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Abstract

The objective of this work is to gain fundamental insights into the reduction of graphene
oxide (GO), chemical reduction induced self-assembly of graphene and assembly of novel three-
dimensional graphene morphologies. It is motivated by the prospect of achieving better
electrochemical performance by circumventing a common issue of “restacking” and design novel-
electrode assemblies. The dissertation first provides insights into the photo-reduction of GO to
reduced graphene oxide (RGO), which gives way to the photolytic release of hydroxyl radicals.
This has several implications in the stability of GO and unveils potential new applications that
take advantage of the OHe photolysis products.

Next, relationships between processing conditions, material properties, and
electrochemical response for self-assembled RGO electrode assemblies were studied. Electrode
assemblies were prepared from GO dispersions, which are well suited to scaling up and
economical production methods. L-ascorbic acid-assisted reduction of GO to RGO was utilized
to self-assemble RGO sheets into 3D graphene frameworks, which were formed into electrode
assemblies and fabricated into electrochemical double-layer capacitors. The aspect ratio of GO
sheets and the solution processing conditions were varied to understand their impacts on the
electrochemical response of the RGO capacitors. Ultra-large GO (UL-GO) sheets were
synthesized using 50 mesh (297 um) graphite flakes to fabricate graphene frameworks (GF).

Their electrochemical performance was tested against GFs fabricated from small graphene oxide



sheets synthesized using 325 mesh (44 um) graphite flakes. GFs fabricated from UL-GO
demonstrated a 25% higher specific capacitance, six times faster ion-transport, and six times
lower charge transfer resistance. These results are indicative of higher energy density, efficient
ion transport and improved electrical percolation in the 3D matrix of GFs formed by UL-GO.

Next, the effect of concentration and pH for small GO and UL-GO was studied. 3D
graphene frameworks were prepared using small GO with the concentrations from 2.0 mg/mL to
12 mg/mL and UL-GO with concentration from 0.5 mg/mL to 4 mg/mL. The superior
electrochemical results such as high capacitance and low charge/discharge times were observed
for optimum concentrations of 3.5 mg/mL and 1.5 mg/mL with a pH of 10 for GFs formed by
small GO and UL-GO, respectively.

Modifying GO morphology can result in interesting properties of 3D graphene
frameworks. Therefore, a novel solution-based technique was developed to produce holey
graphene. It was demonstrated that hydroxyl radicals are formed by microwave irradiation of
H>02, which can facilitate the bulk synthesis of holey graphene. Hydroxyl radicals produced from
H.0, attack both defective sites and sp? hybridized carbon within RGO. Oxidative chemical
etching removes RGO-carbons to locally produce holes.

The achievement of superior electrochemical properties in 3D graphene frameworks by
varying the sheet size and processing condition suggests that there are many opportunities where
a fundamental understanding of assembling nanomaterials as basic building blocks can lead to
desirable properties of bulk 3D materials. The work presented here could enable further
improvements based on the availability of high specific surface area and more diffusion pathways

in the graphene-based electrode assemblies.
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Chapter 1

Graphene to Electrochemical Capacitors
1.1 The Graphene Solution

1.1.1 Single-Layer Graphene
Graphene has the potential to solve many technological challenges in areas such as

energy storage/production and flexible electronics owing to its high surface area, high electronic
mobility, exceptional mechanical strength, and chemical stability. Graphene is a 2D material
where carbon atoms are arranged in a hexagonal manner forming a conjugated sp? network of
carbon-carbon bonding. It is also the basic building block of graphite, which is a stack of
thousands of individual graphene sheets bound together by van der Waals attraction.

Graphene was first isolated from graphite by Geim and Novosolov, which resulted in
them being awarded the 2010 Nobel Prize in Physics. Since then graphene has been highly
studied allotrope of carbon. It has a large theoretical surface area of 2630 m?/g and intrinsic
electron mobility of 200,000 cm?/V/s.}* The 2D structure of graphene and low atomic weight
of carbon gives it such a high surface area. The exceptional electronic mobility is due to the
conjugated sp? network that gives rise to a conducting m band of 2p, electrons, oriented
perpendicular to the bonding plane.®

Single-layer graphene also known as pristine graphene can be prepared in a number of
ways. It was first isolated from graphite using Scotch tape, which is not a suitable method of
production for commercial applications. Over the years, scientists have developed methods such
as chemical vapor deposition, surfactant-assisted exfoliation, thermal decomposition of SiC,
and surfactant- and solvent-mediated sonolysis.®° Chemical vapor deposition is one of the most

common techniques for preparing single layer-graphene sheets. However, all these methods



require expensive infrastructure due to the extreme processing conditions and utilization of very
strong acids and toxic chemicals.

1.1.2 Graphene Oxide and Reduced Graphene Oxide
Bulk production of pristine graphene through a cheap, safe and non-toxic process does

not exist and poses a challenge for the applications of graphene to commercialize. However,
reduced graphene oxide (RGO) can be produced in bulk and has a structure similar to graphene
(with defects and oxygen functional groups on the basal plane). Graphene oxide (GO), the
precursor of RGO is synthesized by a solution-based method in which graphite is oxidized and
exfoliated to form single to few-layer GO sheets as shown in Figure 1.1 by a process known as

Hummer’s method.°
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Figure 1.1: A schematic showing graphite oxidized to graphene oxide using Hummer’s
method and then reduced to reduced graphene oxide. Carbon atoms displayed as gray
spheres, oxygen as red and hydrogen as white.

Due to the oxygen functional groups on GO, most of the carbon in the basal plane of
GO is sp® hybridized, i.e. electrons are not delocalized but involved in forming covalent bonds
with oxygen functional groups and hence GO is a poor conductor of electricity. The reduction
of GO to reduced graphene oxide (RGO) leads to a partially restored sp? network and therefore
the partial restoration of electrical conductivity.® Reduction can be achieved via various

methods - thermal, chemical, electrochemical, and photochemical processes.!'® High-



resolution transmission electron microscope (TEM) images of graphene, GO, and RGO, shown
in Figure 1.2, reveals the differences in their structure.*® All carbon atoms in pristine graphene
are sp?-hybridized, also referred to graphitic carbon is represented in green color. In GO, most
of the carbon atoms are oxidized (sp3-hybridized) and are represented in red color. In RGO, a
majority graphitic region is recovered with few oxidized carbon and holes. RGO is the closest

structure to pristine graphene that can be achieved via solution-based methods.

A: Graphene

Green — Graphitic Region
B: Graphene Red - Oxidized Carbon
Oxide (GO) Blue - Holes
C: Reduced
Graphene Oxide
(RGO)

Figure 1.2: Aberration corrected TEM images of (A) single suspended sheet of graphene,
(B) single suspended sheet of GO and (C) suspended monolayer of RGO.**

The Lerf-Klinowski Model, as shown in Figure 1.3 is a widely accepted structural model
of GO sheets.? It suggests that the basal plane of GO contain hydroxyl and epoxy functional
groups while carboxylic acid groups are on the edges and defects. The carboxylic groups ionize
in a polar solvent such as water. This gives the GO sheets a net negative charge and repulsive

forces among sheets keep them separated to form a stable dispersion.?! The stability of GO



dispersion unveils a host of opportunities to perform solution-based chemistry using this

material.

Figure 1.3: Lerf-Klinowski Model for the structure of GO.#

1.1.3 The Restacking Problem
In a reduction process, the oxygen functional groups mainly hydroxyl and epoxy are

removed from the basal plane of graphene oxide sheets. This can be done by various methods
mentioned in the previous section. The criteria for the selection of the reduction method is based
on the following aspects: reduction degree and dispersibility. A higher degree of reduction will
lead to higher conductivity. A good dispersibility of RGO sheets in a solvent will lead to a stable
dispersion and better control over the final product.

Among various solution-based methods, reduction via L-ascorbic acid in basic pH range
is known to be the best method.?> The RGO made from this method shows the highest

conductivity and remain stable in a dispersion if a basic pH is maintained. Another reason L-



ascorbic acid is widely accepted reducing agent for GO is because of its significantly lower
toxicity as compared to other reducing agents such as hydrazine.

In recent years, RGO has become a popular material to study for energy storage
applications especially electrochemical capacitors (ECs).* 22?7 However, the recovered sp?
carbons on RGO sheets have a hydrophobic nature and attract similar sheets because of van der
Waals forces and hydrophobic interactions. If reduction reaction is not controlled individual
sheets coalesce together to form restacked graphene. This decreases the specific surface area
(SSA), porosity and conductivity leading to a deteriorated performance of devices fabricated
from RGO.%%2 Therefore, considerable focus has been placed in developing unique
morphologies from RGO. These include constructing 3D architectures, making mesoporous
graphene, etc. These unique morphologies take advantage of high mechanical strength,
electrical conductivity, and flexibility of graphene to deliver better performance while avoiding
the problem of restacking.

Self-assembly is a relatively unexplored method of synthesizing 3D graphene
frameworks that is achieved by controlled chemical reduction of graphene oxide (GO). GO
sheets in an aqueous dispersion remain separated due to the dominance of repulsive forces
among negatively charged ionized carboxylic groups at the edges of the GO sheets.?! These
repulsive forces can be neutralized by the controlled removal of hydroxyl and epoxy functional
groups from the basal plane of GO sheets. This results in the coalescence of RGO sheets due
to van der Waals attraction which leads to the formation of an interconnected network of 2D
sheets possessing solid-like properties. The key issue with such architectures is the lack of
fundamental understanding of the reduction process and the structure-processing-property

relationships. Hence, the focus of this research is to understand the reduction of GO and



structure-processing-property relationships of self-assembled 3D graphene frameworks by

investigating electrochemical properties.

1.2 Energy Storage

There is an urgent need to develop innovative energy storage systems to reduce the
overall costs of producing and supplying electricity and to reduce carbon emissions. Currently,
the energy infrastructure is set-up in a way that production of electricity is constantly ramped
up or down based on the demand. To ensure uninterrupted supply of electricity, power plants
keep a vast array of expensive equipment on standby. This results in the variation in cost of
electricity throughout the day; lower rates are available during off-peak hours and higher rates
are charged during peak hours of electricity usage. An efficient way of producing and
distributing electricity would be to run power plants at a constant rate and store surplus energy
that can be supplied during peak hours. Currently, the infrastructure for electrical energy storage
is limited in the U.S. resulting in major financial and energy losses.

Today, 83% of electricity in the U.S. is generated from burning non-renewable sources
such as natural gas, coal, and petroleum.3® Due to ever-increasing energy demand and concerns
about air pollution, renewable energy sources such as wind and solar energy are growing as
shown in Figure 1.4. However, the intermittent availability of sunlight and wind poses a
challenge to meet the fluctuating energy demand. If renewables are to become primary sources

of energy in the future, the need of storing energy cannot be ignored.
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Figure 1.4: World energy consumption by energy source.

Development of advanced energy storage systems will play a crucial role as society’s
energy needs evolve. These energy storage systems should have high energy and power density,
low cost, good safety, the capability of fast charging/discharging and operable in large
temperature windows. Batteries and electrochemical capacitors (ECs) are the two most widely
used energy storage devices. Batteries have a high-energy density but low power density, unlike
ECs that have low energy density but high-power density. Figure 1.5 shows the Ragone Plot®*,
which is a plot of energy density versus power density of energy storage systems.?

Lithium-ion batteries, that power our phones and laptops, are the current market leader
because of their ability to store a large amount of energy per unit mass. These energy storage
systems have two major drawbacks — high production costs and high risk of the fire hazard.
Overcoming these issues will result in lower electricity bills, explosion-proof phone batteries,
and accessible electric-based transportation. A concerted effort from scientific and business
communities are being focused to produce safe and cost-effective energy storage devices. It is
important to note that research in batteries is significantly more matured as compared to ECs,

which have gained more attention recently.



The energy storage systems of the future are most likely to be a combination of batteries
and ECs. ECs are made of inexpensive carbon-based materials, have a long life and no fire
hazard. However, they have very low energy density and hence a lot of effort is required to
improve the energy density of ECs. The work presented here describes the synthesis of
graphene-based nanostructured materials which have a large surface area and promote
improved ion diffusion. Further, the structure-processing-property relationships of graphene
nanostructures are developed by investigating fundamental electrochemical properties. The
insights acquired from this work can be applied to other applications such as Li-ion batteries,

fuel cells, and hydrogen storage.
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1.3 Electrochemical Capacitors

Electrochemical Capacitors can be categorized into two types, electric double-layer
capacitors (EDLCs) and pseudocapacitors. EDLCs store and release energy by electrostatic
charge accumulation at the electrochemical interface between and electrode and electrolyte.®
This is achieved by adsorption of anions and cations of electrolyte at the electrode/electrolyte
surface as shown in Figure 1.6 (A). Pseudocapacitors store energy electrochemically by
intercalation of electrolyte ions in the electrode and then by undergoing electron transfer
reaction (Faradaic reaction) that occurs at the surface of the electrode as shown in Figure 1.6
(B). As compared to batteries, ECs have many essential characteristics, such as fast
charging/discharging, large number of charge-discharge cycles, and wide operating
temperatures.®® Because of these characteristics, ECs can recover energy from many repetitive
processes. For example, ECs find applications in electric vehicles, hybrid vehicles, elevators,
cranes and forklifts.3® 3" Large-scale ECs can regulate the power supplied by the electrical grid,
which can avoid the costly shutdown of industrial operations because of intermittent outages
and power fluctuations. Further, with the advancements of renewable energy like solar and
wind, there will be a huge demand for complex energy storage systems that will necessitate the

development of advanced ECs.



