented the first electrochemical double
layer charge storage device developed based on porous carbon electrodes [21]. However,
at that time, they did not clearly know that their device works based on double-layer charge
storage mechanism. In 1978, Nippon Electric Company (NEC) marketed and
commercialized the first electrochemical capacitor and named it "supercapacitors” [1]. In
the late 1970s, B. Conway developed an electrochemical capacitor based on ruthenium
oxide electrodes. This concept was the first reported supercapacitor that used
"pseudocapacitive™ mechanism to store charge. After that, the field of electrochemical
supercapacitors showed great potential to reach much higher performances than traditional
electrolytic capacitors. Therefore, in the 1990s, the electrochemical supercapacitor field is
flourished and received growing attention from researchers since then.

The discovery of graphene in 2004 by Andre Geim and Konstantin Novoselov made a
revolution in the field of Electrochemical Double Layer Capacitors (EDLCs). The high
specific surface area, in addition to the excellent electrical conductivity and charge
mobility, made graphene the most popular electrode material for the fabrication of high-
performance EDLCs [22, 23]. Although from the performance point of view, many

promising results have been reported by researchers worldwide, a study by A. Kauling and



C. Neto in 2018 revealed that the production of high-quality graphene is still challenging
and a matter of debate[24].

Bipolar electrochemistry (BPE) is a novel approach for the fabrication and deposition of
high-quality graphene. BPE was around for many years, and in the 1960s, it has been
extensively used to apply a wireless potential to discrete conductive particles [25, 26].
Fabrication of 2D materials by BPE method was done for the first time in 2016 by A.
Allagui. Since then, this method has been employed in the fabrication and deposition of

different 2D materials such as graphene and phosphorene [6, 27-30].

2.2 Electrochemical Supercapacitors

Electrochemical capacitors (ECs), also known as supercapacitors, have received increasing
attention from the scientific and engineering community according to their unique
properties such as exceptional power performance (~10 kW kg™), moderate specific energy
(~5 Wh kg™), excellent cycle life, and durability in harsh situations. These properties can
bridge the gap between batteries and conventional electrolytic capacitors. Figure 2-1 shows
the specific energy versus specific power (so-called Ragon plot) of ECs compared to other
energy storage devices [31-34].

Based on the mechanism by which ECs store energy, they can be classified into three
categories. (1) Electrochemical double-layer capacitors (EDLCs) which physically store
charge in the double-layer formed at electrolyte/electrode interface. (2) Pseudocapacitive

devices that store charge based on highly reversible and fast faradaic reactions. (3) Hybrid
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capacitors, which comprised combined mechanisms from both EDLCs and

pseudocapacitors [23, 31, 34].
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Figure 2-1. The plot of specific energy versus specific power density for different energy storage
devices [1].

2.2.1 Electrochemical Double-layer Capacitors

In this group of supercapacitors, the charges accumulate on the surface of conductive
electrodes where ions with the opposite charge are arranged close to the electrode surface
in the electrolyte. The formed double layer by these two opposite charged species at
electrolyte — electrode interface is called Helmholtz layer. Figure 2-2 schematically shows
the formation of Helmholtz layer on the electrode-electrolyte interface [31, 34]. The
thickness of Helmholtz layer and the electrode's surface area are the primary factors that
control the performance of EDLCs. Typically the capacitance of EDLCs is about two
orders of magnitude higher than electrolytic capacitors. Porous materials (including

activated carbon, carbon nanotubes (CNTSs), carbon nanofibers, graphene, MXene, etc. )
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with very large specific surface areas have been extensively used as EDLCs' electrode

material to achieve such a high performance [35-37].
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Figure 2-2 A schematic that shows the formation of Helmholtz double layer at the electrode-

electrolyte interface [31].

2.2.2 Pseudocapacitors

Fundamental of this group of supercapacitors are similar to both batteries and EDLCs since
a fast and highly reversible faradaic reaction is responsible for storing the charge. In other
words, the electrons are transferring between the electrode and electrolyte and react with
adsorbed ions in the solution. Although similar to batteries, the redox reactions occur
during charge/discharge; the device behaves like capacitors since the reactions are very fast
and reversible. However, due to the multi-step process of storing the charge, the
capacitance of pseudocapacitors is usually significantly higher than EDLCs [1, 37]. The
most widely used materials for fabrication of pseudocapacitors include conducting

polymers (such as polypyrrole (PPY), polyaniline (PANI), polythiophene (PTH) and their
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derivatives) and metal oxides (such as manganese oxide, ruthenium oxide, and nickel

hydroxide) [1, 20, 37].

2.2.3 Hybrid Supercapacitors

As it can be understood from their name, both double layer and pseudocapacitive
mechanisms are incorporating in the hybrid supercapacitors. This incorporation can be
done based on either device configuration or material design. In the former type, one of the
electrodes of the hybrid supercapacitor works based on double-layer capacitors, where the
other one relies on the pseudocapacitive mechanism. On the other hand, the later type
comprises composite electrodes, which means each electrode by itself containing a
harmonious amalgamation of double layer and pseudocapacitive charge storage

mechanisms.

2.3 Miniaturization of Supercapacitors

With the recent developments in the fabrication of microelectronic devices, miniaturized
and portable electronics, microelectromechanical systems and their integrated
microsystems, it is imperative to fabricate embedded micro-sized energy storage systems
that can be directly integrated with other microelectronic compounds [16, 23, 38, 39]. Kim
et al., for the first time, introduced the concept of microsupercapacitors (MSCs) in 2002
[40]. MSCs can be used as micro-energy storage devices to fill the gap between electrolytic
capacitors and micro-batteries. Moreover, they can also be used for filtering applications,

making them a promising alternative to the bulky electrolytic capacitors for on-chip
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applications [9-15]. In addition, quite akin to the macro supercapacitors, MSCs can also be
connected in parallel and/or in series to meet the required capacity, voltage, and current
depending on the defined application [41].

From the fabrication and configuration point of view, MSCs can be classified into three
sub-categories: (i) Fiber shaped structure, (ii) thin-film electrodes, (iii) planar interdigitated
structure. Among these three, the last one is the most popular one due to the following
advantages. First, this design does not need a separator, and the distances between the two
electrode sides are very small; therefore, the ion transport resistance decreases, which
increases the response frequency and power density of supercapacitors. Second, the
interdigitated electrodes provide vast open edges and increase the contact area of the
electrode materials and electrolyte, which leads to the improvement of the device's
electrochemical performance. Third, the fabrication of in-plane MSCs is compatible with
the on-chip micromanufacturing process, and the MSCs fabrication could directly be
integrated with the fabrication of other components of Micro-Electro-Mechanical Systems

(MEMS) [12, 23, 35, 42].

2.4 Frequency Response of Supercapacitors

In modern electronics, elimination of voltage fluctuations is necessary, specifically in AC
(alternating current) to DC (direct current) converter devices. Since now, many different
circuits have been designed and manufactured for these purposes. A brief look at this

subject will show that high-frequency capacitors play an important role in any type of these
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converters. Aluminum electrolytic capacitors (AECs) are the only commercialized group
of capacitors that can provide high capacities and also can work at high frequencies.
However, the replacement of these traditional capacitors that have bulky sizes and large
equivalent series resistance is strongly demanded. Recently, some promising studies have
been done to produce fast EDLCs that improved the probability of replacing AECs with
EDLCs in the future. Among all types of supercapacitors, the graphene-based EDLCs
showed the most promising behavior for being used at high frequencies [43, 44].

In [33], Miller demonstrated how using vertically aligned active electrode materials can
minimize the electric and ionic resistance of the supercapacitors and increase their response
rate. Up to now, a variety of methods have been employed to fabricate vertically aligned
graphene for energy storage applications. Different types of plasma-enhanced chemical
vapor deposition (CVD) (i.e., radiofrequency plasma-enhanced CVD, electron cyclotron
resonance-plasma enhanced CVD, and microwave plasma-enhanced CVD) are the most
successful techniques that have been employed for this purpose. However, the CVD
technique is quite challenging for the fabrication of miniaturized MSCs, and all of these
studies were focused on centimeter-sized devices. Moreover, the complexity and
associated costs of the CVD method do not justify their scaling-up for commercial
manufacturing [34, 43-50]. Thermal decomposition of SiC is another approach that has
been used to fabricate vertically aligned graphene. However, the temperature needed for
this process is 1600°C which makes serious challenges for scale-up fabrication through

this method [47].
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2.5 Fabrication of Graphene

Since its discovery by the scotch tape method [22, 51], graphene, which is comprised of a
single, two-dimensional layer of sp2-bonded carbon atoms arranged in a hexagonal lattice,
has attracted growing interest due to its unique properties such as high surface area, high
thermal conductivity, high charge carrier mobility, high optical transparency, broad
electrochemical window and unconventional superconductivity [52, 53]. Many approaches
have been demonstrated to produce graphene-based materials. The most popular ones are
shown in Figure 2-3 and will be discussed briefly in the following. It should be noted that
bipolar electrochemistry (BPE) has been recently introduced as a novel approach for the
fabrication of graphene, which has not been shown in this figure and will be discussed later

in section 2.6.
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Figure 2-3. Different approaches in the production of graphene-based materials due to the
application and required properties [54].
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2.5.1 Mechanical Exfoliation

The first and simplest method for the fabrication of graphene is the direct mechanical
exfoliation of graphite with adhesive tape [22]. The method is categorized as a top-down
method, and the fabrication needs an external force of ~300 nN um™ in order to delaminate
a single layer of graphene from graphite bulk material [55]. Several techniques can be used
for mechanical exfoliation, including scotch tape [22], ultrasonication [56], AFM tip [57],
and electrostatic force [58]. Although the quality of graphene fabricated by this method is
usually very high, the method is not good in terms of repeatability. Also, it is not possible

to scale up this method for industrial use [24, 55].

2.5.2 Chemical Vapor Deposition

In this method, a substrate exposes to a mixture of hydrocarbon gases, and as a result of a
controlled process, the graphene forms and deposits on the substrate's surface. Some
modifications such as using plasma-assisted chemical vapor deposition (CVD) process
have also been successfully utilized to decrease the process temperature and increase the
products' efficiency and quality [55]. Therefore, CVD became the most popular technique
to create a continuous and thin film of high-quality graphene [59-61]. The source of carbon
in CVD is hydrocarbon gases, and the process usually is done at elevated temperatures
under a controlled atmosphere. Therefore, expensive vacuum and heating systems are
usually involved, which decreased their popularity in many scale-up applications [59, 62,
63]. As a benchmark, the prices of the CVD equipment start as low as around $80,000 for
applying graphene on small substrates and hundreds of thousands for large substrates.

Moreover, fabrication of high loading materials is not possible with CVD, and this method
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usually finds its application where a single and thin film of graphene is needed, such as the

production of displays and touch panels [24, 62, 63].

2.5.3 Chemical Exfoliation and Reduction

Chemical exfoliation is another approach for the large-scale production of graphene-based
materials. In this method, graphene-based materials fabricate through the breakdown of a
bulk graphite source. In this technique, small ions such as alkali metals intercalate between
the graphite sheets. Moreover, oxidation and functionalization of graphite also take place.
These phenomena lead to increasing the interlayer spacing of graphite and breaking the
van der Waals forces between the graphite layers. Therefore, the material fabricated by this
method is highly oxidized (so-called graphene oxide (GO)) and contains various functional
groups. One major challenge in this approach is the fabrication of graphene-based devices
out of the fabricated GO. For this purpose, two separate steps should be employed. (i)
Deposition of GO and assembling the device, (ii) Reducing GO to make the conductive
form of graphene (reduced graphene oxide (rGO)) [55, 64].

Hummers method and modified Hummers method are the most well-known examples of chemical
exfoliation process which extensively used for the production of GO. In these techniques, strong
oxidizing agents like KMnO4, NaNOs;, and KCIOs in a strong acidic medium are typically used for
the production of GO [65, 66]. In order to reduce the produced GO and fabrication of rGO, strong
reducing agents such as hydrazine [67], hydrohalic acid [68], and L-ascorbic acid [69] are

usually being used. These sets of reactions could introduce relatively high amounts of defects into

the rGO sheets and produce toxic chemicals like ClO, and NO..
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2.5.4 Electrochemical Exfoliation

The electrochemical techniques have been growingly employed in the mass production of graphene
with the advantages of high production yield of relatively high purity products in simple and cost-
effective ways [70]. As explained in section 2.5.3, the intercalant compounds can intercalate into
the space between graphite layers and break their bonds, which results in the fabrication of graphene
sheets. The electrochemical process is one of the methods which can force the ions to be adsorbed
and intercalated to the graphite electrode. Based on this concept, some researchers used different
electrochemical parameters and environments (different ions in the electrolyte) and reported
successful exfoliation of graphite and fabrication of graphene nanosheets dispersed in the

electrolyte [62, 71]. Figure 2-4 illustrates the electrochemical exfoliation process.
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Figure 2-4. Schematic diagram of electrochemical exfoliation of graphite[63].

In most studies on electrochemical exfoliation, the graphite was used as the anode; however,
successful exfoliation when graphite was used as the cathode is also reported [72]. Generally, in an
electrochemical cell, oxidation and reduction reactions occur at the cathode and anode,
respectively. Therefore, the nature of exfoliation is different where the polarity of the graphite is

different. Based on the polarity of the graphite during the process, electrochemical exfoliation
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method could be divided into two categories: (i) Anodic exfoliation (ii) cathodic exfoliation. Figure
2-5 schematically illustrates how these two mechanisms works and the role of cations and anions
in these processes.

In brief, the potential of the graphite working electrode (either positive or negative) attracts
oppositely charged intercalating ions and promotes the intercalation. If co-intercalating
molecules are also present, their intercalation may also help the exfoliation of graphite. On
the one hand, it has been reported that the anodic approach results in higher intercalation efficiency
and, consequently, higher yield. On the other hand, the cathodic exfoliation results in the fabrication

of higher quality products [53, 72, 73]. In this technique, it is possible to functionalize the
fabricated graphene by adding functionalizing agents either during or after the exfoliation

process.
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Figure 2-5. Schematic overview of cathodic and anodic exfoliation mechanisms [72].

2.5.5 Challenges in the Scale-up Application of Graphene

In 2018, Kauling et al. analyzed graphene samples from 60 different suppliers worldwide
and reported that the quality of the commercially available graphene products is not optimal
for applications [74]. It has been found that the majority of commercially available

materials are actually graphite microplates with less than 10% graphene content, and none

of the products had more than 50% graphene content.

It is worth noting that most of the commercially available graphene products are fabricated
through liquid exfoliation approaches (either chemical exfoliation or electrochemical

exfoliation). Besides the low quality of these products, further steps are needed to deposit
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and reduce GO and fabricating rGO based devices, making the process more complicated
and leading to even lower quality of final products [6, 75, 76]. None of the aforementioned
methods in sections 2.5.1 to 2.5.4 can spontaneously combine exfoliation, reduction and

deposition steps into an straightforward single-step device fabrication process.