Electrochemical
(a) double-layer capacitance

(b)

Pseudocapacitance

Figure 1.6: Schematic of two different charge storage
mechanisms via (A) electrochemical double-layer capacitance
(EDLC) and (B) redox reaction based pseudocapacitance.®®

Critical parameters that gauge the performance of an EC are energy density, power
density and charging/discharging time. These parameters can be correlated to the
experimentally measured quantities such as capacitance, equivalent series resistance (ESR), and
time constant of the RC (Resistor-Capacitor) circuit modeled for the EC system (to). Energy
density and charging/discharging times are proportional to capacitance and To, respectively
while power density is inversely proportional to ESR. Capacitance, ESR and 1, are measured
by electrochemical techniques such as cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) discussed in Chapter 3 in detail. Energy (E) and power (P) of an EC are

calculated according to the following equations:

E = 1CV2—1 14
2 _zQ
V2
P=—
4R

where C is the capacitance, V is the operating voltage window and Q is the charge stored on the
electrode-electrolyte interface or charged transfer during redox reactions in case of

pseudocapacitor, R is the equivalent series resistance (ESR). ESR is dependent on many factors
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such as conductivity of the electrolyte, electrode material, and current collectors, charge transfer
resistance, and the double-layer capacitance.*

1.3.1 Electric Double Layer Capacitance
Carbon-based materials such as activated carbons (ACs) exhibit the EDLC behavior

where capacitance that arises from charge separation at the electrode-electrolyte interface can
be described by the equation below:

&-&A
d

where &, is the relative permittivity of electrolyte, g, is the permittivity of the vacuum, d is the
effective thickness of the double layer, and A is the electrode surface area. The double-layer
capacitance is between 10 - 50 pF/cm depending on the electrolyte used.?” High specific surface
area (SSA) is, therefore, a primary requirement for electrode material. Specific capacitance
achieved with aqueous electrolyte is higher than organic electrolytes,*® but organic electrolytes
can sustain a higher operational voltage window (2.7 V as compared to 1 V in aqueous). As the
energy and power of an EC vary with the square of voltage resulting in higher energy and power,
organic electrolytes are widely used in the commercial ECs. Although there is a great need of
innovation in developing both novel electrolytes as well as electrode materials, this research
presented here focuses on the development of new nanostructured electrode materials. Another
important aspect for electrode material is the efficient ion transport inside the bulk material,
which improves the power delivery of an EC. Efficient ion transport can be achieved by
constructing optimized pore structures. However, due to the lack of fundamental understanding
of GO reduction and self-assembly of graphene, achieving a 3D architecture with high SSA and

optimized pore structure for efficient ion diffusion is challenging.
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1.3.2 Pseudocapacitance
Metal oxides (MOs) such as RuO2, MnOg, NiO, Fe30a4, and conductive polymers exhibit

pseudocapacitive behavior via fast reversible redox reactions at the surface of electrode
material.?® The energy stored in pseudocapacitor is dependent on the number of molecules of
active material undergoing reversible electron transfer. Therefore, a large specific surface area
accessible to the electrolyte is also the primary requirement for pseudocapacitive materials.
Pseudocapacitors have 3-4 times higher capacitance as compared to EDLC. However, they
have a few drawbacks — (1) Charge storage takes place in the first few nanometers from the
surface because of poor electron and proton transport in the bulk material, (2) materials tend to
deteriorate over time because of rapid expansion and contraction during the redox reaction and
(3) MOs have poor electronic conductivity.?® #! Hence, a lot of research is focused on making
hybrid electrode materials with metal oxides nanoparticles on carbon-based frameworks to

enhance the surface area, strength, and conductivity of the electrode.
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Figure 1.7: Various materials utilized for EC available in literature.*!
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1.3.3 Current Trends and Challenges
Today, state of the art commercially available ECs have activated carbon (AC) as an

active electrode material. The high SSA and low cost make AC a very attractive material > 42
However, it has an un-optimized pore structure which restricts the diffusion of electrolyte ion
inside pores and results in insufficient utilization of surface area. This is the reason why ECs
have very low energy density. A report by US Department of Energy (DOE) stresses upon the
need to study the energy storage phenomena at atomic scale so that electrodes and electrolytes
can be tailored with targeted properties.3® DOE defines four broad areas of focus required for
building exceptional energy storage devices:

1. Advances in Characterization

2. Nanostructured Materials

3. Innovations in Electrolytes

4. Theory, Modeling, and Simulation

Tremendous research efforts are being focused to improve the energy density of ECs by

investigating pseudocapacitive materials like conducting polymers, metal oxides (MOs) and
porous carbon materials with high SSA.* Some of the popular materials that are being
investigated are shown in Figure 1.7. There are excellent review articles published recently on
various electrode materials for EC.2% 274143 MO-based electrodes have demonstrated specific
capacitance (which is directly proportional to specific energy) as high as 1300 F/g (for RuO.)
because of their pseudo-capacitive behavior.?” However, the expensive cost of RuO, makes the
commercialization very difficult. Although materials like MnO2 and Ni(OH). are cheap, they
suffer capacity loss after long cycles. The intercalation/de-intercalation of ions over a period
causes wear and tear in the electrode material. Similar issues are a concern in the conductive

polymers based electrodes.?* Although gravimetric capacitance is considered as a primary
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metric to evaluate the performance of EC, the volumetric capacitance has recently become an
important metric owing to the widespread use of portable devices and the advent of electric
cars. High gravimetric capacitance requires a highly porous microstructure while high
volumetric capacitance requires a high packing density of electrode material. Hence, there is a
trade-off relationship between gravimetric and volumetric capacitances. Therefore, there is a
requirement of innovative methods to synthesize electrode materials for EC that could boost
gravimetric and volumetric capacitances simultaneously.

Researchers have recognized that to utilize graphene-based nanomaterials for energy
storage applications, it is essential to understand the GO chemistry, morphology, reduction of
GO and assembling behaviors of 2D graphene sheets into 3D frameworks. Due to this last
decade has seen significant growth in graphene research. The remainder of this chapter is a
literature survey of selected publications for understanding the research presented in this

dissertation.

1.4 Literature Review

1.4.1 Holey Graphene
Graphene sheets with optimum size and distribution of holes can prevent the sheets from

restacking. This is due to the presence of carboxylic groups at the edges of the holes which
cause steric hindrance. Recently, Kim et al. demonstrated the fabrication of three-dimensional
porous graphene with hierarchical pore structure using KOH activation.** The GO was
crumpled into ball-like particles by aerosol spray drying. These GO particles were then treated
in a microwave oven to yield exfoliated RGO powder composed of hollow spheres. This
powder, named SMEGO, was then washed in KOH solution, followed by filtration and drying.
The SMEGO/KOH mixture was put in a tube furnace under flowing argon at a pressure of about

1 atm and heated at 800 °C for 1 hour. A schematic of this process is shown in Figure 1.8.
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Figure 1.8: Schematic of fabrication of highly porous graphene-derived carbons with
hierarchical pore structures: (A) GO sheets are transformed into crumpled ball-like GO
particles by aerosol spray drying technique, (B) under microwave irradiation, crumpled
GO particles form hollow graphene passed spheres, and (C) chemical activation with
KOH.*

KOH activation yields a continuous 3D network of pores, ranging from 1 nm to 10 nm
and a BET surface area of 3290 m?/g. The electrodes fabricated with these carbons demonstrate
a specific capacitance of 174 F/g at a current density of 2 A/gin an organic electrolyte. This
hierarchical porous graphene structure was achieved due to the utilization of crumpled GO sheet
and the instant microwave heating which exfoliated the RGO sheets.

Thermal exfoliation of graphene oxide to create porous graphene has been reported
multiple times.***8 Holey graphene nanosheets prepared by heating powdered GO to 300 °C in
presence of air at different temperature ramping rates is shown in Figure 1.9.*” During the
heating process, the carbon atoms at weak defect spots of GO are etched away by converting
into CO> gas. The pressure buildup due to the released gas not only exfoliate the layers but also
punch holes on graphene. The hole size ranges from 10 nm to 250 nm and the EC made of holey
graphene exhibits a capacitance of 185 F/g for a current density of 2 A/g in 6 M KOH

electrolyte.
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Figure 1.9: Schematic illustration for the ultra-rapid heating of GO
powder to obtain and collect fluffy holey graphene nanosheets.*’

Radich et al. in 2014 prepared holey graphene using UV photolysis of H20- to attack
RGO with hydroxyl radicals (OHe) in presence of gold nanoparticles (AuNP).> This work
demonstrated that AuNP catalyzed the UV photolysis of H2O2, mediated the OHe attack on
RGO and prevented stacking of RGO sheets. For this study, GO was prepared by modified
Hummer’s method. GO was reduced photochemically by shining light on the sample. The RGO
produced was mixed with AuNP and controlled amount of H20>. This mixture was irradiated
with white light that initiated the reaction to produce holey graphene as shown in Figure 1.10.
Hydroxyl radicals, produce via photolysis of H20-, initially attacks RGO to produces an OH
adduct or undergoes electron transfer to produce cation radicals. Continued attack of hydroxyl
radicals causes complete oxidation of the organic compounds to CO> and water, which creates

nanopores. This oxidized RGO (ORGO) is the final product also referred as holey graphene.
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Figure 1.10: Proposed mechanism for photoinduced reaction between RGO, AuNPs and
HzOz.5

The high-resolution TEM images shown in Figure 1.11 (D) demonstrate the presence of
holes of size ranging from 5-100 nm. Radich et al. suggested that wrinkles are observed on the
RGO sheets because O bubble nucleation on the RGO surface during oxidation. The effects of
the OHe radical reaction was studied by performing Fourier-transform infrared (FTIR)
spectroscopy on the samples. The FTIR spectra shown in Figure 1.12 indicates C=C attack by
OHe results in higher absorption in the regions of C=0 and -OH modes and lower absorption in
the regions of C=C-H and C-O modes. Clearly, ORGO shows a reduced absorption for
hydroxyl, epoxy and carbonyl groups. This consolidates the fact that defective carbon sites were

oxidized and etched away by OHe.
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Figure 1.11: TEM images of samples irradiated for 2 hours (A)
RGO, (B) Au+RGO, (C) H,0,+RGO and (D) Au+H;0,+RGO.°
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Figure 1.12: FTIR spectra of (a) 2 h irradiated AUNP-H202-RGO, (b)
2 hours irradiated H,0—~RGO, and (c) pre-irradiated RGO.°

Synthesis of holey graphene has been reported by many other groups as well. Zhao et
al. manufactured flexible holey graphene paper electrodes sonicating GO solution with nitric
acid to make pores and further thermally reducing it.*® Fan et al. synthesized porous graphene
sheets by mixing GO with KMnOg and irradiating with microwaves.* The resultant holey GO
was reduced by hydrazine solution and then acid washed to remove MnO,. Jhajharia et al.

prepared holey graphene using a soft template method.®® In alkaline conditions,
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cetyltrimethylammonium bromide — GO interaction is favored and a stable colloid is formed.
This colloid is treated with tetraethyl orthosilicate to functionalize GO with inorganic silicate.
These Si functionalized GO sheets are mixed with 1 M NaOH and washed with warm ethanol
to get holey graphene. Apart from solution-based methods, researchers have manufactured
interesting graphene morphologies from lithographic techniques.>?->°

Each of the research studies discussed above is a step forward in the quest to make
exceptional electrode materials for energy storage. However, there are many areas where
improvement in the synthesis techniques are required along with a better understanding of
graphene morphologies effect on their electrochemical properties. Some of the methods
described above utilize harmful acids or use high temperature and high-pressure processes
which are unsafe and in turn become expensive methods. Lithographic methods have a very
low yield and are extremely expensive because of their infrastructure requirement. Methods like
gold mediated holey graphene production® has a very low yield and is a very slow process.
Hence, there is an essential need to develop simple synthesis routes for holey graphene
production that are inexpensive, environmentally benign and scalable methods.

1.4.2 Three-Dimensional Graphene Frameworks
Xu et al., prepared a 3D network of holey graphene frameworks (HGFs) with

hierarchical porous structure through a simple one step process as shown in Figure 1.13 (A).%®
Hydrogen peroxide was mixed with a dispersed solution of GO. The mixture was heated at 180
°C for 6 hours in a hydrothermal reactor. During the reaction, GO sheets were reduced creating
freestanding porous holey graphene. Hydrogen peroxide helps in partially oxidizing carbon
atoms around active defective sites and form nanopores in the GO sheets. These nanopores are
distributed throughout the GO sheets because of the abundant presence of defective carbon sites.

The degree of etching can be controlled by the amount of H.Ox.
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Figure 1.13: (A) Schematic illustration of the preparation process of HGFs. (B)
photograph showing a free-standing HGF. (C) SEM image of interior
microstructures of HGFs. Scale bar, 1 mm. TEM image of (D) holey graphene
sheets in HGFs. Scale bar, 10 nm. (E) non-holey graphene sheets in GFs for
comparison. Scale bar, 10 nm. (F) Digital image showing HGFs before and after
mechanical compression with the flexibility of the compressed HGF film shown
in the inset. (G) Cross-sectional SEM image of the compressed HGF film. Scale
bar, 1 mm.%6

The specific surface area of the HGF estimated from Brunauer-Emmett-Teller (BET)
measurement was 1560 m?/g. This holey graphene framework is actually a 3D structure with a
hierarchical porous network. This material has a high packing density and efficient electron
transfer. Due to these properties, they were able to achieve a gravimetric capacitance of 298 F/g
and a volumetric capacitance of 212 F/cm in organic electrolyte.

Sheng et al. demonstrated a self-assembly reaction that does not require high
temperature and high pressure.®” This was done using sodium ascorbate as a reducing agent in

the GO aqueous dispersion. A hydrogel is formed, and the resulting 3D network structure is
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shown via optical image and a SEM image in Figure 1.14. This chemical reduction process can
be completed heating the mixture of GO and sodium ascorbate at 90 °C for 1.5 hours. Moreover,
this reaction requires less energy as compared to hydrothermal reduction process. The electrode
made by the above-mentioned electrode achieved a high specific capacitance of 240 F/gin 1 M

H2S04.

(a)
Before After

- =

Figure 1.14: (A) Photograph of an aqueous mixture of GO (2.0 mg/mL) and sodium ascorbate
before (left) and after (right) chemical reduction at 90 °C for 1.5 hours. (B) SEM image of
graphene hydrogel.>’

Various other types of macroscopic assembled graphene architectures have been
proposed including graphene film or paper, graphene fiber by versatile routes for
supercapacitors.>®5! For example, Yang et al. reported a compact graphene film mediated by
liquids using vacuum filtration and capillary compression, which showed a gravimetric
capacitance of 167 F/g.%% Hao et al. synthesized graphene based aerogel with a gravimetric
capacitance of 197 F/g derived from chitosan.%? All these novel 3D architectures have
demonstrated to decrease transport impedances, increase electrical conductivity, SSA and
mechanical strength. However, there is lack of understanding of structure-processing-property

relationships which limits the use of these 3D graphene frameworks.
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1.4.3 Functionalized Graphene Frameworks
A significant improvement in energy density can only be achieved by making use of

materials that exhibit pseudocapacitance. Metal oxides and conductive polymers which have
been investigated as a pseudocapacitors electrode materials are shown in Figure 1.7. Manganese
dioxide (MnO) is an excellent candidate for inclusion in graphene frameworks because it is
cheap, abundant, environment friendly and intensively researched in batteries. MnO- has a high
theoretical capacitance of 1100 F/g. However, it usually delivers a specific capacitance of 200
F/g due to poor electrical conductivity and low accessible surface area for electrolyte ion.
Hence, hybrid electrode architectures that incorporates nanoscopic MnO> films on high surface
area conductive support such as graphene is an ideal way to optimize the electrochemical
performance. The graphene not only increases the electrical conductivity of hybrid electrode
but also provides large surface area and mechanical stability so that MnO> loading can be
maximized.

Chen et al. synthesized an MnO nanoneedle (diameter 10-50 nm and lengths 200-500
nm) - graphene oxide composite by simple soft chemical route in water-isopropyl alcohols
system as shown in Figure 1.15.%% The GO solution made by modified Hummer’s method was
mixed with MnCl2.4H20 in isopropyl alcohol. The mixture was well dispersed by
ultrasonication for 30 minutes followed by heating it to approximately 83 °C. A KMnO4
solution was added rapidly to the above boiling mixture to form MnO2 nanoneedles according
to the reaction:

2 KMnOg + 3 MnClz2 + 2 H20 = 5 MnO: + 2 KCI + 4 HCI
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Washed and dried materials with different MnO2 to graphene ratio were tested for
electrochemical performance. This material achieved a specific capacitance of 210 F/g at
current density of 200 mA/gin a 1 M NaxSOs solution. Chen et al. demonstrated specific

capacitance of nano-MnO; is much higher than that of its bulk counterpart.

-‘ _ — ":.; -7 ! \
Figure 1.15: (a) Bright-field and (b) dark-field images of
a MnO; nanoneedle—graphene oxide composite.®

Yan et al. proposed a simple method to synthesized nanostructured graphene-MnO;
composites through a self-limiting deposition of nanoscale MnO. on the surface of graphene
via microwave irradiation.®* The GO solution made by modified Hummer’s method was mixed
with KMnO4 powder. The suspension was stirred for 10 minutes and heated using a household
microwave oven for 5 minutes. The reaction between carbon and KMnOs4 through MW
irradiation is shown in Figure 1.16. The MnO2 nanoparticles (5 nm -10 nm) are preferentially
deposited near the edges of graphene layer because the carbon at the edges of graphene are more
prone to oxidation due of high density of oxygen functional groups. The EC made with this
material containing 78% MnO2 and 20% graphene showed a specific capacitance of 300 F/g at
a scan rate of 2 mV/s ina 1 M Na>SO; electrolyte solution. The performance of graphene MnO>
composite at high scan rates was better as compared to the individual materials and capacitance
retention after 15000 cycles was found to be 95% at a scan rate of 2 mV/s and 75% at 500 mV/s
outperforming other materials. Yan et al. concluded that the improved electrochemical
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performance is due to the increased electrode conductivity in presence of graphene network, the
increased effective interfacial area between MnO: and the electrolyte as well as better contact
between the MnO. and graphene. Moreover, nanoscale MnO; particles can greatly reduce the
diffusion lengths over which the electrolyte ion must transfer during the charge/discharge

process.

Figure 1.16: Schematic illustration for the synthesis and
electrochemical performance of graphene MnO;
composite.®

There have been few other groups who reported MnO2-graphene based composite. For
example, Lee et al. utilized electrodeposition of MnO2 on graphene prepared by CVD to make
the composite materials which showed a specific capacitance as high as 400 F/g.%° Yu et al.
utilized microfibers used in textile industry to form dip coated graphene nanosheets on
microfibers.%® These coated graphene microfibers were electrodeposited with MnO to form a
hybrid material which showed a specific capacitance of 315 F/g.6® The common theme in all
the work on graphene-MnO- hybrid is to develop a 3D nanostructured composite architecture

that utilizes a thin layer of MnO2 with short diffusion lengths. This is achieved by control
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deposition of MnO2 on graphene, which provides good conductivity, chemical stability and

unique architecture.

15 Summary

The development of graphene-based electrodes for electrochemical energy storage
requires a better understanding of the graphene oxide reduction and assembly of the individual
2D sheets in 3D frameworks that retain the unique properties of graphene. There are many
advantages of such graphene-based nanostructures. First, the great mechanical strength of
graphene allows synthesis of strong 3D frameworks. Second, because of its excellent chemical
and thermal stability, graphene-based electrodes can withstand harsh conditions. Third, the
electron mobility in graphene sheets improves the electronic conductivity of the electrode
material and thereby improves electrochemical performance. Fourth, GO and RGO can serve
as substrates for organic and inorganic species to synthesize complex functional 3D graphene
frameworks such as MnO- decorated graphene sheets. These unique features enable graphene-
based materials to serve as key components in high-performance electrochemical energy

storage devices.
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Chapter 2

Photolytic Release of OHe from Aqueous Graphene Oxide Dispersions

2.1 Introduction

Graphene is a highly studied carbon allotrope, owing to its large theoretical surface area
and the variety of means for preparing single- or few-layer sheets.”’® The 2-D hexagonal
nature of the conjugated sp? network gives rise to a number of these exquisite properties. The
conducting t band of 2p; electrons that are oriented perpendicular to the bonding plane provides
an electronic shuttling effect that has opened up a multitude of applications for the conductive
2-D carbon. Current limitations in the processing capability of single-sheet graphene in bulk
quantities renders this form of graphene useful in only a few relatively specific applications.
Single sheet graphene dispersions can be prepared in a few solvents that are able to exfoliate
the graphite layers,”™* but oxidation of graphite to graphene oxide (GO) through Hummers
method’® enables one to disperse single GO sheets in water and other polar solvents.”® 7 The
oxidation reaction exfoliates the single sheets of graphene while simultaneously driving the
formation of oxygen functional groups on the surface to form GO. These functional groups
primarily consist of —OH along the basal plane and -COOH along the edges with some —O—
and =O groups dispersed throughout the surface.’® "

GO is an insulator because of the sp® hybridized domains introduced during the
oxidation of graphite. Reduction to reduced graphene oxide (RGO) is often desirable for the
final application where electrical conductivity may be required. GO can be reduced in a variety
of ways including thermal, > 12 chemical, 3 14808 glectrochemical,** 168284 and photochemical
processes.t” 18858 Reduction of GO to RGO partially-restores the interconnected sp? domains
to restore some degree of electrical conductivity, which depends on the reduction process
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employed.’® During the reduction process, oxygen functional groups are eliminated, and the
mode of reduction is critical to the final products obtained from the released oxygen-containing
groups. Photo-reduction has been studied in a number of cases to facilitate better understanding
of the mechanisms involved,> 8 8 %0 the origin of GO fluorescence,® the environmental fate
of GO,% and the potential for GO to serve as a photocatalyst.%*-% Much discussion has ensued
on the mechanisms involved in both photochemical and chemical reduction of GO to RGO.%-
% In this chapter, new findings that demonstrate the photochemical reduction of GO to RGO in
aqueous dispersions gives way to the photolytic release of hydroxyl radicals (OHe) are
presented. This new insight has a number of implications in the stability of GO and unveils
potential new means to leverage OHe photolysis products. Prior work has shown the
susceptibility of RGO to localized OHe attack to form nanoporous holey graphene dispersions
with Au nanoparticle catalyst.® Interestingly, without Au catalyst the OHe attack leads to high
density of —OH groups on the GO surface. Here, the reverse reaction has been considered, in
which OHe are liberated in high yield with UV photons, and to a lesser extent, photons in the
visible region. The results reported here provide new insights into the photostability of GO,
mechanism of aqueous photoreduction, and offer new opportunities to employ GO for solar-

driven applications.

2.2 Experimental

2.2.1 Material Synthesis and Characterization
GO was synthesized using a modified Hummers method. Two grams of graphite powder

(Alfa Aesar, 325 mesh) was sonicated and stirred in an ice bath in 92 mL of concentrated H.SO4
(Amresco) with 2 g of NaNOs (Alfa Aesar, 99%) for 30 minutes, after which 12 g of KMnOg4
(Alfa Aesar, 99%) was very slowly added. Sonication continued for 30 minutes following

addition of KMnQyg, after which the flask was removed and allowed to stir slowly overnight at
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30 °C. Next, 100 mL of deionized (DI) H.O was added dropwise followed by 1 hour of stirring.
Finally, 600 mL of H.O, (EMD Milipore, 30% w/w) diluted to 3% w/w was added into the
flask, yielding a yellowish-brown GO suspension. The suspension was washed three times with
concentrated 1 M HCI (BDH) via centrifuge, and finally five times with DI H2O. The RGO was
synthesized by irradiating 0.2 mg/mL suspension of GO in a quartz cuvette with a Xenon lamp
(Newport 69907, 150 W) for 30 minutes. To oxidize RGO back to GO, 100 uL of 30% w/w
H>0> was added to 3 mL RGO (0.2 mg/mL) and irradiated with Xenon lamp for 120 minutes.
UV spectra were taken at regular intervals with Agilent Cary 60 UV-Vis Spectrophotometer
Agilent to monitor the progress of the reaction for GO>RGO and RGO->GO. GO and RGO
were characterized using a Thermo Nicolet AVATAR 360 FTIR spectrometer.

2.2.2 Photoemission Experiments
2 mL mixture of 0.2 M terephthalic acid (TA) (Alfa Aesar, 98%) and 1 M NaOH

(Amresco) was mixed with 1 mL of GO having varying concentration (2 mg/mL, 5 mg/mL and
10 mg/mL). These samples were irradiated with Newport Xenon lamp for two hours. Another
set of same samples were prepared which were irradiated for 16 hours. Samples were excited at
A =330 nm to obtain fluorescence spectra on SpectraMax i3 from Molecular Devices.

2.2.3 Ultrafast Detection and Quantum Yield Experiments
Transient absorption measurements were recorded using a Clark MXR CPA-2101

(fundamental wavelength 775 nm, pulse duration 130 fs, repetition rate 1 kHz) incorporating
ShapeShifter software provided by Clark MXR. The fundamental laser output was split into a
pump light and a probe light, which account for 95% and 5% of the output, respectively. The
probe light beam passed through an optical delay stage and then was focused on a titanium:
sapphire crystal to provide a white light continuum. The pump light beam was directed through

a second harmonic frequency doubler to produce 387 nm pump beam. Pump energy was at ~10
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uJ/pulse. Samples consisted of GO and GO+KSCN at concentration of 0.05 mg/mL GO and
0.1 M KSCN. A 1 cm path length (quartz cuvette) was required to enable sufficient buildup of
thiocyanate radical for optical detection. Optically-flat cells were utilized for the spectroscopy
measurements.

2.2.4 GO + Dye Experiment
10 mg/mL GO (15 pL) was added to a 3 mL of 20 uM Naphthol Blue Black dye (MP

Biomedicals) solution and was irradiated with Xenon lamp (Newport 69907, 150 W). The
solution was photographed at different times from 0 to 56 hours. In another experiment, a dried
GO flake was added to 3 mL of 20 uM Naphthol Blue Black dye (MP Biomedicals) solution
and was irradiated with Xenon lamp (Newport 69907, 150 W. UV spectra were taken at regular

intervals for 120 minutes with Agilent Cary 60 UV-Vis Spectrophotometer.

2.3 Results and Discussion

The reduction of GO can be tracked using UV-visible spectroscopy since the absorption
of GO is dependent on the degree of oxidation.> GO suspensions were irradiated for 30 minutes
with 100 mW/cm? white light produced from Xenon lamp and tracked the absorption change
during its conversion to RGO. A small aliquot of H2O, was introduced to demonstrate the
reverse photolysis-driven re-oxidation of the RGO to GO via OHe. The UV-visible absorption
spectra show both conversion of GO to RGO and RGO to GO are presented in Figure 2.1 (A).
The oxidation of RGO decreases the UV-visible absorption until it returns to the initial GO
absorption profile. We suspect the oxidation required substantially longer irradiation time since
H20- is non-selective towards the oxidation of GO and has high rates of reactivity with other
aqueous species. Thus, the rate of reaction will depend significantly on proximity and diffusion
of OHe to the RGO surface following photolysis of H2O2. FTIR spectroscopy results for the

pristine GO and photochemically-reduced RGO show the loss of oxygen functional groups is

29



significantly directed toward the —OH stretching region as observed in Figure 2.1 (B). GO
exhibits a strong —OH stretching band, which is consequently eliminated following the 30
minutes irradiation period. These results point to the liberation of —~OH functional groups during

photochemical reduction.
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Figure 2.1 (A) UV visible absorption spectra for GO, RGO, and oxidized RGO
(ORGO) showing the photochemical changes during irradiation lead to
reversible changes in absorption. (B) FTIR analysis of GO and RGO
demonstrates the —OH stretching is significantly impacted by photochemical
reduction process.

The digital photographs provided in Figure 2.2 offer a visual guide to the reversibility
of the photochemical reduction and oxidation process. Previous work focusing on the
photochemical reduction process led to the researchers proposing an n to t* transition from the
labile and charge-dense oxygen functional groups to the locally-bonded carbon moiety.®* The
hypothesis that was sought to probe was the following: if the n to n* transition drives the
photochemical reduction of GO, what is the chemical nature of the released —OH functional
group? Instinctually, following from the FTIR spectroscopy, OHe was suspected as the photon-
induced reaction product (Reaction Scheme 1). Steady state irradiation experiments were also
carried out by employing the OHe fluorescent probe molecule, terephthalic acid (TA), to
determine whether OHe was released during the steady state irradiation of GO. TA reacts

irreversibly with OHe to form 2-hydroxyterephthalic acid (TAOH) as shown in Reaction
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Scheme 2.

Reaction Scheme 1

GO+hv —>» RGO + OHe

Reaction Scheme 2

COOH COOH
OH
+OHe ———
COOH COOH
(TA) (TAOH)

GO RGO ORGO
Figure 2.2: Digital photographs of GO, RGO, and ORGO.