2.6 Bipolar Electrochemistry

Bipolar electrochemistry (BPE) is a type of electrochemical cell dealing with wirelessly
placed conductive objects (so-called bipolar electrode (BE)), which act as mixed electrodes
in the presence of an applied electric field. Although the phenomenon of BPE is a well-
known and well-established method that has been around for a long time, it attracted
growing attention at the beginning of the 1960s when Fleischmann and his co-workers
described fluidized bed electrodes. In this concept, a voltage is applied to the feeding
electrodes of an electrochemical cell. The electric field in the electrolyte enables
electrochemical reactions occurring at the edges of discrete conductive particles that were
dispersed in the electrolyte [25, 77]. Since then, BPE found its application in different fields
of science, including materials and chemical engineering, dispersing microelectrodes, as
well as electrodeposition, electrosynthesis, water splitting, manipulation of dissymmetrical
nanostructures, electroanalysis, chemical sensing, microelectronics, micro-objects
propulsion, electrodeposition, generation of motion, improving the efficiency of
electrosyntheses and photoelectrochemical cells, and fabrication of batteries, polymeric
electrolyte membrane, fuel cells, confined nanoparticles, welded micro particles etc. [25,

26, 77-82].
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Figure 2-6 shows a typical configuration of bipolar electrochemistry cell. A key point to
understand the fundamental of BPE is that the poles of a BE are oriented in the opposite
polarity of the feeding electrodes (Figure 2-6 (b)). As the schematic shows, driving
(feeding) electrodes apply an electric field across the electrolyte solution. In the case of
using a conductive BE, it remains almost isopotential where there is a potential gradient in
the background electrolyte. Therefore, the BE experiences a potential difference (5%, &)
which is maximum at the farthest edges of BE. This voltage gradient in the BE results in
the occurrence of faradaic anodic (blue arrow) and cathodic (red arrow) reactions at the
two poles of BE. Specifically, the anodic process takes place at one extremity of the BE
close to the negative feeding electrode. In contrast, the cathodic reduction takes place at
the other extremity, i.e., close to the positive feeding electrode [6, 25, 26]. Therefore, both
anodic and cathodic reactions can simultaneously happen on one conductive object. This
is the most distinct difference between the BPE method and other standard two- or three-
electrode electrochemical cells, where the cathode and the anode are physically separated

[25, 26, 81].
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Figure 2-6. (a) A schematic of a bipolar cell and its components. (b) A schematic of the potential
gradient in a bipolar cell [82].

2.6.1 Bipolar Electrochemistry for Graphene Fabrication

In 2016, for the first time, fabrication and deposition of reduced graphene oxide on a
conductive substrate by bipolar electrochemistry had been reported by Allagui et al. [6, 7].
Their bipolar setup consisted of a graphite rod that was placed equidistantly between the
electrodes of a regular electrochemical cell. Figure 2-7 shows the schematic of their setup
for the fabrication and deposition of graphene. As illustrated in this schematic, due to the
nature of bipolar electrochemistry, oxidation happens on one side of the graphite rod while
at the same time on the other side, the reduction happens. This faradaic charge transfer
mostly happens by water decomposition reactions. However, intercalation, exfoliation, and
oxidation of graphite and graphene oxide formation are other possible reactions. It is worth
noting, as explained in section 2.5.4, the exfoliation and production of graphene/graphene
oxide nanosheets have been reported by both anodic and cathodic exfoliation process, and
in these two studies ([6, 7]), the authors only assumed the anodic exfoliation was

contributing in the exfoliation process.
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In these studies, the deposited material on the positive driving electrode had been studied
by Raman spectroscopy and X-Ray diffraction analysis (XRD) and the formation of
partially reduced graphene oxide is confirmed. It has been claimed that the fabricated GO
were charged particles, which could electrophoretically move and deposit on the surface
of the feeding electrode with opposite polarity [6, 7].

Moreover, the fabricated GO was subjected to a further reduction process (one hour at
900°C under vacuum). The electrochemical performances of fabricated electrodes before
and after this reduction step have been reported. The results proved that the reduction could
significantly improve the performance of the fabricated GO, which shows as-deposited

graphene was highly oxidized.
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Figure 2-7. Illustration of the bipolar electrochemical cell used for fabrication and deposition of
graphene on stainless steel [6].

2.6.2 Bipolar Electrochemistry for the Fabrication of Other 2D Materials

Exfoliation of other 2D materials through the BPE method has also been reported. Pumero

and his co-workers reported the exfoliation of hexagonal boron nitride (hnBN) [30], tungsten
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disulfide (WS) [83], and molybdenum diselenide (MoSe2) [84] by BPE. In their method,
the BE materials were in the form of dispersed powder in the electrolyte, and a DC voltage
was applied to the cell for less than one hour. After the BPE process, they evaluated the
collected material from the electrolyte and compared the size of particles in the solution
before and after the BPE process and proved that the BPE led to the breaking and
exfoliation of particles. However, it is worth noting that because of the following reasons,
it seems other factors were caused the exfoliation in their studies rather than bipolar
electrochemistry: (i) conductivity of these particles are not high therefore they can not be
concidered as bipolar electrodes. (ii) even if the particles were conductive, concidering the
small size of particles and reletively low electrical field, the induced interfacial potential
was not high enough to activate redox reactions which they proposed as the mechanism of
bipolar exfoliation.

In another study by the same group [29], mechanical sonication followed by BPE has been
reported to exfoliate black phosphorous into phosphorene nanosheets. TEM and XPS
analysis confirmed the successful exfoliation of black phosphorous. A novel single-step
BPE approach has been recently used to exfoliate and deposit phosphorene nanosheets on
conductive feeding electrodes in DI water [28, 85]. In this study, a 1 cm length black
phosphorous was placed between two SS feeding electrodes (the two were 2 cm apart) and
a 30 VDC was applied to the system for 24 hours. The water electrolysis and intercalation
of H" and OH" ions led to the breaking of weak Van der Walls bonds of black phosphorous
layers and the formation of exfoliated phosphorene nanosheets. At the same time, the
electrophoresis phenomenon was taking place and resulted in the migration and deposition

to the exfoliated nanosheets on the feeding electrodes.
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Fabrication of high-quality graphene for different applications is still a matter of debate
and has attracted growing interest in recent years. EDLCs are one of the energy storage
devices that experienced a revolution when graphene was used as their electrode materials.
The unique chemical, physical and electrochemical properties of graphene could improve
the capacitance of EDLCs, and it could significantly increase their response frequency
when specific microstructures of graphene were used. In this chapter, first we described
the concept and clasification of supercapacitors. After that, the specifications and
applications of high frequency supercapacitors and microsupercapacitors have been
introduced. Then different fabrication methods of graphene as the most popular electrode
material for EDLCs has been discussed. At the end, since the focous of this study, was on
the fabrication of graphene by BPE, its concept and application for fabrication of 2D

materials are presented.
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3. Methodology

3.1 Introduction

In this chapter, the methodology adopted in this dissertation for materials synthesis,
supercapacitors assembly, microdevice fabrication, as well as materials and
electrochemical characterization is provided. The graphene synthesis was conducted
through a modified bipolar electrochemistry technique. Swagelok cell was employed to
assemble the macro supercapacitors. A modified photolithography method was developed
to fabricate microdevices, and all the developed materials were evaluated by different

electrochemical and materials characterization techniques.

3.2 Bipolar Electrochemical Exfoliation

In this study, materials synthesis was conducted by the bipolar electrochemistry (BPE)
technique. Figure 3-1 (a) shows the schematic of the bipolar cell that was designed for the
three-in-one exfoliation, deposition and reduction of graphene on conductive substrates.
Unlike the conventional bipolar setup [6, 25, 26], in this study, two pieces of bipolar
electrodes were electrically connected by an external wire. This modification enabled the
author to monitor the amount of current that passes through the bipolar electrodes. Two
316 stainless steel electrodes with an active area of 2x1 cm?, placed 9 cm apart in DI water
as the feeding electrodes. The distance between the farthest edges of bipolar electrodes was
7 cm. The electrolyte of the cell was deionized (DI) water (Resistivity of 18 MQ.cm and

pH of 6.3). A N6705A DC Power Analyzer device was used to provide and record both
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voltage and total current of the bipolar cell. Another channel of the device is also used to
record the current passing through the bipolar electrodes.
The electric field in the cell depends on the applied potential (V) and the distance between

the feeding electrodes (L). The value for the experiments in this dissertation is 5 V cm™
(45V/9cm). Due to the basics of bipolar electrochemistry, in the case of using BE with

much higher conductivity compared to that of the electrolyte, BE remains almost
isopotential, and the electric field produces interfacial potential differences (8%, &) between
the BE and the electrolyte leading to the polarization of the BE edges. The interfacial
potential difference depends on the length of BE and the electric field in the electrolyte.
The calculated value for the experiments in this dissertation is 35 V ( 5V.cm™1 x 7cm).
The actual voltage measurement between the Pt and the graphite was around of 33 to 34
V. It should be noted that this apparent voltage is high enough to enable the electrochemical
exfoliation of graphite and water electrolysis, resulting in the reduction of ions and

oxidation of ions at the cathodic and anodic poles of the BE, respectively [5, 6, 53].

@}
45V

Figure 3-1: Schematic illustration of bipolar electrochemistry cell.
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Microfabrication

The fabrication of gold interdigitated micro current collector was conducted by a modified

photolithography process. Figure 3-2 schematically depicting the current collector

fabrication process, which consists of the following steps:

1-

N
1

A 4" Si/SiN (100) wafer was first spun coated by HMDS and then by AZ 1518 at a
speed of 2900 rpm for 35 s.

Soft baking of the wafer was conducted for 60 s at a temperature of 100°C on a hot
plate.

The wafer was then patterned by an OAI 800 mask aligner with a UV dose of 60
mJ cm™2,

After the exposure step, the development of the photoresist was carried out using
diluted AZ 400 MIF (4:1 volume ratio of DI water to the developer) for ~60 s.
The wafer was baked for 20 s at 65°C and 70 s at 115°C.

After hard bake, O2 plasma cleaning was done by reactive ion etching (RIE) at 100-
watt power for 60 s.

Then, e-beam evaporation was used for metallization of the wafer with Cr/Au
(20/100 nm) using a CHA evaporator.

Lift-off in bath sonication was carried out using AZ EBR for 2 hours, followed by
acetone and isopropyl alcohol rinsing and N2 drying.

To avoid the lateral growth and deposition of graphene on the space between the

microelectrodes, a sacrificial photoresist layer was deposited between the metallic
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fingers. This process was carried out by repeating steps 1 to 5 on the wafer with
fabricated gold microelectrodes.
Accordingly, the final product consisted of an interdigitated gold current collector (with
a thickness of ~120 nm), with ~2 um of AZ1518 photoresist patterned between the
gold fingers. There are 32 interdigital fingers on each MEMS (16 for each electrode

side) with length and width of 6040 pum and 100 um, respectively.
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Figure 3-2: lllustration of the fabrication process of the interdigitated MEMS substrate.

3.4 Materials Characterization

The techniques employed in this dissertation for characterization of the materials are

described in this section:

3.4.1 Scanning Electron Microscopy

Field-emission scanning electron microscopy (SEM) (JEOL 6330FE-SEM and JEOL

FESEM 7000) has been used for evaluating the microstructure and morphology of
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synthesized materials. The acceleration voltage was set from 5 to 15 kV with a working

distance of 3 to 40 mm.

3.4.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM) has been used to study the crystal structure and
interlayer distance of graphene layers. High-resolution electron micrographs and selected-
area electron diffraction (SAED) patterns of the deposited materials were obtained using a
Philips CM-200 FEG TEM at an accelerating voltage of 200 kV using a field emission gun
with a resolution of 2 °A. For sample preparation, a copper mesh was attached to the

negative feeding electrode of the bipolar cell for 12 hours.

3.4.3 X-Ray Diffraction

In this dissertation, the crystallinity and the interlayer distance of graphene-based materials
have been investigated by X-Ray diffraction (XRD) analysis. A Siemens D-5000
diffractometer with copper anode (Cu Ka, A=0.154056 nm) was used for this purpose at

the X-Ray source voltage and current of 40 kV and 40 mA, respectively.

3.44 Raman Spectroscopy

Raman spectroscopy is a versatile method to study the quality and defect proportion in the
structure of graphene-based materials. This characterization method works based on the
change of the vibrational quantum states of illuminated Raman active materials. The
interaction of laser with the vibration of molecules results in a cheng to the energy of the
light. Therefore a shift will be detected from the backscattered light, which gives

information about the chemical bonds and vibrational mode of the chemical species. In this
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dissertation, Raman scattering measurements were performed in the backscattering
configuration using an argon-ion laser source (Spectra Physics Model 177, 514 nm,

400mW) and HoloSpec f/1.8i, Kaiser optical spectrograph.

3.4.5 Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy is an accurate and quick method to obtain
the infrared spectrum of the materials in a wide range of wavelengths. In this method, the
sample is subjected to infrared light, and the absorbance or emission of the light will be
evaluated. Each type of chemical bond absorbs a specific frequency of infrared light
(depends on the chemical bond's energy) which will be reflected as a peak in the final
spectra. Therefore, the method can be used to study the materials' molecular composition.
In this dissertation, a JASCO FTIR-4100 equipped with an attenuated total reflectance
(ATR) accessory between 500-4000 cm™ was used to analyze the synthesized graphene-

based materials.

3.4.6 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique that can
analyze the surface elemental composition of materials. The method can be used for depth
profiling or in-line profiling of the samples' chemical composition.

In this method, the sample is irradiated to the X-Ray beam, and the number of excreted
electrons in addition to their energies are counted and recorded. The energy of the electrons
is the fingerprint of chemical bonds, and the number of detected electrons can reveals the
concentration of the chemical bonds. In this dissertation, a Physical Electronics 5400

ESCA instrument with Al Ka radiation (1486.6 eV) was employed for the XPS analyses.
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3.5 Electrochemical Characterization

3.5.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is a potentiodynamic electrochemical method that can be used
in the study of the thermodynamics and reversibility of electrochemical reactions in
addition to the calculation of the diffusion coefficient of ions and calculation of
electrochemical capacitance of energy storage devices. In the first stage of CV test, the
potential is swept to one direction (either anodic or cathodic) at a predefined constant scan
rate (\V//s) up to a predefined voltage; then, it is swept to the reversed direction at the same
scan rate up to another predefined voltage. After that, the process is repeated for certain
cycles. In this technique, the current is recorded as the response, and the results are plotted
in a voltammogram graph which is the plot of current versus potential. Equation 3-1 can
be used to calculate the capacitance of the EDLCs from the CV curves. In this equation, C,
v, AV, i, and V are the device capacity, voltage scan rate, voltage window, measured
current, and applied voltage, respectively. In this dissertation, CV tests were performed at
room temperature using a VMP3 multichannel potentiostat (VMP3, Bio Logic, Knoxville,

TN, USA) System.

C i(V)dV Equation 3-1

NG

3.5.2 Galvanostatic Charge-discharge

Galvanostatic charge-discharge (GCD) is an electrochemical analysis to study the capacity

and cyclability of the energy storage devices at different currents. A predefined constant

34



positive current is applied to the electrochemical cell in the charging step until reaching a
predefined voltage. In the discharge step, the current is reversed (negative current) until the
potential drop to another predefined voltage. Thus, the device's performance can be defined
in a plot of the cell's potential (v) vs. time (s). The cyclability test can be conducted by
repeating the charge-discharge cycles and comparing the device's performance at different
cycle numbers. Equation 3-2 has been used to calculate the average discharge capacity of
the capacitors at different current densities. In this equation, AV is the voltage window,
which was 0.8 V for the experiments in this dissertation, and iqc is the discharge current
density. In this dissertation, GCD tests were performed at room temperature using a VMP3

multichannel potentiostat (VMP3, Bio Logic, Knoxville, TN, USA) System.