The results of the irradiation experiments are presented in Figure 2.3. First, the
concentration of GO is varied in presence of TA and monitored the peak fluorescence intensity
for TAOH at ~435 nm with 330 nm excitation. Figures 2.3 (A) and 2.3 (B) show the
fluorescence intensity after 2 hours and 16 hours irradiation of GO samples with varying
concentration, respectively. The fluorescence intensity after 2 hours of irradiation follows
nearly a linear increase with respect to GO concentration, suggesting that additional mass of
GO, and by default the number of —OH functional groups present, leads to higher yield of

TAOH via photolytic OHe release during irradiation. However, after 16 hours of irradiation,
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we observe a shift in the relationship between GO concentration and OHe yield with 5 mg/mL
giving way to higher TAOH fluorescence as shown in Figure 2.3 (B). This phenomenon can be
attributed to the parasitic light absorption by the RGO at high concentrations that effectively
blocks further GO absorption. This result suggests that to effectively design GO for
photochemical applications, parasitic photon scavenging must be considered with regard to
concentration. Then, the irradiation time was varied for a 2.0 mg/mL GO dispersion and TAOH
fluorescence was recorded as shown in Figure 2.3 (C). As the irradiation time was increased
from 0 to 16 hours, a corresponding increase in OHe yield is observed in the higher fluorescence
peak intensity for TAOH. These results unequivocally point to photolytic release of OHe from
GO during photochemical reduction in aqueous media; a finding with strong implications for
GO in photochemical/photocatalytic applications.

It has been well established that a number of electronic transitions are possible in GO in
the UV region. Hence, it is important to understand the usefulness of GO in solar-based
photolytic applications such as remediation of aqueous contaminants. Since UV photons
correspond to ~3% of the AM 1.5 solar spectrum, 400 nm filter was employed to determine
whether photolytic release of OH® was driven solely by UV photons or by visible photons as
well. Figure 2.3 (D) shows the evolution of the fluorescence peak at 435 nm following
irradiation with 400 nm long pass filter and demonstrates visible light excitation can drive
photolysis of GO to produce OHe, although to a significantly lower extent (~20%). While the
mechanism for the visible light excitation is not clear at this point, we posit that the density of
sp® domains and the chemical make-up of neighboring functional groups and other species can
alter the local energy gap of the electronic transitions, much as edge functional groups and

domain size are strongly correlated to photoemission characteristics of GO, %% 9 100
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Figure 2.3: Photoluminescence measurements of GO dispersions at different
concentrations with (A) 2 hours and (B) 16 hours of irradiation. (C) Photoluminescence
measurements of GO dispersions with variable irradiation time at concentration of 2.0
mg/mL (D) Visible light (> 400 nm) induces photolytic release of OHe, albeit at a much
lower yield than when UV photons are not filtered (concentration of 2.0 mg/mL). Data
points represent an average of three measurements.

Quantum yield of the OHe evolution from GO was elucidated by employing ultrafast
transient absorption spectroscopy with the OHe probe molecule SCN—. We posited the surface
association between GO and SCN— would be sufficient to overcome diffusion limitations and
enable rapid capture of the photolytic OHe evolved during photoexcitation with 130 fs pumping
at 387 nm photon energy. Figures 2.4 (A) and 2.4 (B) show the transient spectra recorded for
GO and GO+KSCN in aqueous solutions. In transient absorption spectroscopy, light absorption
spectra of the sample is recorded before and after excitation with a pump light. The difference

of the absorption spectra (AOD) is plotted against wavelength of light. In Figure 2.4 (A) one
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can observe the rapid rise and fall of the transient absorption in the GO-only sample, which is
in relative agreement with prior work on ultrafast dynamics of GO.%® 101103 However, with the
introduction of the SCN™ the transient spectra show the rise of a peak centered at ~475 nm
(Figure 2.4 (B)), which corresponds to Amax for the thiocyanate dimer radical species,
(SCN),—*.104.105 The time-resolved rise in transient absorption in the GO+KSCN sample at 475
nm is illustrated temporally in Figure 2.4 (C). This rise at 475 nm stands in stark contrast to the
transient spectral behavior for GO-only sample, which shows no significant AOD at this
wavelength at times longer than 2 ps. These results in conjunction with those presented in Figure
2.3 further supports our conclusion that photoexcitation of GO in aqueous suspensions leads to
photolytic conversion of —OH functional groups to OHe. The bottom right quadrant in Figure
2.4 depicts the proposed reaction mechanism leading to the transient absorption at 475 nm. The
primary quantum yield for the photochemical process was estimated to be at ® ~ 0.85 by
employing the extinction of thiocyanate radical at 475 nm and pump energy of 9.8 pJ/pulse.
This estimate suggests a highly efficient photolytic conversion process for -OH to OHe under
387 nm excitation.

The photolytic release of OHe from GO offers new strategies to design advanced carbon
materials with high surface area for photochemical and photocatalytic applications. The stability
of the GO against reduction to RGO must be improved for photocatalytic systems, but GO is
suitable in its current state for environmental remediation of aqueous organic contaminants via
OHe. The rich surface chemistry of GO and the segregated sp? and sp® domains provide
electrostatic binding sites for both polar and non-polar molecules, and these binding sites
localize organic contaminants at the GO surface where OHe are released, enabling close

proximity between the short-lived OHe and contaminant molecules. Considering the high
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reactivity and rapid kinetics associated with OHe, surface association between GO and

contaminant molecules minimizes non-selective OHe utilization in the photolytic remediation

process.
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Figure 2.4: Transient absorption spectra without (A) and with (B) OHe capture probe
SCN—. Evolution of transient thiocyanate radical species occurs within ~1 ns as indicated
in the time-resolved transient features at 475 nm (C). The overall reaction scheme is
provided in the bottom right quadrant.

In order to test the hypothesis that GO can serve as a remediation agent, a dried GO
flake was introduced to a suspension of recalcitrant organic dye, Naphthol Blue Black (NBB),
and subjected to AM 1.5 simulated solar flux at 100 mW/cm?. The UV-visible absorption of the
dye was monitored as a function of irradiation time. Figure 2.5 (A) shows the evolution of the
spectra with 120 minutes of irradiation. One can observe the rapid increase in absorption in the

region A = 620 nm. This suggests the dye may form a complex with GO during irradiation,
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which facilitates its interaction with OHe at the GO surface and subsequent degradation. Since
the dye also absorbs photons during the irradiation experiment, an additional control experiment
confirms the dye stability during irradiation without presence of GO. Continued irradiation of
GO in aqueous solution leads to its eventual aggregation and collapse from the dispersion as a
result of the elimination of the polar functional groups.'® ® These polar functional groups
provide electrostatic repulsion forces between GO sheets and stabilize the GO suspension in
polar solvents. Upon significant reduction of GO (regardless of the means of reduction) sp?
domains increase in size to a critical threshold, after which n-n interactions begin to dominate
and multilayer aggregates of RGO are formed.*® This breaks the suspension and results in flocs
settling out as a graphitic oxide material. It is posited that this unique characteristic of GO/RGO
can be harnessed as part of a multifunctional remediation material by aggregating and settling
naturally after the functional groups are photolytically eliminated. This inherent separation
process circumvents the need for extraction of RGO from remediated water. As a proof of
concept for the multifunctional remediation-separation capability of the GO dispersions, we
irradiated a GO-dye mixture for 56 hours continuously and collected digital photos of the
progress of the reaction and separation. Figure 2.5 (C) shows the evolution of the dark color
resulting from GO to RGO conversion with disappearance of the blue dye coloration and small
flocs at the bottom of the cuvette after 5 hours. Further exposure to the light led to continued

accumulation of flocs with nearly complete reduction and settling after 56 hours.
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2.4 Conclusions

The photolytic evolution of OHe from GO dispersions with high quantum yield was
successfully demonstrated. These findings imply some degree of reversibility between the OHe
attack on RGO reported previously®® and the OHe release from GO. Aqueous contaminant
remediation is facile using GO as a source for OHe, and the conversion of GO to RGO during
photolysis enables inherent separation from the aqueous dispersion following degradation of
the organic contaminant. This inherent aggregation-induced separation process is driven by the

growth of sp? domain size during photochemical reduction (sp® to sp?), which when sufficient
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Figure 2.5: (A) Time evolution of the UV-visible absorption spectra with GO+H0 taken as
baseline during 30-minute irradiation. (B) Corrected absorbance values at the 620 nm
naphthol blue-black dye peak after subtracting the absorption of the partially reduced GO at
each time point. The decrease in absorption of the dye is indicative of the photolytic
remediation process mediated via OHe. (C) Digital photographs of the coloration changes
with continued irradiation of the dye-GO mixture. Flocs accumulate at the bottom of the
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size of these domains is attained, n-n bonding networks are reestablished. Further work is
underway to identify the mechanisms and kinetics associated with the photolytic OHe release
under various experimental conditions and photon excitation energy, which may prove
insightful to realizing a form of GO that is stable under UV/visible irradiation. Further
implications regarding the environmental fate of GO arise now, considering its role as both a

source and sink for OHe.
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Chapter 3

Structure - Processing - Property Relationships of Self-Assembled 3D Graphene
Frameworks

3.1 Introduction

Recently, nanocarbons such as carbon nanofibers (CNFs), carbon nanotubes (CNTS)
and graphene have been utilized as basic building blocks to build nanostructures for energy
storage applications.?® Graphene has shown the most promising results due to its exceptional
electronic, thermal and mechanical properties.!® However, strong van der Waals attraction and
n-m interactions between graphene sheets results in restacking of individual sheets to form
graphite-like structures, losing their unique properties such as high specific surface area (SSA)
and electrical conductivity.?®3! The true potential of utilizing graphene in electrochemical
capacitors lies in the ability to assemble the individual 2D sheets into 3D frameworks that retain
the unique properties of graphene and provide hierarchical porous networks for efficient ion
diffusion.* 247, 106108 5,ch 3D graphene frameworks (3DGFs) have been developed using two
well-known methods - chemical vapor deposition (CVD) and self-assembly.?> 109-111

CVD process uses metal substrates as templates to produced 3D structures. This has
been demonstrated by the direct growth of graphene on 3D templates such as commercially
available Ni foam,'!2 anodic aluminum oxide,'** MgO,'** nickel-coated pyrolyzed photoresist
films,'*> and metallic salts.!'® Although CVD is a technique that produces 3DGF with
controlled morphologies and properties, it requires very expensive infrastructure.

Self-assembly of 2D materials is achieved by controlled destabilization of a dispersion
that is stable due to a delicate balance between attractive and repulsive interactions.'’ A
common method of synthesizing 3DGF is through controlled reduction of graphene oxide. GO
sheets in an aqueous dispersion remain separated due to the dominance of repulsive forces
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among negatively charged ionized carboxylic groups at the edges of the sheets.?! After
reduction, the repulsive forces are neutralized by n-x interactions and hydrophobic interactions
arising due to the removal of hydroxyl and epoxy functional groups from the basal plane of
graphene sheets and subsequent recovery of sp? network.*® The functional groups that remain
on the graphene sheets hold water as a spacer and prevent the restacking of the graphene sheets.
This results in the formation of an interconnected network of 2D sheets possessing a 3D
structure. There are many other ways to assemble graphene into 3DGFs such as the addition of
cross-linkers, 119123 freeze-drying,'?* controlled filtration.!?® Major advantages of the self-
assembly process are - (1) ease of hybridization with other materials, (2) solution-based facile
processing, (3) high throughput, and (4) inexpensive infrastructure requirement. The focus of
this work is on chemically reduced self-assembled 3DGFs.

There is a dearth of studies that focus on understanding charge storage and ion transport
ability of 3DGFs. A literature review of previous studies focusing on recent advances in the
synthesis of 3D self-assembled graphene frameworks and their applications in electrochemical
capacitors is shown in Table 3.1. This table includes only the studies in which 3DGFs were
synthesized using the reduction of GO. Gaoquan Shi’s group was the first to report the self-
assembly of graphene via reduction of GO, which required hydrothermal reactor operating at
180 °C for 6 hours.’%® They showed that a typical 3DGF is a hydrogel having a highly
interconnected 3D graphene network (~2 wt. %) which is filled with water (~98 wt. %). This
self-assembled structure showed a high electrical conductivity of 0.5 S/m, a hierarchical porous
structure with a large specific surface area. The 3DGF showed excellent mechanical strength,
which was 1-3 orders of magnitude higher than those of conventional self-assembled hydrogels.

The 3DGFs synthesized by Shi’s group were directly used as electrochemical capacitor
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electrodes without any other additives and exhibited a high specific capacitance of 160 F/g in 1
M H,SOs electrolyte, about 33% higher than that of agglomerated RGO powders under the
same test conditions.® This initial study provided a new fundamental understanding of the self-
assembly mechanism of graphene as a basic building block and inspired subsequent studies on
3DGFs. The hydrothermal reduction method required high temperature and pressure conditions,
which was improved by Shi et al.%” and Liu et al.*?® They utilized a chemical reduction method
in which the reaction was completed in less than 2 hours below 100 °C.%" 12 Moreover, the
chemical reduction reaction did not require autoclaves that were necessary for hydrothermal
reduction. The 3DGFs prepared by chemical reduction displayed similar porous structure and
mechanical properties. The electrical conductivity, however, was two times higher than that
3DGFs produced by hydrothermal reduction.®” 2 This was because of a higher degree of
reduction achieved during chemical reduction. The capacitance exhibited by the 3DGF was 240
F/g, an increment of 50% as compared to hydrothermally reduced 3DGF.>” More recently, Duan
et al. prepared a new 3DGF built from holey graphene sheets through a hydrothermal process.*®
The process involved simultaneous etching of nanopores within the graphene plane by H20-
and self-assembly of graphene into a 3D network. Hydrogen peroxide was mixed with a
dispersed solution of GO. The mixture was heated at 180 °C for 6 hours in a hydrothermal
reactor. During the reaction, GO sheets were reduced creating freestanding porous holey
graphene. Hydrogen peroxide helped in partially oxidizing carbon atoms around active
defective sites and form nanopores in the GO sheets. These nanopores are distributed
throughout the GO sheets because of the abundant presence of defective carbon sites. The
degree of etching can be controlled by the amount of H.O>. The holey 3DGF exhibited a highly

porous network with an ultrahigh accessible SSA of 1560 m?/g. Most importantly, the 3DGFs
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showed excellent rate capability and superior cycling stability, which was attributed to efficient

ion diffusion and fast electron transport. Holey 3DGF was also prepared by chemical reduction

of holey GO with L-Ascorbic acid and achieved similar capacitive performances.'?’

Table 3.1: Literature review of previous studies on graphene frameworks

Graphite Concentration Capacitance ESR  Tau

Year Pl flakesize  (mg/mL) Reduction method  Electrolyte (Flg) @ ©)
2010 Gaoquan Shi 325 mesh 2 Hydrothermal 1M H,SO, 160

2011 Gaoquan Shi 325 mesh 2 Chemical 1M H,SO, 240

2011 Bin Liu 325 mesh 4 Chemical 6M KOH 128

2014  Xiangfeng Duan - 2 Hydrothermal 6M KOH 208 1.3 049
2014  Xiangfeng Duan - 2 Hydrothermal 6M KOH 310 06 017
2015  Xiangfeng Duan - 2 Chemical 1M H,SO, 283 0.8

All these studies pointed out several advantages of the self-assembled 3DGFs over other
3D graphene and carbon structures. First, the self-assembled 3DGFs are highly porous materials
with high SSA where graphene sheets are interlocked together to prevent them from restacking.
Second, the 3DGFS are hydrogels that are fully hydrated and can allow a direct exchange of
various electrolytes. This ensures that electrochemically active surface of the electrode is fully
wetted by electrolyte and accessible to the electrolyte ions, which is difficult to achieve in
conventional porous carbon material % 128 4 Third, the solvated 3DGFs can be mechanically
compressed to form free-standing dense films without causing restacking to achieve improved
volumetric capacitance. Lastly, the pores of 3DGF are sufficiently large and well-integrated
into a hierarchical porous architecture for efficient ion transport, which is not possible in
activated carbon due to the presence of isolated ultra-small micropores that are inaccessible to
the electrolyte ions.%®

In this chapter, the effect of GO sheets size (aspect ratio), GO dispersion concentration
and GO dispersion pH on electrochemical properties of 3D graphene frameworks that are

prepared by chemical reduction of GO has been discussed. The effects of GO sheet size on the
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amphiphilicity of GO sheets,*?® buckling amplitude of individual sheets,**°

rheological
properties of dispersions,'3-13* and conductivity of composite materials**> 1*¢ have already been
demonstrated. Therefore, it is plausible to argue that self-assembly will result in sheet size-
dependent architecture, whose electrochemical properties are yet to be explored. GO
dispersions utilized in the abovementioned studies were synthesized from a graphite precursor
of a single flake size of 325 mesh (~ 44 um). Graphene frameworks were synthesized from a
dispersion of GO of 2.0 mg/mL except for one study which utilized 4.0 mg/mL. The variation
in electrochemical properties and microstructure of reduction induced self-assembled graphene
frameworks with respect to the GO sheet size and concentration have not been reported until
now. For this study, GO samples with two different sheet size were prepared - (a) small GO

using graphite flake size of 325 mesh (~ 44 um), and (b) ultra-large graphene oxide (UL-GO)

using graphite flake size of 50 mesh (~ 297 um).

3.2 Experiments

321 Small GO and UL-GO Synthesis
Small GO was synthesized using a modified Hummers’ method.® 2 g of graphite powder

(Alfa Aesar, 325 mesh) and 2 g of NaNOz (Alfa Aesar, 99%) in 92 mL of concentrated H2SO4
(Amresco) was sonicated in an ice bath for 30 minutes. After this, 12 g of KMnO4 (Alfa Aesar,
99%) was slowly added while keeping the temperature below 20 °C. Sonication was continued
for 30 minutes following the addition of KMnOQg, after which the mixture was allowed to stir
slowly overnight at 30 °C. The next day, 100 mL of deionized (DI) H.O was added dropwise
followed by 1 hour of stirring. Then, 600 mL H20. (EMD Milipore, 30% w/w) diluted to 3%
w/w was added into the flask, yielding a yellowish-brown GO suspension. The suspension was
washed three times with concentrated 1 M HCI (BDH) via centrifuge, and finally five times

with DI H2O.
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UL-GO was synthesized using a method described by Aboutalebi et al.*3” The synthesis
utilizes intumescent flake graphite, also known as expandable graphite, a form of intercalated
graphite (with sulfate). The intumescent flake graphite can be expanded 300 times in volume
on the application of rapid heat which converts the intercalant into a gas phase.'® Gas formation
results in an increased pressure between the sheets that forces the adjacent graphene layers to
separate. Rapid heating can be achieved in a furnace by introducing the sample at 1000 °C for
10 seconds. This method requires a furnace with a large enough volume to accommodate the
expanded graphite. Additionally, a mechanism is required where the introduction of
intumescent graphite and recovery of expanded graphite is quick and safe. Exposure to high
temperature for more than 10 seconds will lead to the complete oxidation and loss of material
unless this is done in an inert environment. Because of abovementioned complications, a
simpler method using microwave (MW) irradiation was utilized to expand graphite.**® The MW
reaction can be performed at room temperature in a short time with less energy consumption.

For UL-GO synthesis, 1 g of intumescent flake graphite (Asbury, 50 mesh) was
irradiated with microwaves in a 1200 W commercial microwave (Panasonic NE-12523) with
full power for 20 seconds, which caused a sudden expansion of graphite. Expanded graphite in
230 mL H2SO4 (Amresco) was stirred for 72 hours to allow the acid to diffuse inside the
graphene layers. 10 g of KMnOs (Alfa Aesar, 99%) was added slowly to the mixture to start the
oxidation reaction, which was completed under stirring for 48 hours. Next, 200 mL of H20 was
added dropwise while maintaining temperature below 20 °C using an ice-bath. Then, 50 mL of
30% H20> was added to get a yellowish golden suspension of UL-GO. The suspension was

washed three times with 1 M HCI and five times with DI water using a centrifuge.
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GO and UL-GO dispersion synthesized from these methods exhibited a pH ~ 3 after
washing. The pH was adjusted to ~10 by adding NH4OH to increase the stability of
dispersions.?! For the size and concertation study GO and UL-GO dispersions with pH ~ 10
were utilized. For pH study, the UL-GO dispersions with pH ~ 3 and pH ~ 10 were utilized.

Scanning electron microscope (SEM) imaging of small GO and UL-GO sheets was
carried out by depositing the sheets from a dispersion of 50 pg/mL on a silanized silicon wafer.
Silane solution was prepared by mixing 3-aminopropyltriethoxysilane (Aldrich) with water in
a ratio 1:9 by volume. Precut silicon wafers were silanized by immersing in silane solution for
30 minutes followed by washing with DI water. GO sheets were deposited by immersing the
substrate in the dispersion for 5 seconds followed by immersing in DI water for 30 seconds.
The substrate was air-dried and then used for SEM imaging.

Figure 3.1 (A) and (B) show the SEM images of small GO and UL-GO sheets taken on
a JEOL JSM-7000 field emission microscope. Multiple images of the small GO and UL-GO
samples were taken. More than 100 particles were analyzed using image processing software
ImagelJ to develop area distributions for small GO and UL-GO particles as shown in Figure 3.1
(B) and (D), respectively. The average area of the GO sheets was 0.27 pm? with a standard
deviation of 0.23 um?. The average area and standard deviation for UL-GO was 11 um? and 21
um?, respectively, which is two orders of magnitude larger as compared to small GO. The area
distribution of small GO and UL-GO sheets presented here is qualitatively similar to the results
reported before by Lin et al.*3 The SEM images of GO and UL-GO show the presence of very
tiny sheets for which accurate area measurements are not possible because of poor image
resolution at higher magnification. However, the mass fraction of such tiny sheets is negligible.

It is important to note that both GO and UL-GO samples have a broad particle size distribution.
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Hence, results presented here could be refined in future by employing techniques to synthesize

GO sheets with narrow particle size distribution. 4
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Figure 3.1: SEM micrographs of (A) Small GO and (C) UL-GO; size distribution of (B)
small GO and (D) UL-GO after analyzing the SEM micrographs with an image
processing software ImageJ.

3.2.2 Synthesis of 3D Graphene Frameworks

Sodium borohydride and hydrazine are known to be most common reducing agents for
GO;*! however evolution of gaseous products during reduction leads to non-uniform 3D
graphene frameworks.*?® Therefore, L-ascorbic, an environmentally friendly reducing agent is
utilized to prepare 3D graphene frameworks. The reaction of GO with L-Ascorbic acid does not
produce gaseous products and hence uniform 3D graphene frameworks are formed. Various

groups have demonstrated that RGO produced from L-ascorbic acid has high electronic
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conductivity due to a high degree of reduction.?® *®® For this study, 3D graphene frameworks
were synthesized using a method similar to described in the literature.>" 12

For the GO sheet size study, three different samples were synthesized using - (1) a
dispersion of small GO to make graphene frameworks (GF), (2) a dispersion of UL-GO to make
large graphene frameworks (LGF), and (3) a dispersion of 1:1 GO and UL-GO to make
GF+LGF. 2 mL of 2.5 mg/mL dispersion containing 0.1 M of L-Ascorbic acid were transferred
to a 10 mL vial, which was kept inside an oil-bath maintained at a temperature of 90 °C for 90
minutes. The resulting GF was cooled for a few hours and then soaked in DI water overnight to
remove the impurities. The water-washing step was repeated two more times. For concentration
study GF was synthesized from small GO of varied concentration from 2.0 mg/mL to 12 mg/mL
and LGF was synthesized from UL-GO of varied concentration from 0.5 mg/mL to 4.0 mg/mL.

At concentrations higher than 12 mg/mL for GO and 4.0 mg/mL for UL-GO, the
graphene frameworks formed displayed a distorted shape. At high concentrations, the GO and
UL-GO dispersions exhibited gel-like phases on visual observation. Hence the distorted shape
of graphene frameworks can be attributed to the inhomogeneous reduction reaction caused by
improper mixing of reducing agent with the gel-like GO phase. The reaction scheme with digital
photographs of GO dispersion and fully formed graphene framework is shown in Figure 3.2.

- L
+ L-Ascorbic Acid

90 °C
- 1.5 hours i

— —

Figure 3.2: Digital images of 2.5 mg/mL graphene oxide dispersion
and self-assembled graphene frameworks.
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3.2.3 Electrode Fabrications and Electrochemical Characterization
The water washed GF was soaked in 6 M KOH electrolyte solution for 12 hours

replacing the KOH solution every 4 hours to get rid of trace impurities. GF was then cut into
thin slices and pressed onto nickel foam with a hydraulic press under a pressure of 20 MPa for
20 seconds (Figure 3.3 (A)). Nickel foam is often utilized as a current collector for electrodes
because of the strong mechanical adhesion achieved between nickel foam and the active
material.?® Nickel is also non-reactive towards KOH as compared to another widely used current
collector material, aluminum, which reacts violently with KOH. The fabricated electrode,
known as the working electrode (WE) was soaked in an electrolyte solution for six hours before
performing electrochemical tests. All the tests were performed using a Gamry Interface 1000
potentiostat in a 3-electrode setup as shown in Figure 3.3 (B) with Ag/AgCl as a reference

electrode (RE), Pt wire as a counter electrode (CE) and 6 M KOH as an electrolyte.

-|+

N
4,

-

WE CE
T
Solution
Figure 3.3: (A) Self-assembled graphene framework after pressing it on

nickel foam, (B) schematic of the 3-electrode setup to perform
electrochemical tests.

A potentiostat is an electronic instrument that varies the potential or current of the
working electrode with respect to a reference electrode of known potential. The function of the
counter electrode is to enable the passage of charge to maintain charge neutrality potential by

adjusting its potential. In other words, a counter electrode is used to balance the current response
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of the working electrode. Many different types of electrochemical tests can be carried out using
a potentiostat. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
are of most significance to electrode characterization.

In a CV experiment, the current through the working electrode is measured as the
voltage is swept over a range in a cyclic manner. A set of CV experiments were performed with
scan rates varying from 1 mV/s to 1000 mV/s for the voltage window of -1 V to 0 V with respect
to Ag/AgCI reference electrode. The average specific capacitance C (F/g) of the working

electrode can be evaluated by using the following equation:

C=—
m.v

where | is the current in amperes, m is active mass of electrode in grams and v is scan rate in
VIs.

EIS is a technique where a small alternating potential is applied for a range of frequency
values and the corresponding current is measured. An expression analogous to Ohm’s law allow

calculation of impedance values-

Z(w) = ? = Zy(cos¢ + jsin¢p)
where E is the AC voltage of an amplitude of 5 mV, I is the measured AC current, w is the
frequency ranging from 100 kHz to 10 mHz. The impedance is expressed in terms of a
magnitude, Zoand a phase shift, ¢.
Two types of impedance that arise from applied potential are resistive impedance and
capacitive impedance. If voltage and current are in phase, it signifies a resistive impedance
while if they are out of phase by 90° it signifies a capacitive impedance. In EIS measurements,

the electrode normally shows a phase difference some angle between 0° and 90°, which
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indicates a mixture of resistive-capacitive elements. As the frequency of voltage oscillation is
varied, a spectrum evolves from plotting the imaginary impedance with respect to the real
impedance, referred as Nyquist plot as shown in Figure 3.4. From a Nyquist plot, one can
measure ohmic resistance Ro and charge-transfer resistance Rct. Ohmic resistance is a
combined resistance due to electrode, electrolyte, and electrical contacts in the electrochemical
cell. Charge transfer resistance for graphene based electrodes represents the intersheet
resistance.’*? Another important parameter is RC time constant, indicative of the
charging/discharging time of a capacitor. One can calculate the value of RC time constant using

the expression —
21

0= W(g =45

where 1, is RC time constant and w is frequency when phase shift is 45°.
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Figure 3.4: Example of a Nyquist plot from EIS data.
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3.2.4 Structural Characterization
For SEM imaging and BET measurements of graphene frameworks, the samples were

dried using CO> critical point dryer. SEM images were taken on a JEOL JSM-7000 field
emission microscope. BET measurements were performed on Quantachrome Nova 2200e

surface area and pore size analyzer.