1 . .
C = ﬁf igodt Equation 3-2

3.5.3 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) has been used to study the frequency
response of the supercapacitors. In this method, a sinusoidal potential (with small
amplitudes in the order of some millivolts) is applied to the electrochemical system, and
the current is measured as the response. The real and imaginary parts of the impedance can
be calculated based on the current amplitude and the phase difference between the applied
voltage and measured current. EIS is known as the most common method to study and
evaluate the performance of capacitors at higher frequencies. A short description of the
terms and parameters that have been used to assess the supercapacitors' performance is

given in the following [86].
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Phase angle at desire frequency: A device will behave like a pure capacitor as long as its
phase angle is equal to -90°. All the commercial capacitors have some deviations from an
ideal capacitor, and their phase angle is a function of their working frequency. So, the phase
angle of the cell at any frequency can show the deviation of the device from ideal
capacitance behavior. Plotting the Bode diagram (phase angle (¢) vs. frequency (f)) can
directly present this characteristic of the supercapacitors.

Cut-off Frequency (f): The frequency at which the impedance phase angle reaches —45°.
This is the frequency defining the boundary between the capacitive and the resistive
behavior of the cell.

Relaxation time constant (t,): The minimum time which the device needs for discharging

half of its maximum energy. This time can be calculated by inversing the cut-off frequency

(to = 1/f0)-

In this dissertation, EIS analysis was performed to study the performance of
supercapacitors using a VMP3 multichannel potentiostat (VMP3, Bio Logic, Knoxville,

TN, USA) System.
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4. Bipolar Exfoliation and In-situ Deposition of High-Quality Graphene for

Supercapacitor Application

4.1 Introduction

Since its discovery by the scotch tape method [51], graphene, which is comprised of a
single, two dimensional layer of sp?-bonded carbon atoms arranged in a hexagonal lattice,
has attracted an growing interest due to its unique properties such as high surface area, high
thermal conductivity, high charge carrier mobility, high optical transparency, broad
electrochemical window and unconventional superconductivity [52, 53]. Many approaches
have been demonstrated to produce graphene-based materials, which can be divided into
top-down and bottom-up approaches [87]. The top-down methods involve breaking the
stacked layers of graphene in graphite into single or multi-layer graphene sheets, whereas
the bottom-up methods consist of arranging carbon atoms on a substrate yielding the
formation of two dimensional carbon structures [88]. The production of high-quality
graphene has been reported by means of bottom-up approaches like chemical vapor
deposition and epitaxial growth of graphene. However, expensive vacuum and heating
systems are usually involved which decreased their popularity in many scale-up
applications [62, 63].

Up to now, the commercially-available graphene/graphene oxide (GO) materials are
mostly produced based on top-down wet chemical and/or electrochemical approaches for
(i) exfoliation of GO from graphite sources and (ii) reduction of exfoliated GO into

graphene or reduced graphene oxide (rGO) [63, 89]. In the wet chemical processes such as
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Hummers method and modified Hummers method strong oxidizing agents like KMnOa,
NaNOz, and KCIOs in a strong acidic medium are typically used for the production of
GO[65, 66]and strong reducing agents such as hydrazine[67], hydrohalic acid[68], and L-
ascorbic acid [69]are typically used for the formation of rGO. These sets of reactions could
introduce relatively high amounts of defects into the rGO sheets and produce toxic
chemicals like ClIO2 and NO». Kauling et al. analyzed graphene samples from 60 different
suppliers worldwide and reported that the quality of the graphene produced today is not
optimal for applications [74]. The majority of commercially-available materials are
actually graphite microplates with less than 10% graphene content, and none of the samples
had more than 50% graphene content. On the other hand, the electrochemical techniques
have been growingly employed in graphene mass production with the advantages of high
production yield of relatively high purity products in simple and cost-effective ways [70].
The electrochemical approaches are typically based on intercalating molecules or charged
ions (i.e., anionic or cationic species) between the graphene layers of a graphite electrode
to facilitate the exfoliation and collection of the graphene nanosheets from the solution
[71]. Although the anodic approach is more common due to the higher efficiency of
intercalation and expansion, the cathodic exfoliation is more desired in order to avoid
unwanted chemical functionalization and damage to the graphite basal plane that occur
during the anodic exfoliation [53, 72, 73]. Nevertheless, while all these top-down
approaches can successfully produce GO from graphite which necessitate then further steps
of reduction or reduction/deposition of GO to form rGO [6, 75, 76], none of them can
spontaneously combine exfoliation, reduction and deposition in a single step and in an

environmental friendly manner to form directly functional graphene-based electrodes.
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Recently, Allagui et al. reported an unconventional deposition approach to exfoliate and
partially reduced graphene oxide using bipolar electrochemistry (BPE) method[6, 7]. The
bipolar electrochemical cell consisted of a graphite rod that was placed equidistantly
between two feeding electrodes in a low conductivity solution. The formation and
deposition of partially reduced graphene oxide on the positive feeding electrode were
achieved with promising areal capacitance of 55 uF cm at a scan rate of 10 mV s [6, 7].
BPE has been around since 1960s and refers to an approach to generate asymmetric
reactions on a conductive object in a wireless fashion. BPE found many applications in
electrosynthesis and microanalysis due to its advantages of low cost, ease of operation and
simple instrumentation [25, 26]. Since in the BPE, oxidation occurs on one side of the
conductive subject, while the reduction occurs simultaneously on the other side [25, 26,
90], it deserves to further examine any possible material formation on the negative feeding
electrode.

In this study, a modified BPE approach was developed to exfoliate a graphite source
electrode and deposit a few-layer graphene materials on conductive substrates. Material
characterization confirmed the successful exfoliation and deposition of GO and rGO on the
positive and negative electrodes, respectively. The electrochemical performance of the
electrodes showed a specific capacitance of 1.932 mF cm™ and a cutoff frequency at -45
deg. impedance angle of 1820 Hz which is adaptable for AC line filters. The results
demonstrate the promising feasibility and scalability of our three-in-one approach for in-
situ exfoliation, reduction and deposition of high surface area rGO with outstanding

electrochemical performance.
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4.2 Materials and Methods

4,2.1 Synthesis Process

Graphite rods (3cm in length and 6.15mm in diameter, Ultra "F" Purity 99.9995%) was
purchased from Alfa Aesar. Two 2x1 cm? 316 stainless steel electrodes, placed 9 cm apart
in deionized water, were used as the feeding electrodes for bipolar electrochemical setup
of this study (see Figure 4-1 (a)). Knowing that the ratio of the bipolar current to the total
current is equal to the ratio of solution resistance by the sum of solution resistance plus
bipolar electrode resistance, a high resistance solution would promote more faradic current
through the floating graphite used in this study, which justifies the use of deionized water.
A multi-channel Agilent Technologies N6705A DC Power Analyzer is used for applying
a DC voltage of 45 V across the stainless steel electrodes for 24 hours, which resulted in
an apparent electric field of 5 V cm™. The applied voltage and current is recorded as a
function of time. In order to record the amount of bipolar current, two pieces of graphite
rod serving as bipolar electrodes were connected to another channel of the power analyzer
at current measuring mode.

To measure the thickness of the deposited rGO film on the negative electrode, a gold-
coated glass was used as the feeding electrode. The processing time was increased to 72
hours to have more reliable measurement. The cross-sectional SEM image of the sample

tilted by 45° is shown inFigure 4-5.
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4.2.2 Material Characterization

Low resolution and high resolution electron micrographs of the deposited materials were
obtained using a JEOL SEM 6330 and a Philips CM-200 FEG TEM, respectively. Cu mesh
was attached to the negative electrode for 12 hours deposition in order to collect the
deposited materials for TEM. The X-ray diffraction patterns were obtained using a Siemens
D-5000 diffractometer (with Cu Ka radiation; A=0.154056 nm). Fourier transform infrared
spectroscopy was carried out on a JASCO FT/IR 4100 in order to study the functional
groups of materials. Raman scattering measurements were performed in the backscattering
configuration using a 514 nm laser source to study the defects and the degree of reduction
of the deposited materials. X-ray photoelectron spectroscopy was performed to study the
chemical composition of deposited material on negative feeding electrode using a Physical

Electronics 5400 ESCA instrument (with Al Ka radiation).

4.2.3 Electrochemical Characterization

The electrochemical characterizations of the materials were carried out in a two-electrode
configuration using a VMP3 Bio-Logic multichannel potentiostat. Two symmetrical
devices based one on the materials formed on positive feeding electrodes and another on
those formed on the negative feeding electrodes were assembled in Swagelok cells. 1 mol
Lt Na;SOs solution was used as the electrolyte and Celgards 2400 microporous
polypropylene was used as a separator. All the electrochemical parameters were
normalized with the geometric footprint area of the electrodes. Time-domain cyclic
voltammetry (CV) and galvanostatic charge/discharge (GCD), and frequency-domain

electrochemical impedance spectroscopy (EIS) were used to study the electrochemical
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properties of the fabricated devices. The spectral impedances of the devices were measured
at 0 V DC with 10 mV-amplitude sinusoidal voltage of frequency varying from 1 MHz
down to 1 mHz. The CV has been conducted at different scan rates from 2 to 10000 mV s
! in the voltage window of 0 to 0.8 V. Different loading currents from 25 to 500 pA cm™

were used in the GCD analysis.

4.3 Results and Discussion

4.3.1 Bipolar Electrochemical Exfoliation

Figure 4-1 (a) shows a schematic of the bipolar electrochemical cell that was designed for
athree-in-one deposition of rGO on a conductive substrate. Unlike the conventional bipolar
setup [6, 25, 26], in this study, two wired pieces of graphite were used in order to monitor
the amount of current that passes through the bipolar electrode. Upon the application of the
dc voltage across the stainless steel feeding electrodes, several electrical processes take
place which can be discussed from the equivalent circuit shown in Figure 4-1 (b). The
resistances between the two feeding electrodes are the resistance of the bipolar path (1),
and the resistance of the solution path (2) (non-bipolar path), which are in parallel. The
resistances of the bipolar path (1) consist of the charge transfer resistance Rcss of the
surface reactions at the cathode feeding electrode, charge transfer resistance Rass between
anode feeding electrode and solution, charge transfer resistances Rg/s and Rs/c which are
related to partially negative side of the bipolar electrode and partially positive side of the
bipolar electrode, respectively, as well as Rs: and Rsz which are the solution resistances

between feeding electrodes and two pieces of graphite. The solution resistance Rss is the
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resistance between the two stainless steel feeding electrodes. All these solution resistances,
Rs1, Rs2, and Rs3, should be proportional to the distance between the electrodes after the
BPE is stabilized. Therefore, Rs1 and Rs2 should be 9 times smaller than Rsz according to
the cell design. Compared to the above resistances, Ra, which is the sum of resistances of
both bipolar electrodes, wirings and the amperemeter, is negligible. The total current
flowing through the cell (Figure 4-1 (c)) is the sum of the currents passing through the
bipolar path (1) and solution path (2). For the first two hours, the increase of currents of
the path (1) and path (2) is most likely due to surface activation and nucleation. The total
and bipolar currents increased with time while the current of the path (2) remained almost
constant after the initial 2 hours. This demonstrates that in the growth stage the increase in
the bipolar current caused the increase in the total current which can be explained as
follows. Since the current of solution path (2) is a function of Rass, Rs3, and Ress and it did
not change with time, these resistances are most likely constant in the growth stage. In
addition, because Rs; and Rs; are proportional to Rs3, we can consider that Rs; and Rs
remain also constant in the growth stage. Thus, the increase of the bipolar current with time
in growth stage indicates that the sum of Rsic+Re/s decreases with time given that Ra is
negligible. These two charge transfer resistances are related to reactions that happen on the
farthest points of the bipolar electrodes which are subjected to 35 V apparent potential
difference (which is proportional to the distance) [6, 26]. These reactions are the oxidation
and reduction of water, and exfoliation of graphite. Assuming the kinetic of water
electrolysis to be stable with time, in growth stage the increase in bipolar current could be

attributed to the acceleration of the exfoliation process. Since the conductivity of the
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solution was not increased with time, corrosion induced ionic dissolution of the stainless

steel feeding electrodes is very negligible.
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Figure 4-1. (a) Schematic of the bipolar electrochemical setup. (b) Equivalent resistance circuit of
the cell. The resistances Rcss, Rass, Rass, and Rg/g represent the charge transfer resistances

of the surface reactions at the cathode feeding electrode, anode feeding electrode, partially negative
side
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of the bipolar electrode, and partially positive side of the bipolar electrode, respectively. R ais the
sum of resistances of both bipolar electrodes, wirings, and the amperemeter, which is negligible.

Rsi, Rs2, and R s3denote the solution resistances between the stainless steel anode and bipolar

graphite, bipolar graphite and stainless steel cathode, and between the two stainless steel
electrodes, respectively. (c) Change of total current, bipolar current (path 1) and solution current
(path 2, calculated by subtracting the bipolar current from the total current) as a function of time
during the bipolar electrochemical process.

After deposition, a thick film on the positive electrode and a thin film on the negative
electrode can be visualized. The deposition of graphene on the positive electrode by means
of bipolar electrochemistry of carbon has been confirmed in previous studies [6, 7].

However, the deposition on the negative electrode has not been reported yet.

4.3.2 Materials Characterization

Fourier transform infrared spectroscopy (FTIR) technique was performed to study the
functional groups of the samples deposited on both positive and negative stainless steel
electrodes. The results are depicted in Figure 4-2 (a). The broad absorption peak around
3340 cm! for the positive SS electrode signals the presence of hydroxyl groups [91, 92].
The other significant peaks for the positive electrode were detected at 1600 cm™ and 1430
cm™ which are attributed to aromatic C=C stretching and C-H bending, respectively[91,
92]. The peaks at around 1330 cm™ and 1040 cm™ are ascribed to C-O stretching bands[93].
The presence of these functional groups shows that the deposited material is mostly GO.
In contrast, there are less functional groups in the FTIR spectrum for the negative electrode
in terms of peak numbers and intensities, indicating the level of oxidation for the material
on the negative electrode is lower compared to the positive one. X-ray photoelectron

spectroscopy (XPS) was also performed in order to study the chemical composition and
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bonding structure of formed materials. The C1s peak can be fitted into three peaks which
are sp2 (284.5 eV) bonded carbon, sp3 (285.4 eV) bonded carbon, carbonyl (C=0)
functional group (287.7 eV) (Figure 4-3). The area of C=0 peak is about 16.5 % out of
the total area of C1s.

Further analysis of the materials was carried out by means of Raman spectroscopy as
shown in Figure 4-2 (b). Prominent Raman peaks, typical for graphene-based materials,
were detected in both samples: i.e. D-band centered at around 1350 cm™, G-band at around
1609 cm™, D+G peak around 2910 cm™, and 2G-band at around 3200 cm™. The spectra
also reveal that the ratio Ip/lc obtained from the positive electrode is almost 60% higher
than the one from the negative electrode, which means that the graphene on the negative
electrode has less structural defects and is in a more reduced state when compared to the

graphene on the positive electrode [63, 94, 95].
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Figure 4-2. (a) FTIR spectra, (b) Raman spectra, and (c) XRD patterns of produced materials
deposited on the positive and negative feeding electrodes.