3.3 Results and Discussion

3.3.1 Effect of Graphene Oxide Aspect Ratio
Three different graphene frameworks GF, GF+LGF, and LGF were synthesized using

2.5 mg/mL dispersions of (1) small GO, (2) 1:1 small GO and UL-GO, and (3) UL-GO,
respectively. Cyclic voltammetry (CV) was performed at various scan rates to measure the
capacitance. The rectangular shape of the CV scan in Figure 3.5 (A) confirms the capacitive
behavior of all the graphene frameworks with LGF exhibiting the highest capacitance in the
group. It should be noted that there is a sharp decline of 85% in capacitance of GF and 74% in
GF+LGF as the scan rate is increased from 1 mV/s to 1000 mV/s as shown in Figure 3.5 (B).
However, the capacitance decline for LGF is only 66%. This is indicative of a higher degree of
diffusion limitation in GF and GF+LGF as compared to LGF. The diffusion limitation can be
quantified by measuring the slope (b-value) of a plot between the logarithm of peak current and
the logarithm of scan rate from cyclic voltammetry data. It can be considered that peak current
(ip) in CV obeys a power-law relationship with the scan rate (v) as ip=av®.'*® For a purely
diffusion-limited case, the b-value is 0.5 and for a purely capacitance limited case. it is 1.0.
Figure 3.5 (C) clearly shows that b-value for LGF is closest to one, which means the diffusion
of electrolyte ions is faster in LGF. This conclusion is further corroborated by ion transport
properties, which were probed using electrochemical impedance spectroscopy (EIS)

measurements. The frequency response analysis over the frequency range of 0.01 Hz to 100

51



kHz is shown via Nyquist plots in Figure 3.5 (D). EIS measurements can yield the value of RC
time constant (to), which is reciprocal of a characteristic frequency (fo) where the resistive and
capacitive impedances are equal.}* RC time constant value for LGF is 0.5 seconds, which is

three times smaller than GF and two times smaller than GF+LGF as presented in Table 3.2.
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Figure 3.5: Electrochemical characterization of GF, GF+LGF and LGF in three-
electrode setup with 6 M KOH electrolyte. (A) CV curves at 100 mV/s, (B)
comparison of specific capacitance at various scan rates, (C) b-value determination
from CV data, (D) Data points represent an average of three measurements (one
measurement each on three samples synthesized from same GO batch).

52



Table 3.2: Parameters measured from EIS. Parameter values represent an
average of three measurements (one measurement each on three samples
synthesized from same GO batch) and error represents the maximum and
minimum measured values.

Parameters GF GF+LGF LGF
Ro(©) 0.33+0.030.31+0.030.38+0.03
Rer (@) 28+£03 21+02 05%0.1

To (8) 18+ 02 12+02 05+01

The low RC time is indicative of fast charging and discharging time, and therefore
signifies faster electrolyte diffusion in LGF electrodes. This means there are more ion transport
paths available in LGF as compared to GF and GF+LGF. In the low-frequency regime of the
Nyquist plot, the vertical curve suggests ideal capacitive behavior. In the high-frequency
regime, a semicircle is featured whose diameter represents the charge transfer resistance Rcr.
For graphene-based materials, it represents intersheet resistance i.e. activation energy required
for electron “interfacial hopping” from one sheet to another. The measured values of charge
transfer resistance for GF, GF+LGF, and LGF are 2.8 Q, 2.1 Q and 0.5 Q, respectively. This
shows LGF has better electrical percolation than GF and GF+LGF. These Rct values are
expected because nanomaterials with high aspect ratios have shown improved electrical
percolation previously.!3> 145146 R4 the ohmic resistance due to the material and electrolyte,
does not vary significantly for the three samples. LGF not only exhibits better capacitance but
also faster ion diffusion and lower charge-transfer resistance, which make it a superior material
to be used for electrochemical energy storage applications. Higher capacitance and faster ion
diffusion results of LGF are counter-intuitive because the large surface area of UL-GO sheets
should lead to higher degree of restacking after reduction resulting from stronger van der Waals
attraction.''® However, if the sheets are so large that they exhibit more corrugations stacking

may be retarded.
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The higher capacitance can be correlated to Brunauer-Emmerr-Teller (BET) specific
surface area measured by nitrogen adsorption-desorption isotherms for CO; critical point dried
samples of GF, GF+LGF, and LGF. In Figure 3.6 (A), all samples show a typical type IV
isotherm as defined by IUPAC, which is characteristic of mesoporous materials.'*” BET SSA
measured for GF, GF+LGF and LGF are 698 m?/g, 773 m?/g, and 929 m?/g, respectively. Since
the electrode is always soaked in an electrolyte, solvated surface area of GF, GF+LGF and LGF
was also measured using a Methylene Blue (MB) adsorption method, which resulted in an area
of 414 m?/g, 440 m?/g, and 476 m?/g, respectively. These results demonstrate that LGF exhibits
higher capacitance because of its higher available SSA. Efficient ion transport in LGF can be
attributed to the higher pore volume of 2.41 cm®/g that was calculated using the method
proposed by Barrett, Joyner, and Halenda (BJH). The GF+LGF and GF pore volume were 2.14
cm?®/g, and 2.03 cm®/g, respectively. The pore volume results are also supported by low packing
density of LGF as evident in Figure 3.6 (B). Further, the optical image of graphene frameworks
in Figure 3.6 shows that LGF has the largest volume for the same mass graphene oxide used in
synthesis of all three samples. The highly porous structure of GF and LGF can be observed from
SEM micrographs in Figure 3.9. LGF shows higher degree of corrugations which seems to
prevent the restacking between graphene interlayers and thus contributes to the much higher
specific surface area and pore volume. It is known from previous studies that there are
corrugations on graphene sheets to maintain thermodynamic stability, which impart interesting
properties to the final bulk material.}*®*%! In order to have a better understanding of the
microstructure of 3D graphene frameworks, a detailed discussion on corrugations of graphene

sheets and various interactions among them is presented in the next sub-sections.
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Figure 3.6: (A) N2 adsorption—desorption isotherms and (B) packing density of GF,
GF+LGF and LGF. Image at the bottom is the digital photographs for the visual
comparison of the size of different graphene frameworks Data points represent an
average of three measurements (one measurement each on three samples synthesized
from same GO batch) and error bars represents the maximum and minimum
measured values.

3.3.1.1 Ripples, Wrinkles and Crumples in Graphene Sheets

The literature is full of conflicting nomenclature for various corrugations exhibited by
graphene sheets. Deng et al. simplified the different corrugations by categorizing them into
ripples, wrinkles and crumples based on their aspect ratio, wavelength and topology.*®* The
aspect ratio defined here is the ratio of length to the width of corrugation. Ripples are a type of
corrugations that are isotropic in nature with valley and peaks having feature size below 10 nm
and an aspect ratio close to one. Wrinkles have an aspect ratio of greater than 10 and a height
less than 15 nm. Crumples, on the other hand, are dense deformations (folds and wrinkles)
occurring isotropically similar to a crumpled paper, where wavelength of corrugations is greater

than 100 nm. Table 3.3 provides a description of various corrugations observed on graphene.
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Table 3.3: Description of various corrugations on graphene.

. Wavelength / . .
Corrugations . g Aspect Ratio Height Reasons
Width
Ripples <10 nm ~1 <lnm Thermal fluctuations
Wrinkles 1-100 nm > 10 < 15nm _Unldlre_ctlona}l forces ar_lsmg from
interaction with anchoring surface
Crumples > 100 nm ~1 - Multidirectional forces

Peierls and Landau, around 90 years ago, demonstrated theoretically that thermal
fluctuations destroy long-range order in 2D materials resulting in melting of 2D lattice at finite
temperature.®* 153 In the year 1966, Mermin-Wagner proved that magnetic long range-order
cannot exist in 1D and 2D materials.!> Later, they extended their work to show that crystalline
long-range order cannot exist in 2D materials.*>® However, experimental work on thin films and
membranes demonstrated that perfect 2D crystal can exist in 3D space.*®%® The isolation of
graphene from graphite, ™ % proved the existence of the first truly 2D crystal, and the
experimental observation of ripples in suspended graphene by Meyer et al. showed that 2D
graphene sheets display long-range order with out-of-plane deformations reaching a height of
1 nm.*®! Experiments described by Meyer et al. demonstrated that freely suspended graphene
crystals can exist without a substrate, and exhibit random elastic deformations involving all
three dimensions. They reported free-standing graphene sheets with ripples of height 1 nm and
wavelength of 5 nm. Fasolino et al. provided strong theoretical support for the experimental
observations of ripples in graphene due to thermal fluctuations.'®? To understand the origin of
ripples, it is important to note that unlike 2D membranes there exists an interaction between
bending and stretching phonons in graphene sheets which cause the temporal and spatial
modulations of the C-C bond lengths.2#® 8 In graphene sheets there are no neighboring carbon

atoms above or below the sheets which indicate the absence of restoring forces from the adjacent
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layers. Hence, bending modes of C-C bonds cause the restoring forces which have an out-of-
plane component between neighboring atoms. These perpendicular restoring forces are much
weaker than those along the bonds (stretching), and therefore thermal energy at finite
temperatures can move the carbon atoms out of the plane creating so-called “ripples”.**° The

spatial distribution of the ripples on graphene can be estimated by the equation:*62

=24 2T
—*Te I37B

where L is a typical sample size of ripple distribution or distance between two ripples, « is the
bending rigidity, T is the temperature and B is the two-dimensional bulk modulus. This equation
shows that number of ripples increases with the temperature and there are no ripples at 0 K. In
addition, ripples were shown to significantly reduce the magnitude of in-plane stresses
generated by defects.'®® At edges and near defects, the asymmetry of the bond lengths in

graphene is amplified causing the increased density of ripples in these regions.

Wrinkles are formed due to the sheets under strain and topology of wrinkles appears
similar to the hanging curtains. The strain mainly arises from the interaction with the anchoring
surface. These interactions can be amplified because of large temperature changes. Graphene
has a negative thermal expansion coefficient i.e. graphene sheet shrinks on heating and expands
on cooling. Because metals have a positive thermal coefficient of expansion, graphene grown
on metallic catalysts exhibits high densities of wrinkles.®* An example of graphene wrinkling

is shown in Figure 3.7 (B).
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Figure 3.7: Wrinkled, rippled and crumpled graphene. (A) Rippled graphene,
(B) wrinkled graphene and (C) crumpled graphene.**

Crumple formation is a result of multidirectional forces applied to graphene. Rapid
evaporation of GO aerosol droplets has been demonstrated as an efficient way to produced
crumpled graphene.* 1% This crumpled graphene remains stable by plastically deformed ridges
and does not unfold during various types of solution processing or chemical treatments. 66 167
Luo et al. observed strong graphitic diffraction at the folded ridges during an electron diffraction
study and suggested that the folded ridges are held together n—r stacking.'®® In the same study,
crumpled graphene was also showed to possess higher free volume and higher accessible

surface area as compared to flat graphene sheets.

58



1pum

Figure 3.8: SEM image of LGF. Colors were added using Adobe Photoshop to enhance
the corrugation features of the sheet in-focus.

Figure 3.8 shows various corrugation features in SEM image of LGF. The corrugation
(A) is an example of one of the many wrinkles present in the blue colored individual sheet. One
end of the wrinkle (A) meets the folded edge (C) and the other end meets another wrinkle which
appears to be present on a crumpled feature. The feature (B) represents one of the crumpled
regions of the sheet. Itis clear from Figure 3.8 that graphene sheet in LGF has abundant wrinkles
and crumples. Figure 3.9 shows the comparison of SEM images of GF and LGF. The
microstructure of GF and LGF appears very different from each other. The large sheets are
visible in LGF, with abundant wrinkle and crumple features. The wavelength of crumples in
LGF is as high as 1 um as indicated by the red colored arrow shown in Figure 3.9 (D), whereas

the size of GO sheets used in GF were less 1 um. The small graphene sheets observed in GF
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have a lesser degree of wrinkling and crumping as compared to LGF. Hence, the findings here
support the argument that graphene sheets in LGF have wrinkles and crumples of larger
amplitude as compared to graphene sheets in GF and that this could contribute to the improved

electrochemical performance.

Figure 3.9: SEM images of (A, B) GF and (C, D) LGF.
3.3.1.2 Intermolecular and Surface Forces

It can now be postulated that the larger wrinkles and crumples in the sheets allow the
3D structure to be more porous and avoid complete restacking of the sheets. Superior
electrochemical performance of LGF due to high SSA and porosity also support the previous
study done by Luo et al., which demonstrated that crumpled graphene has more SSA and pore
volume as compared to flat sheets.® The previous studies on crumpled graphene referenced

here are based on rapid evaporation which causes multidirectional compression forces to
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crumple the sheet. The reactions system presented here, however, is much more complex. The
conversion of GO dispersion to 3D graphene framework takes place at a moderate pace during
a reduction reaction in a hydrothermal reactor at 90 °C. The various multidirectional forces
which are in action during the formation of 3DGF are!® —

(a) m—m interactions — These are attractive non-covalent interactions between aromatic rings
containing 7 bonds. As the reduction reaction progresses, more sp? sites on graphene
sheets become available which causes the sheets to coalesce.

(b) Hydrophobic interactions — These are strong attractive interactions between
hydrophobic molecules in water, often stronger than their attraction in free space. The
sp? sites on graphene sheets are hydrophobic and tend to coalesce to minimize the
surface area exposed to water.

(c) van der Waals attraction — These are long-range dispersion forces where interaction
energy becomes stronger with the increase in surface area of nanomaterials. However,
these forces are reduced significantly in a solvent medium.

(d) Electrostatic repulsive forces — These are due to negatively charged ionized carboxylic
groups at the edges of graphene sheets.

(e) Hydrogen bonding — Oxygen functional groups on graphene sheets form hydrogen
bonds with water and other functional groups present on adjacent sheets.

(F) Steric hindrance — The high concentration of GO in the dispersion imparts steric
hindrance to the free movement, especially the rotation of individual sheets.
Additionally, the oxygen functional groups will also impart steric hindrance and retards
the ability of the sheets to come in close enough contact to completely restack due

to m—m interactions.
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(g) Thermal expansion/compression stresses — The reaction temperature is at 90 °C and the
final 3DGF is cooled down to room temperature for further processing, which should

cause stresses due to thermal expansion and compression.

These multiple forces during the reaction result in the unique morphology of graphene
frameworks as shown in Figure 3.9. Due to the complexity of the self-assembly process, the
effect of these forces on the formation of corrugation has been only discussed here qualitatively.
Building upon this research, simulation studies could give deeper insight into mechanism of

self-assembly and microstructure of graphene frameworks in future.

Another factor that influences the microstructure of 3DGF is the number of GO sheets
in the dispersions. For GO dispersions of the same concentration but different GO sheet size,
the relationship below must be true, assuming similar intersheet spacing:

n4, = n,A,
where A is the average sheet area and n is the total number of sheets in a dispersion. Since UL-
GO has higher average sheet area, the number of sheets in the UL-GO dispersion will be fewer.
From previous studies, it is known that the number of contacts per sheet are limited by the
energy required for intersheet deformation.'®® Also, the higher amplitude of wrinkles and
crumples in the UL-GO sheets require higher energy for their deformations. This results in
fewer intersheet contacts in LGF resulting in higher SSA and porosity leading to higher
capacitance and efficient ion transport. LGF has fewer sheets and fewer intersheet contacts
which minimizes the “electron hopping” resulting in better electronic percolation and low
values of charge transfer resistance of LGF. It is also important to note that LGF was relatively
firm and strong as compared to the GF and GF+LGF. This was observed while cutting the

graphene frameworks using a blade into thin pieces to be pressed upon the Ni foam. Further
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mechanical experiments such as dynamic mechanical analysis (DMA) should be performed to

compare the strength of these materials quantitatively.

The results of the GO sheet aspect ratio study suggest that overall LGF is a superior
material given its superior electrochemical properties. The results of GF+LGF indicates that
addition of small GO to UL-GO will deteriorate the properties of the graphene framework.
These results agree with other studies where UL-GO has shown to be a better precursor for

RGO based materials having better mechanical properties and higher conductivities, 3> 137. 148

3.3.2 Effect of Concentration
3D self-assembled graphene frameworks were prepared using small GO with the

concentrations from 2.0 mg/mL to 12 mg/mL and UL-GO with concentration from 0.5 mg/mL
to 4.0 mg/mL. The electrochemical characterization results for GF and LGF are shown in Figure

3.10 and Figure 3.11, respectively.
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Figure 3.10: Characterization results of GFs formed using GO dispersion of concentrations
2.0 mg/mL to 12 mg/mL. Electrochemical properties measured from EIS (A) Charge-transfer
resistance, (B) Equivalent Series Resistance, and (C) RC time constant. (D) Capacitance
measured from cyclic voltammetry at a scan rate of 1 mV/s. (E) Packing density calculated by
manually measuring the dimensions of graphene frameworks. (F) BET SSA of GFs. Data
points represent an average of three measurements (one measurement each on three samples
synthesized from same GO batch) and error bars represents the maximum and minimum

measured values.
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Figure 3.11: Characterization results of LGF formed using UL-GO dispersion of
concentrations 0.5 mg/mL to 4.0 mg/mL. Electrochemical properties measured from EIS
(A) Charge-transfer resistance, (B) Equivalent Series Resistance, and (C) RC time
constant. (D) Capacitance measured from cyclic voltammetry at a scan rate of 1 mV/s.
(E) Packing density calculated by manually measuring the dimensions of graphene
frameworks. (F) BET SSA for LGF. Data points represent an average of three
measurements (one measurement each on three samples synthesized from same GO
batch) and error bars represents the maximum and minimum measured values.
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For GF, the variation in ohmic resistance Ro is very insignificant and its values lie
between 0.2 Q to 0.4 Q as shown in Figure 3.10 (A). However, RcT, charge-transfer resistance
decreases sharply in Figure 3.10 (B) as the concentration is increased from 2.0 mg/mL to 3.5
mg/mL beyond which it decreases very gradually. This means GF formed with high
concentration GO has a highly interconnected structure with abundant percolating pathways
between sp? clusters. These results agree with the electrical percolation theory which suggests
that beyond a certain threshold concentration, electrical conductivity is increased sharply
followed by saturation and below the percolation threshold the electrical conductivity is zero.°.
The lowest initial dispersion concentration used in this study was 2.0 mg/mL because GF was
not formed below this concentration. This threshold concentration of GO for the formation of
3D graphene framework was also found in previous work by Xu et al.1% Hence, 2.0 mg/mL is
the critical concentration of small GO to form a stable GF and also represents the critical
percolation concentration above which conductivity increases sharply and then becomes
relatively constant.

For the dispersion concentrations studied, the RC time constant was lowest for the GF
synthesized from the GO dispersion of concentration 3.5 mg/mL as shown in Figure 3.10 (D).
The RC time constant value increases with concentration after 3.5 mg/mL. This indicates that
ion transport becomes inefficient as the concentration is increased. This can be correlated to the
increase in packing density of the graphene frameworks with concentration as shown in Figure
3.10 (E). Increase in the packing density will reduce the porosity of the graphene framework
and hence the ion transport will become inefficient. At concentration lower than 3.5 mg/mL,

the charge transfer resistance is high. This will cause a large potential drop and subsequently a
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weak electric field. Hence, sluggish transport of ions takes place leading to the low RC constant
below 3.5 mg/mL.

The capacitance values remain between 200 F/g to 250 F/g for GF synthesized from 2.0
mg/mL to 10 mg/mL beyond which it decreases substantially below 200 F/g as shown in Figure
3.10 (C). The low capacitance at higher concentration can be attributed to the low SSA as shown
in Figure 3.7 (F). However, the capacitance does not follow the SSA trend for the majority
range of concentration. Especially at low concentration, even though the SSA was higher, the
capacitance was not high. The surface area of GF at lower concentrations might not have been
available to the ions because of the weak electric field caused by high charge-transfer resistance.
At higher concentrations, the charge-transfer resistance is low and saturated but the drop in SSA
is drastic which results in low capacitance values.

For LGF, the variation in Ro shown in Figure 3.11 (A) is very insignificant and follows
no particular trend. The charge-transfer resistance decreases sharply in Figure 3.11 (B) as the
concentration is increased from 0.5 mg/mL to 1.5 mg/mL beyond which it saturates. These
results are similar to the ones for smaller sheets discussed in previous paragraphs and can also
be related to electrical percolation theory.*®® UL-GO concentration of 0.5 mg/mL can be
considered as the critical concentration for the formation of graphene frameworks and also the
percolation threshold, below which GO reduction induced self-assembly is not possible. The
minimum charge-transfer resistance exhibited by 1.5 mg/mL LGF (0.28 Q) is four times lower
than charge transfer resistance shown by 3.5 mg/mL GF (1.2 Q) indicating again that UL-GO
imparts superior properties to the graphene frameworks.

The RC time constant trend of LGF is also similar to GF. The minimum value of RC

time constant is for the LGF synthesized from the UL-GO dispersion of concentration 1.5
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mg/mL as shown in Figure 3.8 (C). The RC time constant value increases at concentration below
and above 1.5 mg/mL. This indicates that ion transport becomes inefficient as the concentration
is increased which is thought to result from the increase in packing density of the LGF with
concentration of UL-GO as shown in Figure 3.8 (E). However, the high value of RC constant
at concentration lower than 1.5 mg/mL can be attributed to sluggish transport because of high
charge transfer resistance as explained in the discussion of the GF results. The minimum RC
time constant displayed by LGF is 0.2 seconds as compared to 0.9 seconds for GF which
indicates that ion transport is more efficient in LGF.

The capacitance values are consistently close to 300 F/g for LGF synthesized from 0.5
mg/mL to 2.5 mg/mL beyond which it decreases substantially. Similar to GF, the lower values
of capacitance at higher concentrations can be attributed to the low SSA as shown in Figure 3.8
(F). However, the capacitance does not follow the SSA trend for the majority range of
concentration. This means even though the SSA was higher at smaller concentration, all the
area might not have been available to the ions because of blocked pores and high charge-transfer
resistance. The optimum concentration at which the LGF exhibits superior electrochemical

properties is 1.5 mg/mL.
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3.3.3 pH effect on Graphene Frameworks
Graphene frameworks were synthesized with 1.35 mg/mL UL-GO dispersions of pH 3

and pH 10. During the reaction, it was observed that pH 10 dispersion self-assembled faster in
comparison to the pH 3. Both the samples were also tested for electrochemical performance as
shown in Figure 3.12. Cyclic voltammogram shows that pH 10 LGF shows slightly improved
capacitance as shown in Figure 3.12 (A). The results from EIS in Figure 3.12 (B) shows that
pH 10 LGF has lower charge transfer resistance and lower RC time constant. These are
interesting results given that at higher pH the dispersion is more stable. The carboxylic groups
of GO ionize to a higher degree at pH 10 as compared to pH 3. The electrochemical results in
this pH study are not significantly different as compared to the concentration and sized study.
At this point, the variation in electrochemical performance due to change in pH is not

understood. Nevertheless, these are interesting results which give the direction of future

research.
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Figure 3.12: (A) Cyclic voltammogram at scan rate of 10 mV/s and (B) Nyquist
plot of LGF formed by UL-GO of pH 3 and pH 10. Data points represent an
average of three measurements (one measurement each on three samples
synthesized from same GO batch) and error bars represents the maximum and
minimum measured values.
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3.4 Conclusions

Self-assembled 3D graphene frameworks were constructed using a dispersion of small
GO and UL-GO. LGF, graphene frameworks synthesized from UL-GO, exhibited the highest
SSA and porosity leading to the highest capacitance and most efficient ion transport evidence
by small RC constant value. LGF also showed the lowest charge-transfer resistance due to
improved electrical percolation because of high aspect ratio as also evidenced other studies. The
concentration dependence was also explored, and it was found that the optimum concentration
of GF and LGF are 3.5 mg/mL and 1.5 mg/mL, respectively. At these concentrations, these
graphene frameworks exhibited the lowest RC time constant, lowest charge transfer resistance
and highest capacitance. It can also be concluded that the optimum concentration value
decreases as the aspect ratio of GO sheets is increased. The achievement of superior
electrochemical properties in 3D graphene frameworks with ultra-large graphene sheets
suggests that there are many opportunities where a fundamental understanding of assembling
2D nanomaterials can lead to desirable properties in bulk 3D materials. Studies like this which
explore structure-processing-property relationships will be the key to unlock the real potential

of the graphene-based nanomaterials.
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Chapter 4

Microwave-Assisted Production of Holey Graphene
4.1 Introduction

Among various materials studied for energy storage applications, carbons are very
attractive to scientists because of their low cost, high SSA, high strength-to-weight ratio and
their capability to bond with various atoms via different hybrid orbitals.*® %° These
characteristics make carbon very versatile for making porous structures with diverse
morphology and interesting properties. Graphene has recently gained popularity as a basic
building block to manufacture porous structures for energy storage.?® °0: 56 62, 113, 170, 171 gy;chy
structures retain the remarkable physical properties of the graphene by avoiding the restacking
of sheets. The 2D sheet-like structure of graphene imparts a very high SSA and a high
gravimetric capacitance while the conjugated sp? network of carbon-carbon bonding gives rise
to a conducting © band of 2p; electrons which are responsible for phenomenal electron
mobility.56' 172-174

Bulk production of graphene through a cheap, safe and non-toxic process is
challenging. Therefore, researchers commonly utilize reduced graphene oxide (RGO) as a
substitute for graphene for various energy storage applications.?>?” Due to the van der Waals
attraction between the individual RGO sheets, they tend to stack together while fabricating
electrodes, which decreases the SSA resulting in poor performance of energy storage devices.?®
32 Hence, considerable focus is placed in developing unique morphologies from RGO to avoid
stacking of sheets. One of the interesting morphologies is holey graphene.*” 1% 107 Holes in
graphene sheets not only provide additional channels for fast electrolyte ion diffusion in

electrode material but also solve the problem of restacking of graphene sheets. As discussed
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previously, carboxylic functional groups are populated in large density at the edges for graphene
oxide sheets.? 1> This results in aqueous GO dispersions having a negative zeta potential due
to carboxylic acid ionization.?* Holes in graphene sheets increase the number of edge-plane
carbons, which in turn increases the carboxylic groups. Carboxylic groups are difficult to
remove during the reduction process as previously described their presence impedes sheet
restacking via electrostatic repulsion and steric hindrance.®®

Various methods are reported in the literature to synthesize porous graphene. Thermal
exfoliation is a common method to create porous graphene from GO that has been demonstrated
multiple times.*> 4648 Recently, Kim et al. demonstrated fabrication of three dimensional porous
graphene with hierarchical pore structure using KOH activation.** Radich et al. in 2014 prepared
holey graphene using UV photolysis of H.O, to attack RGO with OHe.> Zhao et al.
manufactured flexible holey graphene paper electrodes sonicating GO solution with nitric acid
to make pores.*® Fan et al. synthesized porous graphene sheets by mixing GO with KMnO4 and
irradiating with microwaves.®® Apart from solution-based methods, researchers have
manufactured interesting graphene morphologies from lithographic techniques as well.52-%

Most of the methods described above utilize harmful acids or use high temperature and
high-pressure processes, which are unsafe and in turn become expensive methods. Remaining
methods such as lithographic techniques have a very low yield and require expensive
infrastructure. The synthesis method proposed by Radich et al. is a simple method which
requires inexpensive infrastructure.®> They employed gold nanoparticles (AuNPSs) as a catalyst
to generate OHe with UV light and oxidized RGO via hydroxyl radical attack. The oxidation of
RGO was marked by pores and wrinkles within the graphene sheets. Their results highlighted

the use of the AuNP-mediated oxidation reaction to tune the properties of RGO through the
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degree of oxidation. However, utilizing UV light for the production of holey graphene is a slow
process and requires very dilute solutions of GO. In this chapter, a solution-based method where
microwave photolysis of H20, to produce OHe and attack RGO to produce holey graphene is
demonstrated.

Hydrogen peroxide is one of the most powerful oxidizers. For the same reason, its use
has been studied for years in wastewater treatment.’®-1’® Chapter 1 discussed examples from
the literature where H>O: is utilized for oxidative etching of carbon atoms from graphene oxide
basal plane to make holey graphene. The by-products from this reaction are water and carbon
dioxide, which does not contaminate the graphene oxide solution. Other common oxidants like
chlorine (Cly), chlorine dioxide (CIO2) or permanganate (MnQg) results in unwanted species in
the solution and hence are avoided. Moreover, the standard redox potential of H2O; is greater
than above-mentioned oxidants which makes H20> stronger oxidant as shown in Table 4.1. By
using UV photolysis, H20, can be converted into OHe radicals (with an oxidation potential of
2.8 V) that are much more reactive than H20; and Os.