As shown in the X-ray diffraction (XRD) patterns (Figure 4-2 (c)), broad diffraction bands
centered around 17° for the positive electrode and around 20° for the negative electrode

can be observed. According to Bragg's law of diffraction (nA=2dsin6, n=1, 1=1.54056 A),
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the diffraction angle (20) of the (002) planes in pure graphite is 26.5° with an interlayer
spacing of 3.35 A[96-98]. A diffraction angle of 11.4° was reported for fully oxidized GO
[96]. It indicates the formation of partially reduced GO coating on both negative and
positive electrodes. Furthermore, as the broad peak for the negative electrode shifted to
higher values, which indicates that a higher level of reduction occurred on the negative
electrode. It is worth noting that the reduction process is more favorable on the negative
electrode of the cell, therefore, the production of highly reduced graphene oxide is more
probable on the negative electrode than on the positive electrode. In addition, the
exfoliation of graphene/graphene oxide can happen on both anodic and cathodic sides of
the bipolar electrode. The hydrogen and oxygen production will also happen due to water
electrolysis, however the amount of generated gases which is proportional to the electric
charge should be relatively very small considering the low time-averaged cell current in

Figure 4-1 (c).
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Figure 4-3. XPS (C1s) spectra of deposited material on negative feeding electrode.

Figure 4-4 (a, b, d, and e) shows typical SEM micrographs of the surface of the negative

(aand b) and positive (d and e) electrodes after 24 hours of BPE process. It is clear that the
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material formed on the negative electrode has a porous vertically aligned structure with
pore size of around 100 nm, which could be more favorable for high surface area energy
storage applications. The cross-sectional SEM image (Figure 4-5) reveals that the
deposition rate on the negative feeding electrode is about 10 nm h™. In contrast, the
graphene on the positive side has a bulky flat structure with deep cracks indicating
preferential restacking in the growth stage. The TEM image and SAED patterns of the
graphene on the negative electrode are shown in Figure 4-4 (c and f). It can be clearly seen
that the thin graphene sheets examined (with some folds or overlaps) of about 400 nm size
are formed after 12 hours deposition on the surface of TEM mesh. Single crystalline SAED
patterns confirm the formation of low defected graphene sheets. Due to the absence of
additional diffraction spots except those for corresponding to the graphite structure, no
superlattice-type ordered arrays is observed even with or without any oxygen-containing
functional groups present, which proves that the deposited graphene is highly reduced and
pure [99, 100]. Furthermore, it has been reported that in the graphene-based materials when
the number of stacked layers is more than one layer, the intensity of spots diffracted from
<2110> planes will be higher than the ones from <1100> [99, 101]. In the SAED pattern
of Figure 4-4 (c), the green marked spots (related to <2110> planes) have a lower intensity
than the red marked spots (related to <1100> planes) which indicates that the examined
graphene is most likely a single layer graphene. Interplanar spacing (d-spacing) of 0.205
nm can be extracted from the HRTEM image shown in Figure 4-4 (f), which is smaller

than the typically reported d-spacing of GO [99].
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Figure 4-4. (a)-(b) SEM images, (c) TEM image (SAED patterns in inset, green spots are related
to <2110> planes and red spots are related to <1100> planes) and (f) HRTEM image of deposited
graphene on the negative electrode. (d) and (e) are SEM images of graphene on the positive
electrode.

SEI 10.0kV  X40,000 WD 13.1mm 100n:

Figure 4-5. Cross-sectional SEM image (tilted by 45°) of the negative feeding electrode after 72
hours of BPE deposition. The thickness of resulted coating is about 700 to 800 nm.
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4.3.3 Electrochemical Characterization

Considering the unique surface and structural properties of the binderless graphene-based
materials deposited by BPE, their performance for electrical energy storage in
supercapacitors was investigated. Figure 4-6 (a) and (b) show the results for the negative
and positive electrodes, respectively, wherein the Y-axis the current has been normalized
with respect to the scan rate so that it reads directly the areal device capacitance in mF cm-
2 as a function of voltage. The cyclic voltammetry (CV) curves are almost rectangular in
shape at different scan rates which demonstrates an electric double-layer capacitor (EDLC)
behavior for both devices. The symmetry of the curves with respect to the zero y-axis shows
the excellent reversibility of both devices. The average areal capacitance over the voltage

window computed from the CV measurements using:

- 1
T 20AV

Jiw)av (4-1)
is plotted in Figure 4-6 (c) as a function of the voltage scan rate v. In this equation V, i and
AV are the applied voltage, measured current and voltage window, respectively. Comparing
the values in this figure reveals that capacitances decrease with the increase of scan rate
for both devices, which is a typical behavior for EDLCs. The capacitance of the negative
electrode based device is much higher than the positive electrode based one; at 2 mV s
the areal capacitance of the negative electrode based device is about 4 times that of the
positive electrode based device, and at 10 V st it is about 2 times larger.

The performance of these devices was also studied by galvanostatic charge/discharge

(GCD) test, as shown in Figure 4-6 (d) and (e). The electrical behavior of the device based

on negative electrodes is closer to that of a capacitor since its GCD curves are highly
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symmetric and linear with negligible ohmic losses. While the device based on positive
electrodes showed more deviation from ideal capacitor given the asymmetry and
nonlinearity of the GCD curves and the high ohmic drops. The average areal capacitance

of the devices has been calculated for different currents and reported in Table 4-1 using:
1 ..
C = ﬁf ldcdt (4-2)

In this equation, iqc is the discharge current and AV is the voltage window of 0.8 V. Rate
capability tests were conducted for both devices and the results are presented in Figure 4-6
(F). Both devices show excellent stability up to 30,000 cycles. It can be seen that for the
device based on negative electrodes the discharge capacitances are around 0.6 (10000th
cycle) and 0.3 (30000th cycle) mF cm™ at 25 and 500 pA cm™ respectively, while for the
device based on positive electrodes the discharge capacitances are around 0.1 mF cm
(10000th cycle) and 0.04 mF cm (30000th cycle) at the same rates. The higher capacitance
and good rate capability of the negative electrode based device could be attributed to the
unique porous structure with higher surface area and a higher level of reduction of the rGO

as demonstrated from SEM/TEM, FTIR, Raman, and XRD results above.

Table 4-1. Discharge capacitances of negative and positive electrode based devices at different

current rates.

Discharge Current (uA cm™) 25 50 100 250 500

Negative Electrode Discharge
. 702.8 |599.5 |512.6 |405.8 |323.0
Capacitance (uF cm?)

Positive  Electrode  Discharge
_ 2455 | 1548 |64.9 4.5 4.4
Capacitance (uF cm?)
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Figure 4-6. Cyclic voltammetry results of (a) negative electrode, and (b) positive electrode based
devices at different scan rates. (c) The average areal capacitance of the negative and positive

electrodes calculated from the voltammetry measurements at different scan rates. Constant-
current charging/discharging results of (d) negative electrode, and (e) positive electrode based
devices, (f) capacitances vs. cycle numbers at different charge/discharge currents for both
devices.

Finally, the devices were analyzed using electrochemical impedance spectroscopy, and the
results are presented in Figure 4-7. From the complex-plane representation of real vs.
imaginary of impedance shown in Figure 4-7 (a) and impedance phase angle plot as a
function of frequency shown in Figure 4-7 (b), it is clear that the responses of both devices
deviate from that of ideal capacitors. An ideal capacitor is expected to show a constant -
90° phase angle between the real and imaginary parts of impedance independently of the
frequency and voltage. However, the impedance angles of both devices are relatively stable

from 10 mHz to 100 Hz, i.e. -60.3° (R? = 0.561) and -58.2° (R? = 0.862) for the positive

52



and negative electrode based devices, respectively. Nonetheless, despite the deviation from
ideal capacitor behavior, devices with similar responses were shown to be favorable for
non-dc applications such as AC line filtering [7, 50, 102, 103] and low-frequency
oscillators[104, 105]. Then, as the frequency is increased, the impedance angles tend
quickly towards a resistive behavior as shown in Figure 4-7 (b). An angle of -45° at which
the magnitude of resistance and reactance are equal is found to be at the frequencies of
1820 Hz and 1157 Hz for the positive and negative electrode based devices, respectively.
This extended capacitive behavior can be attributed to the two-dimensional structure of the
active electrode materials which facilitate fast charging and discharging of the devices.

To evaluate the performance metrics of the two devices, the impedance data have been
modeled using a resistor (Rs) in series with a constant phase element (CPE). The CPE has
a fractional-order impedance given by Zcpe(s) = 1/Cajow)*, where Ca (in units of F s*?)
and o (0 < o < 1) are the CPE parameter and CPE exponent respectively, and (jw)* =
w*[cos(on/2) + j sin (om/2)] [7, 102, 103]. The phase angle of a CPE is constant and is
equal to - am/2 which makes it an intermediary element depicting intermediary behaviors
between ideal capacitors and resistors [106, 107], which is the case in this study. The
impedance fitting parameters (Rs; C.,; ) for the positive electrode-based device (over the
frequency range 48 kHz (intercept with Im(Z) = 0) to 10 mHz) and the negative electrode
based device (over the frequency range 61 kHz to 10 mHz) were computed using complex
nonlinear least-squares minimization and found to be (10.92 Q, 0.087 mF s**, 0.683) and
(11.28 Q, 0.138 mF s*!, 0.705), respectively. An effective frequency-dependent
capacitance (Cesf) in Farads and frequency-dependent resistance (Reff) in Ohms can be

computed by writing equation (4-3) which leads to equations (4-4) and (4-5) as follows:
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1

7=R.+———=R _ -

st (jw)aca s +ja)Ceff (4 3)

(a-1)
w Cq

= 4-4

Cers sin(am/2) (4-4)
cos(am/2)

Reff = RS + waCa (5)

Instead of representing the real vs. imaginary of impedance as depicted in Figure 4-7 (a),
one can represent the performance of the devices using a plot of Ceff VS Retf @s shown in
Figure 4-7 (c). It is clear from this figure that in terms of energy storage in the frequency-
domain the negative electrode based device outperforms the positive electrode based one,
again attributed to the favorable structure of its electrodes materials for fast and effective
electrical charge storage and ionic movement. Furthermore, the existence of a capacitance
(even small) at high frequencies with low effective resistance makes both devices suitable
for filtering applications. For instance, at 120 Hz, (Cesf, Refr) were found to be about (22.2
UF cm2, 42.6 Q) and (12.3 puF cm?, 72.2 Q) for the negative and positive electrode based
device, respectively.

Practical application of the EDLC as AC line filter was studied and compared with a
commercial aluminum electrolytic capacitor (AEC). For this purpose, a sinusoidal wave
(60Hz, Vpeak=21V) was applied to AC filter circuit using a four-Schottky-diodes bridge
rectifier and a 39 kQ resistor as the load. The voltage output without using smoothing
EDLC was a pulsing full wave rectified signal (120Hz, Vpeak=+0.82V), which is shown in
Figure 4-7 (d). After the negative electrode based EDLC was connected to the filter circuit,

the pulsing signal was flattened to 0.728 V. The same test was also conducted by using a
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100 uF AEC; a dc signal of 0.735 V was obtained. These results demonstrated the excellent

AC filtering function of our EDLC which is comparable to commercial AEC.
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Figure 4-7. (a) Complex-plane representation of real vs. imaginary of impedance, (b) impedance
phase angle plot as a function of frequency, and (c) effective capacitance vs effective resistance
of the negative electrode and positive electrode based EDLCs. (d) Smoothing capability of the
negative electrode based EDLC device in a full wave rectifier circuit compared to a commercial

100uF aluminum electrolytic capacitor.

According to the electrochemical results, the specific capacitance of EDLC fabricated by
BPE at negative feeding electrode was ~2 mF cm at the scan rate of 2 mV s and ~ 0.7
mF cm? at a discharge current of 25 pA cm, which is comparable with the previous
studies. It has been reported that the areal capacitance is in the range of 0.021 to 2 mF cm’

2 for few layer graphene based materials at the same or even lower scan rates or discharge
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currents [7, 108-112]. Considering the capability of three-in-one exfoliation, deposition,
and reduction process, high performance and high stability of the assembled devices, BPE
is demonstrated as a promising technique for production of graphene-based EDLCs. BPE
was shown to be environmentally-friendly and simple to operate, since it takes place at
room temperature using deionized water without any additives and any other chemicals.
Furthermore, compared to other materials synthesis methods using three-electrode systems
or high-temperature/high-pressure reactors, BPE uses simple instrumentation (i.e., a single
dc power supply). In principle different types and number of conductive materials can be
coated simultaneously in one cell, which makes the BPE technique ideal for scale-up

manufacturing of graphene based devices.

4.4 Conclusion

In this study, a three-in-one exfoliation, reduction, and deposition of graphene-based
materials were conducted via BPE process. By evaluating the total and bipolar current in
the fabrication process, it is clear that the exfoliation of graphite is promoted with time.
Highly reduced graphene layers with porous structure were formed on the negative
electrode. The electrochemical characterization revealed that the electrode has a high areal
capacitance (~2 mF cm at the scan rate of 2 mV s and ~0.7 mF cm™ at a discharge
current of 25 pA cm) with long-term cyclability which is important for supercapacitor
applications. The device performance at high frequencies showed promising results for AC
filtering of leftover ripples. In principle, different types and number of conductive substrate

materials can be coated at once, which makes this technique ideal for scaling up purposes.
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5. On the Mechanistic Pathways of Exfoliation-and-Deposition of Graphene by

Bipolar Electrochemistry

5.1 Introduction

Bipolar electrochemistry (BPE) refers to an electrochemical phenomenon that wirelessly
induces an asymmetric polarization and redox reactions on a conductive or semiconductive
object, i.e. bipolar electrode (BE), in the existence of a sufficient electric field between two
conductive feeding electrodes. In the case of using BE with much higher conductivity
compared to that of the electrolyte, BE remains almost isopotential, and the electric field
produces interfacial potential differences (8", 5) between the BE and the electrolyte leading
to the polarization of the BE edges. As a result of the spatial variation of the BE/solution
potential, coupled reduction and oxidation reactions occur simultaneously on the two
extremities of the BE. Specifically, the anodic process takes place at one extremity of the
BE close to the negative feeding electrode, while the cathodic reduction takes place at the
other extremity, i.e., close to the positive feeding electrode [6, 25, 26].

BPE has found many interesting applications in different fields of science and engineering,
such as micro and nanofabrication [113, 114], propulsion of small objects in solution [115],
and electroanalytical and sensing devices [116, 117]. Furthermore, by making use of both
the spatial distribution of current and voltage across the BPE cell (Figure 5-8) and the
possibility of electro-inducing displacements of charged particles, a new application for
BPE was recently demonstrated, that is the two-in-one exfoliation-and-deposition of 2D

Van der Waals materials, such as graphene and phosphorene [5-8, 28, 118]. Allagui et al.
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were first to report the successful exfoliation of graphite into partially reduced graphene
oxide (rGO) deposited on the positive feeding electrode in deionized (DI) water [6]. In a
follow-up study [5], a modified BPE process was used for the fabrication of both
vertically-aligned, high-quality rGO on the negative feeding electrode, and stacked layers
of GO on the positive feeding electrode. Electrochemical properties and stability of
deposited graphene after the electrochemical cycling test was studied in addition to detailed
materials charactrization by XPS, XRD, and Raman spectroscopy. The results showed
modified BPE method can deliver simultaneous exfoliation, reduction, and deposition of
graphene-based materials in a simple, cost-efficient, and environmentally friendly
technique[5].

The vertical arrangement of the deposited rGO nanosheets on the negative feeding
electrode resulted in a high surface area morphology which is suitable for many
electrochemical devices. As an example, an electrochemical double-layer capacitor
(EDLC) using such structured electrodes was fabricated and demonstrated to hold charge
with a high specific areal capacitance of 1.9 mF/cm? at 2 mV/s and a wide frequency
response from dc to tens of Hz, which is useful for both dc energy storage and ac line
filtering applications [5]. The BPE method was also used to develop a two-in-one process
to exfoliate and deposit phosphorene nanosheets on conducting substrates using black
phosphorous as the BE and DI water as the electrolyte. Likewise, the phosphorene
electrode showed a high discharge energy of 22.8 nWh/cm? and high coulombic efficiency
[118].

Although BPE was demonstrated to be a promising and environmentally-friendly method

for exfoliation and deposition of 2D materials, there are still several open questions
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regarding its mechanism and performance. The aim of this study, which is focused on the
behavior of carbon graphite BE in BPE cell, is to provide some answers to the following
questions: (i) What are the exfoliation mechanisms that take place during the BPE of
graphite? (ii) Why are the reduction states of the deposited carbon films dissimilar at the
two positive and negative feeding electrodes? and (iii) How the exfoliation mechanism can
affect the morphology of deposited films. To do so, we designed a novel set of experimental
configurations to overcome the limitations of conventional BPE setup, which allowed us
to decouple the anodic and cathodic reactions and study the rule of each one on the

properties of fabricated graphene by BPE.

5.2 Materials and Methods

5.2.1 Modified bipolar electrochemistry setup

Figure 5-1 (a, b) show the schematics of the modified BPE cells designed to evaluate the
bipolar exfoliation mechanism. The negative and positive feeding electrodes were 2x1 cm?
316 stainless steel sheets (from Maudlin & Son Mfg.Co) placed 9 cm apart in DI water
(Resistivity of 18 MQ.cm and pH of 6.3), and the applied voltage was set to 45 Vdc (by
means of an N6705A DC Power Analyzer). As explained in [5], the increase in the
electrolyte conductivity will decrease the ratio of bipolar current to the total cell current,
which is detrimental in the BPE process for exfoliation of 2D materials. Therefore, DI
water which has relatively high resistivity is used to maximize the ratio of bipolar current

to the total cell current to ensure successful exfoliation of graphene.
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In addition, a platinum (Pt) coil was used either as the cathodic (Figure 5-1 (a)) or anodic
(Figure 5-1 (b)) pole of the BE system, whereas at the oppostite pole we used a graphite
rod of 4 cm in length and 6.15 mm in diameter (Ultra "F" Purity 99.9995%, from Alfa
Aesar). The two parts of the BE were electrically connected by a wire as shown in Figure
5-1 (a, b). The extremities of these poles across the electric field experience the bipolar
effect, which gives an apparent potential difference of nearly 35 V due to the 5 Vem?
electric field and the 7 cm distance between the farthest point of the poles. The actual
voltage measurement between the Pt and the graphite was in the range of 33 - 34 V. It
should be noted that this apparent voltage is high enough to enable the electrochemical
exfoliation of graphite and water electrolysis, resulting in the reduction of ions and
oxidation of ions at the cathodic and anodic poles of the BE, respectively [5, 6, 53]. These
two asymmetric configurations are designed to make the anodic and cathodic reactions
more trackable, compared to the conventional BPE setup (Figure 5-8) in which the same
material is used for both anodic and cathodic poles of the BE. Specifically, they give the
opportunity to deactivate either the anodic or cathodic exfoliation of graphite and prevent
any undesired side reactions to take place during the BPE process (Pt is known as one of
the most inert conductive materials in DI water [119-121]). We denote by "G+
configuration” the setup in which the graphite is positively polarized, and the Pt is
negatively polarized (Figure 5-1 (a)). With this configuration, only the anodic exfoliation
is supposed to be taken place on the graphite. Similarly, we denote by "G- configuration™
the setup in which the graphite is negatively polarized, and the Pt is positively polarized
(Figure 5-1 (b)) where only the cathodic exfoliation is supposed to be taken place on the

graphite.
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G+ Configuration G- Configuration 0"

Figure 5-1: Schematic representations of the two bipolar electrochemical cells using coupled
bipolar electrodes (graphite and Pt): (a) G+ configuration and (b) G— configuration.
The BPE experiments were conducted for different time durations (from 12 up to 72
hours), with and without magnetic stirring (magnet of about 1 cm in length and stirring
speed of about 150 rpm) to better understand the BPE at transient and steady-state regimes.
The cell current was measured via the potential drop across a precision resistor inserted in

the electrochemical circuit. The cell temperature was constant at 24°C for all experiments.

5.2.2 Materials characterization

Scanning electron microscopy (SEM) images of the feeding electrodes were obtained using
a JEOL SEM 7000. The study of surface functional groups of deposited materials on the
feeding electrodes and colloidal suspensions (collected by vacuum filtration of electrolytes
using Ahlstrom filter paper grade 601) was carried out by Fourier transform infrared

spectrometry (FTIR) on a JASCO FT/IR 4100.
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5.3 Results

The G+ and G- configurations have been developed to decuple the anodic and cathodic
exfoliation of graphite in the BPE process. In order to understand how graphite polarization
and process time contribute to the morphological properties of the fabricated graphene,
microstructural studies have been conducted at different time intervals for both

configurations.

G+ Configuration G- Configuration
Without Stirring With Stirring Without Stirring With Stirring
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Figure 5-2: SEM micrographs of the negative feeding electrode taken chronologically from 12 to
72 hours of BPE operation for both G+ (circled in red frame) and G— (circled in blue frame)
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configurations, without and with stirring (A1-D4 as indicated). E and F are typical SEM images
of the positive feeding electrodes of both G+ and G— configurations, respectively.
For the case of G+ configuration, SEM micrographs of the negative feeding electrode
without stirring for different durations of the BPE experiment, i.e., 12, 24, 48, and 72 hours,
are shown in Figure 5-2 (A1-A4), respectively. The same are shown in Figure 5-2 (B1-
B4) respectively for the situation when stirring is applied. As it can be seen, the deposition
of graphene-based materials on the negative electrode took place in both arrangements with
and without stirring. It is also evident that the amount of deposited material increases with
time; however, the deposition rates vary with or without stirring. At the beginning of the
process for G+ configuration (with and without stirring), only a small amount of material
can be visualized from the SEM micrographs. It seems that seeding and nucleation of
clusters , are what is mostly occurring within the first several hours of the process. The
deposited material consists of uniformly dispersed small particles in the order of 50
nanometers in size. This can somehow be mapped with the overall cell current (Figure 5-3
(@), which was found to be relatively flat and stable at around 0.2 mA for the first 9 hours
of the experiment when the solution was undisturbed (no stirring). Similarly, when the
solution was continuously stirred, the cell current remained almost stable around 0.15 mA,
for the first 20 hours of the process. Furthermore, it can be seen that with time, the
morphology, uniformity, and density of deposited material evolve very differently from the
samples fabricated with and without stirring. The SEM of the deposited layer without
stirring at t = 72 hours (Figure 5-2 (A4)) shows aggregated graphene sheets and dispersed
particles with relatively higher thickness, whereas the deposited material when stirring is

applied after the same duration (Figure 5-2 (B4)) led to the formation of a network-like
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structure of thin graphene sheets with relatively large lateral size. As for the positive
feeding electrode of the cell, typical SEM images are shown in Figure 5-2 (E) for 72 hours
of operation time (taken from the center and lateral edge of the electrode), which reveal a
uniform stacking and much denser layers of graphene materials compared to the negative
feeding electrodes. The cell current for these two situations are shown in Figure 5-3 (a).
The current of the setup without stirring shows some low-frequency fluctuations, whereas
a quasi-smooth, lower-rate increase of the current is observed for the case when the solution
was continuously stirred. These fluctuations are mainly attributed to the dynamics of
bubble formation and bubble release on the surface of electrodes. When the bubble size
reaches a critical value to overcome surface tension and other resistive forces, they can be
detached from the electrodes and released from the solution by buoyancy. As a result, the
effective surface of electrodes in direct contact with the electrolyte was continuously
changing, resulting in the cell current fluctuation. It should also be mentioned that the cell
current in this experiment was in the order of several microamperes to few milliamperes,
which implies the stirring effect from bubble generation and evolution is negligible.

In contrast, the deposited materials were quite different for the case of the G— configuration.
SEM images for the negative feeding electrode in the G— configuration, which were also
taken chronologically from 12 to 72 hours without and with stirring, are depicted in Figure
5-2 (C1-C4) and 5-2 (D1-D4), respectively. When no stirring was used, the deposition of
large graphene flakes in the form of either single or aggregated multiple sheets can be
observed, even at the early stages of the process (see for instance, Figure 5-2 (C1) for SEM

micrograph taken after 12 hours of deposition). For t > 12 hours, the deposition rate is also
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increased when stirring was added to the G— configuration, which is evident by comparing
Figure 5-2 (C2) and 5-2 (D2), as well as Figure 5-2 (C3) and 5-2 (D3).

The SEM images of the positive feeding electrode at t = 72 hours are shown in Figure 5-2
(F), depicting relatively the same uniform deposit as observed for the reverse configuration.
The cell current (Figure 5-3 (b)) for the case when the solution was not stirred, shows an
increase from 0.10 to 0.28 mA within the first two hours, and then an asymptotic
stabilization of the current down to 0.20 mA for the remaining time. For the setup with
stirring, the current increased very slowly from 0.05 mA to reach barely 0.27 mA after 72
hours of operation (Figure 5-3 (b)), which is about six times lower than the value of 1.6
mA for G+ configuration. The color of the electrolyte was more yellowish for the G+
configuration without stirring, which can be considered as a sign of a higher amount of

exfoliated graphene in the solution due to higher total cell current.
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Figure 5-3: Cell current vs. time profiles for the two configurations G+ (a) and G- (b) with and

without stirring of the solution. At t=60 h more DI water was added to the cell of G+ without
stirring to compensate the electrolyte evaporation.

Figure 5-4 shows typical results of FTIR analysis of the deposited materials on the positive

and negative feeding electrodes after 72 hours of BPE, in comparison with the spectral
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response of the collected materials from the electrolyte for both the G+ and G-
configurations. In general, the broad peak around 3000 to 3600 cm indicates the presence
of hydroxyl groups [91, 92, 122]. The peaks centered at wavenumbers of 2900 cm™, 1723
cm™?, 1600 cm, and 1430 cm™ are attributed to the C-H bond stretching, C=0 bond
stretching, aromatic C=C bond stretching, and C-H bond bending, respectively [91, 92].
The peak at around 1330 cm™ is ascribed to C-O bond stretching, and the one at 1055 cm’
! is attributed to the C-OH stretching [93]. The peaks at around 2300 cm™* may originate
from an interaction with the instrument and/or substrate since they were also detected from

the bare stainless steel substrate.
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Figure 5-4: FTIR spectra of deposited materials on the negative and positive feeding electrodes,

and of collected materials from the electrolyte when operating under the G+ (a) and G— (b)
configurations after 72 hours of BPE
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In the case of G+ configuration (Figure 5-4 (a)), it is clear that the most prominent peak is
corresponding to hydroxyl group in addition to noticeable contributions from the C=C, C-
H, and C-O bonds for the negative feeding electrode. For the positive feeding electrode,
the hydroxyl group peak has the highest intensity, and weaker peaks related to C=C, C-H,
C-O, and C=0 functional groups. The FTIR results of collected materials from the
electrolyte show all characteristic peaks of the C-OH, C=C, C-H, C-O, and C=0 functional
groups (listed in the order from high to low intensity). In the case of G— configuration
(Figure 5-4 (b)), it is clear that the negative feeding electrode show an intense C-H
stretching response and relatively strong peaks related to C-OH and C=C bond stretching
and weaker C-O response. For the positive feeding electrode, high-intensity hydroxyl
group peak and other characteristic peaks of C-H, C-O, C=C, and C-OH can be observed.
For the collected free-standing materials from the electrolyte, C-OH, C-H, and C-O groups,
in addition to the hydroxyl group, can be observed.

It should be noted that the deposition rate and the morphology of deposited material could
be varied by changing the electric field (either by changing the distance or the applied
voltage between the feeding electrodes), shape and size of of feeding electrodes and the
bipolar electrode. Further studies on the effect of such variables on the deposition can be

the subject of our future study.

5.4 FEM Model and Results

A FEM model has been developed to study the ion motion and electrochemical reactions

that occurred in the BPE. The studied geometry is a simplification of the transverse plane
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of the setup. A 2D model is adopted to simulate the aqueous electrolyte, including the
feeding electrodes, anodic and cathodic poles of the BPE cell as described in section 2-1.
The Nernst-Planck equations for all the ions and Poisson equation for the potential were
coupled and solved using the COMSOL program in a finite element-based solution.
Electric currents and transport of diluted species packages of COMSOL program were
coupled together through the potential of the electrolyte solution. The basic conservation
equation for the transport of diluted species "i" supports ionic species transport is described

by the Nernst-Planck equation:

ac;
a_tl + V- (=DVC; — zum FC;VV) = 0 (5-1)

This equation combines the mass conservation with the ion flux due to diffusion and
migration in an electric field. The diffuse flux vector can be expressed for such a situation
as:

Ji = —D;VC; — zyu,, ;[ FC;VV (5-2)
As for the electric potential, Poisson's equation considering the ion concentration can be
written as:

V- (—eVg) = (C, — CF (5-3)
The main boundary conditions for this problem are the BPE cell potentials and the

electrode reactions. The reaction rate density at the electrode-electrolyte interface was

calculated based on the Butler—\VVolmer equation:

F —a.F
r =K,cyexp (aa ¢A> —K.c, exp( de ¢A> (5-4)
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where K, and K . are the anodic and cathodic constants and &, and &, are the anodic and

cathodic transfer coefficients. ¢ 4 Is the difference between the metal voltage and the

reaction plane, i.e.:

b, =y —¢ (5-5)
Numerical simulations were carried using COMSOL 5.4 using a free tetrahedral dominant
mesh. At the interface between the electrolyte and electrodes/anodic and cathodic poles, a
boundary layer mesh (prism mesh) is maintained to accurately solve the ion fluxes at the

interfaces, as shown in Figure 5-5.
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Figure 5-5: Computational domain and adopted mesh in the 2D FEM model

Steady-state computations were carried out to simulate the PNP equations with the BPE
cell in a similar fashion to [123]. Figure 5-6 depicts the dimensionless concentration of
both ions H* , and OH~ as well as the dimensionless voltage along the centerline of the

BPE cell.
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Figure 5-6: Dimensionless ion concentrations and potential profile along the centerline of the
BPE cell.
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Figure 5-7: 2D representation of the ion concentration (color), flux (arrows), and electric field
(lines) fora) H* , and b) OH .

5.5 Discussion

First, we recall that when considering a single bipolar planar substrate with dimensions of

L, x| Ly x lon which two different redox reactions can take place, i.e., R, - Ox, +n.e

and Ox_+ne — R, it can be shown from the treatment of Duval et al. [124] that the total
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anodic current (1,) and cathodic current (I.) at the BE/electrolyte interfaces as a function

of the background electric field E,, are given respectively by the Butler-Volmer equations.
The usual notations are used for anodic and cathodic reactions' exchange current densities
(2 and j2), transfer coefficients (a, and a.), number of electrons transferred per molecule

(n, and n.), and electrochemical standard potentials (ES and E2). The variable E, defines

a mixed potential adopted by the BE in the absence of any external field and thus for an

overall zero current (i.e., at x, which defines the border between the anodic and cathodic
reactions on the BE, Figure 5-8). The thermal voltage is given by V,, = RT/F, where R is

the ideal gas constant, T is the temperature, and F is Faraday's constant. Conceptually, the
voltage and faradic current distribution profiles (anodic and cathodic) along the cell's
centerline can be depicted as shown in Figure 5-8. The lateral variation of the
BE/electrolyte potential provokes the coupled redox reactions, which can be controlled by

the externally-applied voltage and the lateral size of the BE.

-0

\Y
|a = L - Xexpl:na(l_aa)(Em_E:)/Vth}x{exp[na(l_aa)Eb(LO_Xo)/vlh]_l} (5-6)
n(1-ea,)E,
A 6
Ic = C—[EXeXp _ncac(Em - Ec ) /Vth:lx {1_exp[ncachX0 /Vth ]} (5-7)
nao

ca b

The figure was drawn based on equations (5-6) and (5-7). The figure confirmed the bipolar
current in the middle of the bipolar electrode is negligible compared to the current values
on the edges of the bipolar electrode which indicates the effectiveness of using modified

bipolar system for exfoliation of graphite
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Figure 5-8: A schematic of conventional BPE setup showing the total anodic and cathodic

currents at the BE/electrolyte interfaces and the voltage gradient in the BPE cell. The dashed blue
line shows the voltage gradient without placing the BE in the cell.

In addition to these faradic processes, if the products of the redox reactions are charged
particles, a coupled electro-induced flow of these particles may occur. This flow originates
from the interaction of the applied electric field with the electric double layer located at the
surface of the charged species, producing an effective slip velocity (u) [125, 126]. Once
steady, the velocity of one dimensional and fully developed flow is given by the Helmholtz-

Smoluchowski formula [125]:

__Gf | (5-3)

Y7,
where ( is the local zeta potential, i.e., the potential of the surface minus the potential just
outside the double layer and E, E; is the local electric field. ¢,,¢, and p the permittivity
of free space, relative permittivity, and the dynamic viscosity of the fluid, respectively.
Both { and E, E, are affected by the rates of the bipolar reactions, and typical flow speed
of the order of 100 ums™* (1 mm min™) could be produced by a field of 100 V cm™ [125].

In this study, the exfoliation and deposition of graphene materials on the feeding electrodes

are the results of coexistent phenomena of generation of faradaic currents at the
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BE/solution interface and electro-induced fluxes by the electric field driving force. The
finite element method (FEM) analysis and results obtained from the solution of the (i)
Poisson-Nernst-Planck equations and (ii) the Butler—\Volmer equation, coupled with (iii)
the diffusion and migration in an electric field for the H*H* and OH OH" ionic
movements (see Figure 5-6 and Figure 5-7) illustrate such coupled dynamics that can be
used here to understand (at least phenomenologically) the exfoliation-and-deposition
mechanisms during the BPE process.

As indicated by the SEM results (Figure 5-2), both anodic and cathodic exfoliation
mechanisms can participate in the BPE process. Depending on the net charge accumulated
on the exfoliated graphene-based materials (originating from both anodic and cathodic
exfoliation), the suspensions are likely to be dragged and electro-deposited on both
negative and positive feeding electrodes. From the analysis of (i) the SEM images of the
negative feeding electrode reported in our previous study (24 hours of deposition) [5]
where graphite was used in both anodic and cathodic poles of the BE as a coupled BPE
process, and (ii) the SEM images of the negative feeding electrodes of both G+ and G—
configurations (also for t = 24 hours) in this study (Figure 5-2 (A2) and 5-2 (C2)), it can
be deduced that both of the setups of this study have relatively lower deposition rate.
Therefore, both anodic and cathodic exfoliations of graphite were contributing to the
coupled BPE process.

The mechanism of anodic/cathodic electrochemical exfoliation of graphene in the presence
of different ions and intercalating agents is well-documented [71, 127, 128]. Let us first
discuss the anodic exfoliation that is schematically illustrated in Figure 5-9 (a). In a typical

anodic exfoliation of graphite, the anions from the electrolyte are absorbed by the graphite
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anode and gradually intercalate into the graphene sheets [72]. In this study, the only present
anion in the electrolyte was OH ™ generated as the result of water decomposition. When
the high-enough apparent positive potential is applied onto the graphite (on the anodic pole

of BE (8+)), absorption and oxidation of OH~ OH (40H ™~ — 2H,0+0, +4e" ) take place.

The intercalation of oH~ OH ions in between the graphite sheets leads to the weakening of
the Van der Waals bonds holding them together, which results in the degradation and
exfoliation of graphite into graphene nanosheets (Figure 5-9 (a)). Furthermore, oH OH"
ions are known to be strong nucleophile species that can attack the sp? C=C bonds at grain
boundaries and other crystallographic defects, and hence forming hydroxylic functional

groups according to the reaction [72, 129, 130]:

N7 ]
>=< +2H20—) /c—c\ HT+2¢ (a)

This is also confirmed by FTIR analysis of Figure 5-4 (a). The hydroxylic functional group
causes an increase in the distance between adjacent sheets and, as such, volume expansion
of the graphite's structure, which further helps the intercalation and exfoliation process [72,

129, 131]. In addition, the formation and bursting of oxygen gas (from

40H" — 2H,0+0, 4 +4e ) in the form of micro/nano bubbles in the vicinity of defects,
and even between the sheets, can also help graphite exfoliation [129]. It is observed from
the results of Figure 5-4 that the carbonyl functional groups were only detected on the

positive feeding electrode and the free-standing sample collected from the solution, but not

on the negative feeding electrode. The absence of carbonyl functional group on the
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negative feeding electrode also indicates that the partial reduction occurred on the negative

feeding electrode.

H.C

@ Hydrogen Atom ) Hydroxide Anion @ Oxygen Molecule @ Hydrogen Molecule
@ Oxygen Atom ) Water Molecule @ Hydronium Cation

Figure 5-9: Schematic overview of the phenomena which cause the exfoliation of graphite at (a)
anodic and (b) cathodic sites.
The proposed cathodic exfoliation mechanism is schematically shown in Figure 5-9 (b). In
a typical cathodic exfoliation, cations from the electrolyte are absorbed by the graphite
cathode and intercalate into the graphene sheets. In this study, the negative potential of the
BE cathodic pole leads to the absorption of H*H™ produced as the result of water
decomposition, inserted into the graphite electrode sheets, and then contribute to the

widening of adjacent sheets [132]. Moreover, the reduction of H*H* ions forms nascent

hydrogen atoms through the hydrogen reduction (2H" +2e~ —>2I:|) The hydronium
cations or generated hydrogen atoms (r=0.12nm which is smaller than the interlayer
distance of graphite sheets (0.334 nm)) may also intercalate into the graphite sheets. These
intercalated species evolve to form larger hydrogen molecules and even gaseous

nanobubbles ( Figure 5-9 (b)). Similar to the anodic configuration, the development of the
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bubbles and their eventual collapsing and bursting are expected to participate into the
exfoliation.

During this process, the H* ions are consumed by the hydrogen evolution reaction (
2H  +2¢7 > H,), and as a consequence, the localized pH is increased. As demonstrated in

the SEM analysis, the deposition of thin and large graphene sheets on the negative feeding
electrode started in the early stages of BPE process, which continuously assemble into thin
nanosheets 3D graphene structures. This is in good agreement with previous studies that
claimed that the cathodic exfoliation process results in the fabrication of thinner graphene
sheets with fewer structural defects compared to the anodic exfoliation [72, 133-135]. As
it can be understood from Figure 5-6, in this cell design, the large pH gradient makes it
difficult to measure the accurate pH values on the surface of BE. Therefore, the quantitative
study of pH effect on the properties of fabricated materials needs a purposely designed
bipolar cell to be conducted in future studies.

Furthermore, the alkyl (C-H) group was found to be the dominant functional group on the
negative feeding electrode of G— configuration (Figure 5-4 (b)), while hydroxyl (C-OH)
peak had the highest intensity in the spectra of the samples fabricated in G+ configuration
(Figure 5-4 (a)). In addition, the carbonyl (C=0) functional groups were not detected on
either positive electrode, negative electrode, or free-standing materials fabricated using the
G- configuration, but were detected in the samples of the G+ configuration. This indicates
that a lower level of oxidation occurred during the cathodic exfoliation of graphite
compared to the anodic one. The same observation has also been reported for the
exfoliation of graphene through the conventional cathodic exfoliation process [133, 134,

136].
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It is worth noting that the exfoliated graphene nanosheets could have either negative or
positive charges depending on the dominant functional groups that are added to their
structure. Based on the FTIR results, we found the exfoliated freestanding graphene in DI
water is mainly GO. Typically GO is negatively charged, which is well studied by different
research groups []. When these negatively charged nanosheets migrate towards the positive
feeding electrode electrophoretically, they will be adsorbed and deposited on the positive
feeding electrode in a layer-by-layer assembly fashion (either on the stainless steel or on
top of the previously deposited graphene layers). This could explain the graphene
restacking that occurred on the positive feeding electrode of the BPE cell. On the other
side, although negatively charged nanosheets tend to electrophoretically migrate against
negative feeding electrode, the diffusion still makes it probable to find negatively charged
nanosheets close to the negative electrode (based on the statistical interpretation of entropy
[137]). Once they reach to the surface, electrochemically reduction can partially reduce the
nanosheets and cause them to be deposited on the surface. Once the partially reduced
graphene gets attached on the negative feeding electrode, the net negative charge will expel
the free standing GO nanosheets which can contribute to the vertical aligning of the rGO
on the negative feeding electrode to minimize the repulsive forces.

Finally, from the current-time curves (Figure 5-3), the cell current of the G+ configuration
increased significantly over time, whereas it stayed almost constant for the G-
configuration. To explain the reason behind this difference, first, it should be noted that in
our previous study, we showed that the rise in the current is mainly due to the acceleration

of graphite exfoliation [5]. Second, it should be pointed out that in the vicinity of graphite

in the G+ configuration (anodic pole of BE), the localized concentration of oH™ OH" ions
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as well as pH decrease over time due to the consumption of OH™ on the BE surface during
the water electrolysis (40H™ — 2H,0+0, +4e" ) [6, 138]. Third, Su et al. reported that the

decrease in pH could accelerate graphite exfoliation [71]. By considering these three
points, the increase in the total cell current could be attributed to the decrease of local pH
value and acceleration of the exfoliation rate. Moreover, and as expected, the increase in
the current and deposition rate were smaller when stirring was added to the G+
configuration (Figure 5-3 (a)) since stirring retards the localized change in pH. In contrast,
for the case of G- configuration, H* ions had less impact on the exfoliation process
compared to OH" in terms of total current and deposition rate, which could be attributed to

pH-dependent exfoliation of graphite.

5.6 Conclusion

In summary, a modified BPE system has been developed to decouple the anodic and
cathodic exfoliation processes by using an electrically-connected graphite-platinum
couple. In this configuration, either anodic or cathodic exfoliation of graphite was halted
depending on the polarization of the platinum. The exfoliation mechanisms are discussed
and the results showed that graphene was exfoliated from the graphite rod and deposited
on feeding electrodes regardless of the graphite polarization (i.e. in both G+ and G-
configurations); however, the morphology, total cell current, and the deposition rate vary
due to exfoliation time, polarity of the graphite and stirring/non-stirring. Our results show
either anodic, cathodic, or a combination of these two exfoliation mechanisms can be

utilized to manipulate the exfoliation and surface condition of fabricated graphene through
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BPE. The anodic exfoliation provides graphene with a broader range of functional groups.
The cathodic exfoliation resulted in the deposition of thinner and larger graphene sheets.

The combination of these two mechanisms could increase the exfoliation and deposition

rate.
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6. In-Situ Exfoliation and Integration of Vertically Aligned Graphene for High-

Frequency Response On-Chip Microsupercapacitors

6.1 Introduction

Given the recent developments in the fabrication of microelectronic devices, embedded
micro-sized energy storage systems that can be directly integrated with other
microelectronic compounds are becoming more and more in demand [16, 38, 39]. Micro-
supercapacitors (MSCs) are considered as promising alternatives to bulky electrolytic
capacitors or batteries for on-chip applications given their simplicity in design, long
lifetime, low heating effects, and safety considerations [9-15]. In addition, being two-
terminal devices, MSCs can be connected in parallel and/or in series to meet the required
capacity, voltage, and current of the intended load [41]. Supercapacitors can be categorized
into three groups, i.e, electrical double-layer capacitors (EDLCs), pseudocapacitors and
hybrid capacitors, based on the charge storage mechanisms [23, 31, 34], and as such, their
specifications and applications vary accordingly [15, 23]. EDLCs store the electrical charge
in the double-layer structure formed at the electrolyte/electrode interface and exhibit much
faster response when compared to the other two types [31, 34, 41, 42]. However, the
frequency response of EDLCs, which is typically in the range of several hundred
milliseconds to several seconds, is still lagging behind that of conventional aluminum
electrolytic capacitors (AEC), which is typically in the range of several milliseconds. When
applied to MSCs, even though the short diffusion paths between the microelectrodes lower

their time constants, the mechanistic weakness still limits their high-frequency on-chip
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applications, which necessitates exploring alternative strategies to further enhance the
frequency response of MSCs.

Among all the different available and demonstrated approaches [15, 33, 34, 43, 44, 46, 50],
supercapacitors made by vertically aligned graphene electrodes, showed the most
remarkable performance at high frequencies since this unique microstructure can minimize
the electronic and ionic resistances and therefore increase the response rate of the device.
Vertically aligned graphene electrodes have been successfully fabricated by various
plasma-enhanced chemical vapor deposition techniques [45, 139-141] or thermal
decomposition of SiC [47]. However, the complexity, associated costs, and the elevated
temperatures and vacuum system requirements make these methods challenging for device
fabrication [34, 47, 50]. Particularly, and to the best of our knowledge, no studies have
been reported vertically aligned graphene on miniaturized interdigitated supercapacitors.
As an alternative, bipolar electrochemistry (BPE) has been recently developed as an in-situ
three-in-one exfoliation, reduction, and deposition method to fabricate high quality layered
or vertically aligned 2D materials (graphene [5-7, 142, 143] and phosphorene [28, 85, 143])
in DI water at room temperature which is environmentally friendly, simple, and cost-
effective.

Typically, a BPE cell consists of a conductive material (bipolar electrode (BE)) placed
wirelessly between two feeding electrodes of a conventional cell. When the conductivity
of the BE is higher than that of the electrolyte, an interfacial potential difference (IPD)
appears between the farthest edges of the BE. The magnitude of this IPD linearly depends
on the distance between the farthest edges of the BE and the electric field in the solution.

In the case that the IPD value is high enough, it can initiate redox reactions on the (anodic
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and cathodic) edges of BE [77, 81] or electrochemical exfoliation of the BE if it is made
of layered Van der Waals materials, such as graphite or black phosphorous [5-7, 28, 85,
131, 142, 143].

Motivated by the capabilities and versatility of the BPE method (e.g., vertically aligned
reduced graphene oxide (rGO) on the negative feeding electrode [5]) and our better
understanding of the mechanistic pathways of the exfoliation and deposition sequences
[143], in this work we investigate the compatibility of BPE with other semiconductor
processing for the development of high-performance on-chip MSC with unique vertically
aligned graphene microstructure. First, gold interdigitated micro-current collectors (Au-
MCC) were fabricated using photolithography method. BPE was then used to in-situ
exfoliate and deposit vertically aligned rGO on Au-MCC. The electrochemical
performance of the fabricated MSCs in the time domain and frequency domain has been
investigated, and the results showed outstanding capacitive storage capability at high
frequencies (e.g., ~ 65.2 pF cm™ at 120 Hz and 55 pF cm™ at 1000 Hz ). The MSC device
has been tested and validated in a practical AC line filtering circuit which is promising for

on-chip microelectronic applications.

6.2 Materials and Methods

6.2.1 Fabrication of Au-MCC

The fabrication of gold interdigitated MCC was conducted by photolithography. Figure 6-1
(a) schematically depicts the fabrication process, which consists of the following steps: (1)

A 4" Si/SiN (100) wafer was first spin-coated by hexamethyldisilazane (HMDS) as the
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adhesion promoter and then by AZ 1518 (from Microchemicals) at a rotational speed of
500 rpm for 10 s and then 2900 rpm for 30 s. (2) Soft baking of the wafer was conducted
for 60 s at 100°C on a hot plate. (3) The wafer was then patterned by an OAI 800 mask
aligner with a UV dose of 60 mJ cm™. (4) After the exposure step, the development of the
photoresist was carried out using diluted AZ 400 MIF (4:1 volume ratio of DI water to the
developer) for ~60 s. (5) The wafer was baked for 20 s at 65°C and 70 s at 115°C. (6) Next,
O2 plasma cleaning was conducted to remove the remaining photoresist by reactive ion
etching (RIE) at 100 W power for 60 s. (7) Then, e-beam evaporation was used for
metallization of Cr/Au (20/100 nm) using a CHA evaporator. (8) Lift-off was carried out
in sonication bath using AZ EBR solvent for 2 hours, followed by acetone and isopropyl
rinsing, and then N2 drying. (9) To avoid the lateral growth and deposition of graphene in
between the microelectrodes, a sacrificial photoresist layer was applied and patterned
between the interdigitated electrodes by repeating steps 1 to 5 on the wafer with fabricated
gold microelectrodes. The optical microscopic checkout confirmed the fidelity of pattern
transfer with interdigitated Au-MCC (thickness of ~120 nm) separated by sacrificial
photoresist patterns (thickness of ~2 um). There are 32 interdigital fingers in total on each
Au-MCC (16 for each electrode side) with lengths and widths of 6040 pm and 100 um,
respectively. This gives the geometrical surface area of 9.66 mm? on each side of Au-MCC.
Based on the footprint area and the thickness of the electrodes, the device occupied as low
as ~0.04 mm? without packaging. In addition to Au-MCC, carbon cloth and interdigitated
carbon microelectromechanical systems (C-MEMS) with 3D structure have also been used

as the current collector to confirm the versatility of BPE process for deposition of rGO on
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different substrates. The experimental details about C-MEMS fabrication procedure have

been reported in our previous studies [9-11].

6.2.2 Graphene Synthesis and Deposition

Figure 6-1 (b) shows a schematic drawing of the modified BPE cell in DI water employed
for deposition of vertically aligned rGO on the Au-MCC, which is mounted on the negative
side of feeding electrode (stainless steel 316, 2x1 cm? ). The distance between the two
feeding electrodes is 9 cm. Two graphite rods were placed between the feeding electrodes
in a way that the distance of the farthest edges of the two was 7 cm. These two graphite
rods were electrically wired outside of the electrolyte. The BPE cell was designed and 3D
printed (using PLA filament). A direct current (DC) voltage of 45 V was applied across the
feeding electrodes for a duration of 24 hours. Magnet stirring was added to the cell during
the BPE process using a 1 cm magnet rod with a rotational speed of about 150 rpm. By the
end of the BPE process, the MSCs were detached from the stainless steel feeding electrode
and immersed in AZ EBR for 120 s to remove the sacrificial photoresist between the
fingers. Finally, the substrates were thoroughly rinsed in isopropyl and DI water, and then

dried with N2 gas.

6.2.3 Materials Characterization

The morphology of the deposited graphene on the gold interdigitated micro current
collector was analyzed on a JEOL 7000 scanning electron microscopy (SEM). Raman
analysis was carried out on a Raman spectrometer (in backscattering configuration)
equipped with an argon-ion laser (Spectra Physics Model 177, 514 nm, 400mW) and

HoloSpec /1.8i, Kaiser optical spectrograph.
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Figure 6-1: (a) Illustration of the fabrication process of the interdigitated Au-MCC. (b) Schematic

drawing of the BPE setup.

6.2.4 Electrochemical Characterization of MSCs

A VMP3 Bio-Logic multichannel potentiostat was used to evaluate the electrochemical
performance of fabricated devices using cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD), and electrochemical impedance spectroscopy (EIS) techniques.
The CV tests were conducted at scan rates from 2 to 5000 mV s, and the GCD tests at
loading currents from 25 to 250 pA cm, both with the potential limits 0 to 0.8 V. For EIS
measurements, the fully discharged MSCs (the DC voltage was around 0 V) were subjected
to a 30 mV amplitude sinusoidal voltage with stepped frequencies from 1 MHz down to
100 mHz (6 frequency points per decade). The reported current and capacitance are

normalized by the surface area of the microelectrodes, i.e., 9.66 mm?,
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6.2.5 AC line Filtering Circuit

To evaluate the performance of MSC as an AC line filter, it was used in standard AC to
DC circuit in which an input 60 Hz, Vpeak=%1.0 V sinusoidal wave was rectified through a
diode bridge resulting in a 120 Hz, Vpeak=+0.8 V rectified wave. Both open circuit and
loaded circuit (with a 39 kQ resistor) were used for validating the filter performance. The
MSC was separated by a switch from the rest of the circuit, so that the change in the output
waveform of the filter could be monitored. Reference experiments were carried out using

a commercial AEC (rated 10 pF, 16 V).

6.3 Results and Discussion

Figure 6-2 (a) shows a low-magnification SEM micrograph of the finger-like
microelectrodes. Figure 6-2 (b) presents a high magnification SEM of the deposited
graphene by BPE, which shows the formation of high surface area and porous structure of
vertically aligned graphene nanosheets. It can be seen that graphene sheets (with the
dimension of several hundred nanometers) formed a porous network on the current
collector. Such geometrical features are expected to be favorable for the high-frequency
response and power performance of MSC devices by facilitating the rapid mitigation of
ionic species. Figure 6-2 (c) presents the Raman spectrum of the deposited graphene on the
Au-MCC substrates, depicting typical Raman peaks of graphene materials (i.e., D-band at
~1350 cm™, G-band at ~1609 cm™, 2D peak at ~2700 cm™, and D+G peak ~2910 cm™2).
It can be seen that the intensity related to D-band is lower than the one of the G-band,

which confirms the formation of highly reduced graphene oxide (rGO) on the surface (the
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Ipto I ratio is about 0.78) [5, 63, 94, 95]. Similar results have been reported in our previous
study for the graphene deposited on the stainless steel on the negative feeding electrode of

the BPE setup [5].
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Figure 6-2: (a) low magnification SEM image of microelectrodes. (b) SEM image of the
vertically aligned graphene nanosheets deposited on the microelectrodes. (¢) Raman spectra of

deposited graphene.

In addition to the gold microelectrode substrate, carbon cloth (
Figure 6-3 (a) and (b)) and C-MEMS microelectrodes (
Figure 6-3 (c) and (d)) have also been tried as current collectors in the BPE process. It is

clear from the figures that vertically aligned graphene nanosheets were successfully
deposited on all of these substrates, indicating the BPE process's compatibility and
versatility for depositing rGO on various types of conductive substrates.

the microdevice fabrication procedure was modified in a way that the MCC ended up with
a thick sacrificial photoresist layer between the gold microelectrodes. To illustrate the
reason for this modification, a sample without this extra layer of photoresist was prepared
and used in the BPE cell. The SEM image of this sample after deposition of rGO is provided
in Figure 6-4, which clearly shows the lateral growth of rGO between the gold fingers on
top of the silicon nitride wafer (non-conductive material). The morphology and distribution

of these rGO nanosheets reveal that the deposited material on the wafer acted itself as a
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conductive substrate favorable for the electrophoretic deposition of incoming nanosheets.
The lateral growth of rGO nanosheets between adjacent microelectrodes will eventually
cause short-circuiting when employed as MSC electrodes. Figure 6-5 (a) shows an SEM
micrograph of a sample that was prepared by the modified photolithography method
developed in this study. The SEM was taken at the edge of a gold microelectrode after the
completion of the BPE process and before dissolving the sacrificial photoresist layer. It is
evident that graphene’s lateral growth also took place for this sample, and rGO nanosheets
were also deposited on top of the photoresist in addition to the gold microelectrode. Figure
6-5 (b) shows the SEM image of the same sample after dissolving the photoresist in the AZ
EBR solvent. It proves that applying the sacrificial photoresist between the electrodes

followed by lift-off is an effective way to eliminate unwanted depositions.
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Figure 6-3: SEM image of the substrate and vertically aligned graphene nanosheets
deposited on (a) and (b) carbon cloth, (c) and (d) C-MEMS microelectrode.
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Figure 6-5: SEM image of deposited graphene on the microdevice fabricated by modified
photolitography process, (a) after BPE process, (b) after lift-off process.
CV, GCD, and EIS measurement techniques were conducted to study the time domain and
frequency domain performance of rGO-MSC, and as-is Au-MCC substrate for comparison.
Figure 6-6 (a) and Figure 6-7 (a) present the CVs results of rGO-MSC and Au-MCC,

respectively. The shapes of the curves are almost rectangular without any detectable
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current peaks over the covered voltage window from 0 to 0.8 V. This indicates that no
faradic reactions were taking place on the electrodes of these devices and that the charge
storage mechanism is predominantly physical through the formation of double-layer
structure (as expected for carbon-based electrodes). An increased tilting of the CV profiles
with respect to the x-axis at higher charging/discharging rates was also remarked, which is
indicative of increased resistive behavior in the device at the expense of capacitive energy
storage.

The GCD results of rGO-MSC and Au-MCC at different current densities are shown in
Figure 6-6 (b) and Figure 6-7 (b), respectively. The GCD curves show relatively symmetric
and quasi-triangular shapes at all tested current densities indicating close-to-ideal
capacitive behavior of both rGO-MSC and Au-MCC. In the GCD test, the sudden voltage
drop at the beginning of the discharge curve is typically associated with the irreversible
ohmic losses (iRs drop) in the series resistance of the MSCs. The GCD curves obtained in
this study do not show a substantial voltage drop for any of the current densities we applied,
indicating relatively low internal resistance of the MSCs. A comparison between the
discharge time of the Au-MCC and rGO-MSC devices reveals the deposition of rGO by
BPE technique can significantly increase the capacity of the MSCs for storing the charge.
It is evident that discharge time increased by about 30 times (from 0.126 s to 3.829 s) at
the discharge current of 25 pA cm™,

The non-ideal capacitive features in the current-voltage and voltage-time profiles are well-
known for electrochemical capacitive devices, i.e., nonlinear charge-voltage profiles and
thus non-constant, voltage, and rate-dependent characteristic capacitance function [144-

146]. In response to an applied voltage, a net charge is accumulated on the surface of an
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electrode, which brings electrolytic counterions from the immediate vicinity of the
electrode surface to rearrange themselves accordingly to balance this charge. The layer of
charge in the electrolyte is then balanced by the formation of a second layer of
concentration-dependent, diffuse charge. Subsequently, when the electrode voltage is
changed (and depending on its rate), as is the case of CV tests, for instance, the ions in the
double-layer structure rearrange and generate a current. Therefore, from the current-
voltage dynamics (CV) and voltage-time profiles (GCD) it is difficult to estimate a
characteristic capacitive function as commonly done in the literature from the simple
division of charge by voltage. Nonetheless, for the sake of comparison, we computed the
ratio C = 2J i(V)dV/(vAVA) (in units of C.V-'cm™2) using data from the CV curves,
where C can be viewed as averaged value relating the voltage-averaged current (expressed
by T = AV~1[i(V)dV) to the voltage scan rate v, and normalized with respect to the
microelectrode's geometric area A on each side of the MSCs. The computed values of C at
the different scan rates of 2, 10, 50, 100, 200, 1000 and 5000 mV s were found to be 640,
454, 346, 315, 281, 194, and 161 C. V- tcm™2 (equivalent to pF cm) respectively for rGO-
MSC, and 61, 27, 12,9, 8, 7 and 5 C. V~"*cm ™2 (equivalent to pF cm) respectively for Au-
MCC device. Applying the cyclic triangular excitation in CV with the voltage scan rates
of 2, 10, 50, 100, 200, 1000 and 5000 mV s* is similar to exciting the device at the
fundamental frequencies of 1.25 mHz, 6.25 mHz, 31.25 mHz, 62.5 mHz, 125 mHz, 625
mHz, and 3.125 Hz respectively, which explains the decrease in values of C as the scan
rate is increased, as will be discussed further in the EIS results below.

In order to investigate the capacity retention and cyclic performance of the fabricated

devices, an rGO-MSC was charged and discharged 50,000 successive times at the current
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density of 25 pA cm™. Figure 6-6 (c) shows a plot of discharge capacity vs. cycle number;
the relative increase of about 12 % in the capacity from the first to the last cycle without
fading indicates an excellent stability performance of the device. Such behavior has been
reported in other research studies [10] and can be explained by the electrochemical
activation of the carbon materials during the charge-discharge process and/or an increased

wettability of the electrodes.
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Figure 6-6: (a) Cyclic voltammetry at different scan rates, (b) galvanostatic charge-discharge
results at different current densities, and (c) the cycling performance (charge-discharge at 25 pA
cm?) of the fabricated rGO-MSC.
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Figure 6-7: (a) Cyclic voltammetry at different scan rates, (b) galvanostatic charge-discharge
results at different current densities of the Au-MEMS current collector.
EIS analysis was conducted to study the performance of the MSCs as a function of
frequency. The Nyquist plots, which are the illustration of the imaginary (-Im(Z)) versus
real (Re(Z)) parts of the impedance, are presented in Figure 6-8 (a). The impedance of an
ideal capacitor is purely imaginary and does not have a real part (i.e., Z=—j/(wC) with C
being the capacitance and o the angular frequency), i.e., vertical line parallel to the y-axis.

Both Au-MCC and rGO-MSC (fresh or after 50000 of charge/discharge cycles) showed
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some small deviations from the ideal capacitive behavior without any sizable, diffusion-
related Warburg region. Therefore, we used an equivalent circuit model of a series

resistance R with a constant phase element (CPE) of total impedance being [5, 106, 107]

1
(j0)*Cq

Z=Rs+ (6-1)
to fit the data from 100 mHz to about 50 kHz. In this model, the value of a is between 1
and 0, C, is a positive constant in units of F s*!, and j* = cos (%) + j sin (?) (Euler
formula) [5, 106, 107]. At the limiting values of 1 and 0 for a, the impedance function

simplifies to that of an ideal capacitor and a resistor, respectively. Using equation 1, and

by manually setting the values of R taken from the high-frequency intercepts of the
impedance data with the real axis, we found an impedance phase angle —% = —83 deg

for Au-MCC device, whereas the phase angle for rGO-MSC is -73 deg before cycling and

-78 deg after cycling.
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Figure 6-8: (a) Complex-plane representation of real vs. imaginary part of impedance (Nyquist
plot), (b) impedance phase angle as a function of frequency (bode phase plot), (c) the device
resistance as a function of frequency, and (d) specific areal capacitance as a function of
frequency, for Au-MCC and rGO-MSC before and after cycling.

This can also be illustrated from the Bode phase plots in Figure 6-8 (b), knowing that the
phase angle for an ideal capacitor is —90 deg, independently of the frequency and voltage.
As it can be seen, all of the devices showed some deviations from the ideal capacitive
behavior with relatively constant phase angle in the low-frequency region (lower than
~1000 Hz for rGO-MSCs and lower than ~5000 Hz for Au-MCC). The minimum phase
angle for rGO-MSC after cycling and Au-MCC were -83.2 deg and -87.7 deg, respectively.
Moreover, as the frequency increased, the phase angles tended quickly towards the resistive
behavior of zero impedance phase angle. When the phase angle is between -90 deg and -
45 deg, the imaginary part of the impedance is larger than the real part. The frequency at

which the imaginary and real parts become equal (i.e., phase angle is -45 deg) is called cut-
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off frequency or characteristic frequency (fo) that is commonly used as a figure of
comparison between devices (Table 6-1). This parameter reveals up to what frequency
range the device can be more effectively used as capacitive energy storage, albeit with
some resistive losses that depend on the extent of the dispersion coefficient a. The inverse
of the cut-off frequency is referred to the relaxation time constant (t0=1/fo), which is the
minimum time needed to discharge all the energy from the device with an efficiency greater
than 50% [9, 147]. From Figure 6-8 (b), the cut-off frequency for Au-MCC was found to
be as high as 11560 Hz. For rGO-MSC we found a frequency of 3974 Hz for the freshly
prepared device, whereas, after 50000 consecutive charge/discharge cycles with 25 pA cm’
2, that value dropped to just 3486 Hz, attesting to the excellent (mechanical and chemical)
stability of the rGO material and the adopted MSC design and fabrication technique. The
corresponding relaxation time constants are 8.6 pus for Au-MCC, and 251 ps and 286 ps for
the rGO-MSC before and after cycling, respectively. Compared to other microcapacitors
[18, 19, 148-151], our results indicate that BPE based vertically aligned rGO delivered one
of the shortest time constants.

The real part of the impedance as a function of frequency for the tested devices is plotted
in Figure 6-8 (c). All devices show very low resistance (0.03 kQ2) at frequencies higher
than 1 Hz. Specifically, at 120 Hz, the devices show mostly capacitive behavior with
negligible resistive behavior. The capacitance of MSCs at different frequencies can be
computed from Im(Z)=—j /(wC), where w = 2rf, which has been further normalized with
respect to the geometrical area of the current collector at each side. The plot is provided in
Figure 6-8 (d). At the frequencies of 0.1 Hz, 1 Hz, and 1250 Hz, the corresponding

capacitance for rGO-MSC after 50000 of GCD cycles was found to be 130 pF cm™, 96 uF
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cm, and 52 pF cm™ respectively, whereas for Au-MCC it was 5.29 uF cm, 0.59 pF cm’
2and 0.0011 pF cm™, respectively. These results are consistent with those of CV and GCD
tests.To put things into perspective, some recently reported performances of MSC designed
to operate at high frequencies and AC filtering applications are summarized in table 6-1.
The data is summarized based on the characteristic frequency (fo), the phase angle at 120
Hz (¢120), and specific areal capacitance computed at 120 Hz either using frequency
domain analysis or at 200 V s (i.e., the fundamental frequency of 100 Hz for a voltage
window of 1 V). One can appreciate that the rGO-MSC fabricated in this study are one of
the best performing devices. It is worth noting that, as reported recently in [144-146], the
frequency-domain definition of capacitance being the division of frequency-domain charge
by voltage is better recommended for characterizing non-ideal capacitive devices as it is in
line with the definition of impedance. Furthermore, if one assumes such a definition, we
believe the appropriate way for computing the corresponding time-domain capacitance
function is by deconvolution (convolution theorem of the Fourier transform) and not the

division of charge by voltage as done for the computation of C.

Table 6-1: The performance of different micro-supercapacitors fabricated to operate in AC line

filtering application

f C

Materials 120 ’ A Ref

©) | (Hz) | (uF em?)
Azulene-bridged coordination polymer 0.0142>

=73 | 3620 [152]
framework (PiCBA) (at 120 Hz)
direct laser writing of graphene made from 15°

) - -76.2 | 2025 [19]

chemical vapor deposition (at 200 Vs™)
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Charge transfer salt and graphene heterostructure-
-73.2| 3056 | 151 (at 120 Hz) | [148]

based

Metallic 1T-Phase MoS; =79 | 1221 NA [149]
RIE reduced graphene oxide -68?% | 3579 | 13.5 (at200V sy | [18]
Composite of MXene and MWCNT -79% 12000 | 600% (at 120 Hz) | [150]
Inkjet-Printed NiO -25% | 33 NA [151]

Catechol-coordinated framework film (Cu-

-84 | 16374 0.96* (at 120 Hz) | [153]
DTHAB film)

High aspect ratio 3D nanoporous gold -61 | 250 {8002 (at 200 Vs) | [154]

Oriented  coordination  polymer  (Cobalt
) _ -78.6 | 6812 | 92 (at 120 Hz) | [155]
benzenetetramine tetrahydrochloride)

Reduced Graphene Oxide and Carbon Nanotube

_ -62 | 208 NA [15]
Composites
B/N-Enriched semi-conductive polymer film -67 | 1910 [282**(at200 V)| [156]
Present work -81.2 | 3486 | 65.2 (at 120 Hz)

a: Extracted from a graph of the original article, which may have caused some minor errors in the data readout

b: The data is converted from volumetric specific capacitance to the specific areal capacitance.

Finally, in order to evaluate the practical application of the fabricated rGO-MSC at high
frequencies, it has been tested in an AC - DC filtering circuit (Figure 6-9 (a), see section
2.5 for more details). The voltage output when the rGO-MSC device was not connected to
any load (R=00) is illustrated in Figure 6-9 (b). As evident, the pulsing 120 Hz,
Vpeak=+0.8 V rectified signal was perfectly flattened when the rGO-MSC was connected
to the circuit (switch on). However, it is worth noting that it is essential to have a parallel

load to the capacitive device in order to evaluate its performance in proper AC filtering

98



applications. The flattening can be done at open circuit conditions with any device that has
even a parasitic capacitance at the target frequency. In contrast, when a load is connected
to the circuit, it will drain the stored energy from the capacitor at the moment where the
input voltage is lower than that across the capacitor. In this situation, the magnitude of the
fluctuations (ripple) in the flattened signal will change as a function of the stored capacity
at that specific frequency. For this reason, the proper performance of the rGO-MSC device
as a filtering capacitor was evaluated when a resistor (R=1 kQ, 39 kQ, and 100 kQ) was
added to the circuit as a working load. The typical filtering performance with a 39 kQ
resistor is plotted in Figure 6-9 (c), proving that the rGO-MSC could successfully filter the
pulsing signal even when a resistor simultaneously discharged it. The same experiment
has been conducted using a 10 uF AEC, as shown in Figure 6-9 (d). Although the nominal
capacitance of the AEC was almost three times higher than that of the rGO-MSC device
(10 uF vs. 3.13 pF at 120 Hz), their filtering effects are similar. However, the AEC (volume

of about 215 mm?q) is much bulkier compared to the miniaturized on-chip MSC.
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Figure 6-9: (a) Schematic of the circuit which is used as the AC to DC convertor. The smoothing
capability of the rGO-MSC subjected to a rectified 120 Hz wave (b) when no load was connected
to the circuit, (c) when a 39 KQ resistor was connected to the circuit as a load, (d) when MSC
was replaced by a 10 uF commercial AEC for comparison.

The high-frequency response of rGO-MSC can be attributed to the miniaturized MSCs
design, and thus shorter length for ionic diffusion in response to external excitations, in
addition to the highly structured, and stable vertically aligned rGO electrodes obtained by
BPE, which permits high charge storage capabilities. It should also be noted that BPE has
excellent compatibility with semiconductor processing and could be applied to not only
graphene but also other 2D layered materials for forming morphogenic materials and
interfaces with controllable morphologies, orientation, and structures. In principle, the ease
of fabrication of microstructured electrodes and devices by the versatile, cost-efficient, and

environmentally-friendly BPE process can be applied for fabricating other micro-sized
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electronic devices such as batteries, sensors, electrochemical transistors, and memristors to

cite a few.

6.4 Conclusion

In summary, we demonstrated a new strategy and approach for preparing vertically aligned
graphene-based MSCs for high-frequency applications. A modified BPE process was
employed to deposit vertically aligned and highly reduced rGO nanosheets on an Au-MCC
current collector. The lateral growth of graphene sheets between the gold fingers that can
occur during the BPE process has been prevented by adding a sacrificial layer of
photoresist between the fingers. The time-domain and frequency-domain electrochemical
analysis of the rGO-MSC devices demonstrated excellent stability and high performance
for both energy storage at close-to-dc- frequencies as well as filtering capabilities for AC
line filtering applications. In particular, from EIS results, we showed that not only the
deviation from ideal capacitive behavior was very small at low frequencies, but also
promising capacitive performance at the high frequencies was observed. The use of rGO-
MSCs in a standard AC filtering circuit showed that the device accomplished excellent

flattening performance comparable to a relatively bulky and massive off-the-shelf AEC.
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7. Summary and Future Works

7.1 Summary

This dissertation presents a new bipolar electrochemistry (BPE) concept that was
developed for simultaneous exfoliation, deposition and reduction of graphene nanosheets
on conductive substrates. Both material characteristics and electrochemical performance
of the fabricated materials were evaluated and reported. Several fabrication methods have
been introduced for graphene fabrication; however, none of them can do all of the
aforementioned three steps together. Moreover, the method is cost-efficient, easy to
control, and environmentally friendly, making it suitable for scale-up fabrication. The
major findings of this dissertation are summarized as follows:

A modified BPE process was developed to exfoliate graphene nanosheets from a graphite
source and electrophoretically deposit them on either positive or negative feeding
electrodes of the BPE system. Further characterizations showed that the material deposited
on the positive feeding electrode was highly oxidized graphene with different functional
groups. On the other hand, the material deposited on the negative feeding electrode was
highly reduced graphene oxide with much lower structural defects and a porous
morphology. Electrochemical characterization when the materials were used in EDLCs
showed high specific areal capacitance (~2mF cm™ at a scan rate of 2 mV s™) with a very
fast response rate (cut-off frequency of 1157 Hz) for the material deposited on the negative

feeding electrode.
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A novel BPE system was designed to study the mechanism of exfoliation and deposition
of graphene nanosheets in the BPE system. The results proved that both anodic and
cathodic exfoliation mechanisms were participating in the exfoliation of graphene
nanosheets from graphite. However, the morphology, total cell current, and deposition rate
vary due to exfoliation time, graphite polarity, and stirring/non-stirring. It was found that
the graphene fabricated by the anodic exfoliation process had a broader range of functional
groups. Moreover, it has been reported that the cathodic exfoliation of graphite resulted in
the deposition of thinner and larger graphene sheets with fewer added functional groups.
Finally, a modified photolithography technique was employed to fabricate interdigitated
gold micro-current collectors that had photoresist between the gold fingers. Then, the
developed BPE method in the first phase of this study was employed to deposit vertically
aligned graphene on the interdigitated micro-current collector. After graphene deposition,
the photoresist was lifted off, and the device's performance as a micro supercapacitor was
investigated in both time domain and frequency domain. The device could deliver a
specific capacitance of ~640 uF cm™ at a scan rate of 2 mV s. More importantly, the
device showed very close to ideal behavior at frequencies lower than 1000 Hz. Particularly
the phase angle could reach a low as — 83.2° and was -81° at 120 Hz.

Based on the finding in this dissertation, BPE method can be considered as a cost-efficient
and environmentally friendly method to deposit high-quality graphene on any conductive
substrate. The high surface area and vertically aligned microstructure of deposited
graphene nanosheets can lead to the fabrication of high-performance and fast response

EDLCs. The method also has the capability of being used for microdevice fabrication.
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7.2 Future Works

The present work has introduced a novel approach to fabricate high-quality graphene-based

electrodes for different applications such as energy storage devices and sensors. Based on

the current work, the following works are recommended for future studies:

1.

Investigating the effect of different intercalating ions in the BPE process: In this
study, DI water was used as the electrolyte for the BPE process to maximize the bipolar
current and simplification of mechanisms study. However, to accelerate the exfoliation
process and therefore increase the yield and efficiency of the process for scale-up
applications, some cathodic (Li*, EtsNH*, K*, etc.) or anodic (SO4>, HCI, PO4*, NOs"
, ClO4, Br, etc.) intercalation ions can be employed in the BPE process. On the one
hand, each one of these ions can accelerate one of the exfoliation mechanisms;
however, on the other hand, they can affect the quality and morphology of fabricated
graphene, which needs more investigation.

Investigating the BPE fabricated graphene for battery and sensors applications:
In the present work, the fabricated graphene electrodes were only used in
supercapacitor applications; however, the unique microstructure and high quality of
fabricated graphene by BPE, nominate it to be used for other applications. Graphene-
based electrodes have been widely used in the fabrication of electronic devices
(MOSFET transistors), electrochemical sensors (aptamer sensors, gas detection
sensors) and other energy storage devices (anode for Li-lon Batteries). The author
believes if future studies prove the graphene fabricated by BPE can deliver high

performance in energy storage systems and high sensitivity in electrochemical sensors,
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the method can be widely used for scale-up fabrication since it is a cost-efficient and
environmentally friendly approach.

. Co-deposition of graphene nanosheets with other 2D materials: The synergistic
effect and achieving high-performance electrodes when two different 2D materials are
coupled, have been shown in literiture. BPE can be used to exfoliate and deposite varius
2D materials such as Phosphorene and MXene. Therefore, the author belives a
composite of different 2D materials can be fabricated by either layer by layer deposition
or co deposition approaches (using different bipolar electrodes in a BPE system). Study

the possibility of composite fabrication and their performance will be helpful.
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