Table 4.1: Oxidation potential of common species.*’

Species Oxidation Potential (V)
Fluorine 3.03
Hydroxyl radical 2.80
Atomic oxygen 2.42
Ozone 2.07
Hydrogen Peroxide 1.78
Perhydroxyl radical 1.70
Permanganate 1.68
Hypobromous Acid 1.59
Chlorine dioxide 1.57
Hypochlorous acid 1.49
Chlorine 1.36
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The application of microwaves (MWSs) to hydrogen peroxide has been studied as an
advanced oxidation process for sewage sludge treatment.!’® ' This method has been
demonstrated to be very energy efficient and effective. The kinetics and degree of oxidation
reaction are dependent on the H2O. concentration, MW time and MW power. Studies also
suggest that MWs catalyze the production of OHe radicals from H202.1"" However, there are
no direct measurements available to prove the production of OHe radicals from H2O2 on the
application of MWs. In this chapter, the production of OHe radical via MW irradiation of H20>
is demonstrated. Additionally, a new method to produce holey graphene by irradiating a solution
of RGO and H20, with microwave (MW) is proposed.

4.2 Experimental

4.2.1 GO and RGO Synthesis
GO was synthesized using a modified Hummers method.® 2 g of graphite powder (Alfa

Aesar, 325 mesh) and 2 g of NaNOs (Alfa Aesar, 99%) in 92 mL of concentrated H2SO4
(Amresco) was sonicated and stirred in an ice bath with for 30 minutes. After this, 12 g of
KMnO4 (Alfa Aesar, 99%) was very slowly added while carefully monitoring the temperature,
not allowing it to go above 20 °C. Sonication was continued for 30 minutes following the
addition of KMnOQyg, after which the mixture was allowed to stir slowly overnight at 30 °C. Next,
100 mL of deionized (DI) H.O was added dropwise followed by 1 hour of stirring. Finally, 600
mL of H.O> (EMD Milipore, 30% w/w) diluted to 3% w/w was added into the flask, yielding
a yellowish-brown GO suspension. The suspension was washed three times with concentrated
1 M HCI (BDH) via centrifuge, and finally five times with DI H20. To synthesize RGO, GO
was diluted to 0.066 mg/mL 10 mM NaBHs (J.T. Baker, 98%) was added to the dispersion and

heated overnight at 90 °C while stirring.
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4.2.2 ORGO Synthesis
15 mL of RGO (0.066 mg/mL) RGO was mixed with 3 mL H20. (EMD Milipore, 30%

w/w) diluted to 3% wi/w and irradiated in a 1200 W commercial microwave (Panasonic NE-
12523) with full power for 30 minutes. During the reaction, the microwave was turned off every
2.5 minutes to add water in the reactants mixture to compensate for the water lost due to
evaporation. To demonstrate the scalability of this process, the same experiment was done
successfully with 10 times the concentration of RGO and of H.O». UV spectra were taken at
regular intervals with an Agilent Cary 60 UV-Vis Spectrophotometer.

4.2.3 Fluorescence Spectroscopy
3 mL of a mixture of 0.2 M TA (Alfa Aesar, 98%) and 1 M NaOH (Amresco) solution

was mixed with varying amount of H>O2 (EMD Milipore, 30% w/w) — 0, 50 and 100 pL. These
three samples were irradiated in 1200 W commercial microwave (Panasonic NE-12523) for 60
seconds. Samples were excited at A = 330 nm to obtain fluorescence spectra on SpectraMax i3,
Molecular Devices. Another set of three samples were created with 3 mL of a mixture of 0.2
M TA (Alfa Aesar, 98%), 1 M NaOH (Amresco) solution and 100 pL of H2.O2 (EMD Milipore,
30% wi/w). These three samples were irradiated for different times in the MW — 0, 30 and 60
seconds. Samples were excited at A = 330 nm to obtain fluorescence spectra on SpectraMax i3,
Molecular Devices.

4.2.4 Characterization
XPS data was obtained on a Kratos Ultra DLD instrument using a monochromatic Al

Ka X-ray source (1486.6 eV). FTIR spectroscopy was performed with attenuated total reflection
(ATR) method using Thermo Scientific Nicolet 6700 FT-IR spectrophotometer. TEM images
were taken on Zeiss EM10 Transmission EM. Raman Spectroscopy was performed on inVia

Qontor Renishaw Microscope using a 532 nm laser light.
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4.3 Results and Discussion

4.3.1 Microwave-Assisted Production of Hydroxyl Radical
Production of OHe on MW irradiation of H20> (Reaction Scheme 1) was validated by

monitoring the conversion of terephthalic acid (TA) into 2-hydroxyterphthalic acid (TAOH)
during MW irradiation of TA + H20> solution. TA in aqueous solution can react irreversibly
with OHe to form fluorescent TAOH (Reaction Scheme 2) which exhibits strong fluorescence
at 426 nm under UV excitation. This method has been used in the past to monitor hydroxyl

radical detection in photochemical and photocatalytic experiments, 181183

Reaction Scheme 1

MW
> OHe + OHe
H 202 >
Reaction Scheme 2
COOH COOH
OH
+OHe ———
COOH COOH

Figure 4.1 shows the fluorescence spectroscopy results. Figure 4.1 (A) shows that
fluorescence intensity increases as the concentration of H2O> increases. Figure 4.1 (B) shows
that fluorescence intensity increases as the time of MW irradiation increases. This demonstrates
that OHe radical is produced during MW irradiation of H2O, and OHe yield can be improved
by increasing the time of MW irradiation. These experiments were repeated three times and
they showed the similar trends. The OHe radicals produced using MW irradiation of H-O2 were

utilized to synthesize holey graphene.
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Figure 4.1: (A) Fluorescence intensity of TA with increasing H>O, concentration
irradiated with microwaves for 60 seconds, (B) Fluorescence intensity of mixture
of TA and 100 pL of H>O; irradiated with microwaves for different durations.

4.3.2 Oxidative Etching of Carbon Atoms
First, a graphene oxide dispersion is reduced to RGO using sodium borohydride

(NaBH34), which is a mild reducing agent. In the reduction step, (1) oxygen functional groups
are removed, (2) carbon hybridization changes from sp? to sp? and (3) the color of the dispersion
changes from light brown to dark brownish/black as shown in Figure 4.2, which means that the
absorption of light increases for RGO as compared to GO. Figure 4.3 (D) shows the UV-Visible
spectrum of a GO dispersion at different times during its chemical reduction. The absorption of

light increases as the reduction time increases signifying the formation of RGO.

MW
GO(aq.) + NaBHy q RGO ﬁ ORGO/ Holey
or hv +H,0, Graphene

Figure 4.2: Schematic showing the conversion of GO to ORGO. Digital pictures of
samples of GO, RGO and ORGO.
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Then, RGO was mixed with H20. and irradiated with MW for 30 minutes. To
demonstrate the scalability of this process, the same experiment was done successfully with 10
times higher concentration of RGO and of H202. The UV visible spectra were taken after every
5 minutes of MW irradiation as shown in Figure 4.3 (A) for RGO concentration of 0.066 mg/mL
and Figure 4.3 (B) for RGO concentration of 0.66 mg/mL. The absorption spectra decrease in
both cases. It is also evident from the bottom right picture in Figure 4.2, where the color of
dispersion becomes light brown. It takes 80 minutes of MW irradiation for higher concentration
RGO to accomplish the same degree of reaction accomplished by dilute RGO in 30 minutes.
This implies that the significant fraction of MW is absorbed by concentrated RGO. This
parasitic absorption of MW radiations by RGO decreases the rate of OHe production from H.0>
from and in turn, reduce the rate of reaction for higher concentration RGO.

The light brown color of the final dispersion after H,O> reaction indicates that the new
product formed is chemically similar to GO where carbon hybridization has been changed to
sp®. Radich et al. in 2014 proposed a similar method where they utilized H20; for oxidative
etching of carbon atoms from RGO basal plane to make holey graphene.® They demonstrated
that AUNP catalyzed the UV photolysis of H202 and mediated the OHe attack on RGO which
resulted in holey graphene also referred to oxidized RGO (ORGO).°

In a control experiment, H>O> was not added to the RGO and the solution was irradiated
with MW for 30 minutes. Figure 4.3 (C) shows the UV-Visible absorption spectra of RGO
solution at different times of MW irradiation. The absorption increases with the MW irradiation
time indicating that the RGO is further getting reduced to a higher degree. Hence, it can be
concluded that MW treatment of RGO and H20- results in two competing reactions — (1) the

thermal reduction of oxygen functional groups on RGO sheets, and (2) oxidation of RGO due
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to OHe attack. The decreases in the UV-Vis absorption spectra in Figure 4.3 (A) and Figure 4.3

(B) suggests that oxidation reactions supersede the reduction reaction. These experiments were

repeated five times and they showed the similar trends.
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Figure 4.3: UV-Visible spectra of (A) RGO + H,0- irradiated with MW for 30 minutes,
(B) RGO + H,0; (scaled up 10 times) irradiated with MW for 80 minutes, (C) RGO
irradiated with MW for 30 minutes and (D) GO irradiated with UV for 30 minutes.

X-ray photoelectron microscopy (XPS) and FTIR spectroscopy were performed to
understand the effect of GO reduction and subsequent oxidation on the functional groups and
to further provide evidence for the proposed mechanism of OHe radical attack. Figure 4.4 (A),
(B), and (C) show the Cys peak for GO, RGO, and ORGO, respectively. These peaks were de-
convoluted into three peaks arising from C-OH (hydroxyl, 286.5 eV) and C=0 (carbonyl,

288.5eV) and C-C/C=C (sp? and sp® carbon, 284.8 eV). The relative peak areas can give
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information about the ratio of one species to another. The C-OH peak is highest for GO
representing abundant hydroxyl functional groups on the basal plane. The ratio of area under
C-C, C=C peaks to that of C=0 and C-OH is 0.58 for GO and it increases to 2.42 for RGO. The
ratio increases for RGO because the C-OH peak height drops drastically, which indicates the
removal of hydroxyl functional groups and recovery of sp? hybridized carbon. Finally, C-OH
peak recovers slightly for ORGO suggesting that a fraction of carbon atoms acquired an OH
adduct which means that RGO was partially oxidized on MW irradiation with H20,. This
observation is quantified by measuring the ratio of areas of C-C, C=C peaks to that of C=0 and
C-OH for ORGO, which is 1.02.

In Figure 4.4 (D), the FTIR spectroscopy stretching peaks corresponding to the oxygen
functionalities such as O-H at 3400 cm™, C=0 at 1720 cm™, C-O (carboxy) at 1380 cm™, C-O
(epoxy) at 1220 cm™ and C-O (alkoxy) at 1100 cm™ can be observed. The oxygen functional
groups especially OH stretching vibrational peak has the highest absorption for GO. The infra-
red absorption goes down for RGO indicating the elimination of the oxygen functional groups.
The absorption peaks evolve again for ORGO due to the C=C attack by OHe. The evolution of
C=0 suggests the increase in carboxylic and carbonyl groups, which are found on the edge plane,

indicating that defects in the form of holes are created in ORGO.
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Figure 4.4: XPS Spectra of (A) GO, (B) RGO and (C) ORGO. (D) FTIR spectra of
GO, RGO and ORGO.

Raman spectroscopy was performed to compare the degree of disorder in GO, RGO,
and ORGO. It is a non-destructive tool that has been used widely to understand various
characteristics such as electrical mobility, thermal conductivity, chemical functionalization of
graphene and graphene-based materials.®? 84 This technique uses a monochromatic laser to
interact with molecular vibrational modes and phonons in a sample, shifting the photons energy
down through inelastic scattering (Stokes-scattering).'® Raman spectrum of graphene includes
two main peaks: G peak located at ~ 1580 cm™ and 2D peak located at ~ 2690 cm™ caused by

in-plane optical mode phonon and second-order zone boundary phonon, respectively.'®* The
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presence of G and 2D peak are characteristic of sp? hybridized carbon-carbon bonds in
graphene.*®! The D peak, located at ~1350 cm™ arises due to the breathing modes of six-atom
rings and requires an sp® hybridized carbon defect for its activation.'® Hence, D peak is absent
from defect-free graphene but exists in defected graphene. The intensity, peak position, and
line-width of the Raman modes of graphene can significantly change with the increased number
of defects.’® Lucchese et al. studied the evolution of Raman spectrum of monolayer graphene
with respect to the increasing the number of defects created by consecutive Ar* ion
bombardment on the sample.’®” The results from this study are presented here to better
understand Raman spectra of GO, RGO, and ORGO in the subsequent paragraphs. The Ip/ls
ratio, which is the ratio of intensity of the D peak to the G peak was shown to be a function of
average distance between defects (Lp) by Lucchese et al.’®” Figure 4.5 shows results from their
study; Figure 4.5 (A) shows the evolution of various Raman modes as the defects increase and
Figure 4.5 (B) shows a trend of Ip/lg with respect to Lp. This trend of Ip/lg was divided into 2
different stages. In stage 1, there is a regime of “low” defect density, where Ip/lg increases with
defects. In stage 2, there is a “high” defect density regime, where Ip/lc decreases with the defect
density.'®” Lucchese et al. showed that Ip/lc « 1/(Lp)? for “low” defect density regime and
I/l o< (Lp)? for “high” defect density. This was due to the existence of two disorder-induced

competing contribution to the D band explained in detail in these references.187-18°
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Figure 4.5: (A) Evolution of the Raman spectra of a mono-layer graphene sample deposited
on an SiO; substrate using 514 nm laser. The ion doses are indicated next to the respective
spectrum in units of Ar*/cm?. A second disorder-induced peak around ~ 1620 cm™(named the
D’ band) also appears but is not the focus feature in this work. (B) The I/l data points as a
function of the average distance Lp between defects. The inset shows the Ip/lc versus Lpon a
log scale for two graphite samples.*®

Raman spectra for synthesized GO, RGO, and ORGO are shown in Figure 4.6. The
strong D band confirms lattice distortion and a large number of defects in all the samples. The
G peak of GO displays a shift to higher frequencies (blue-shift) as compared to graphene (1598
cm* for GO versus 1580 cm™ for graphene). In RGO, a red-shift is observed with G peak at ~
1590 cm™, suggesting the formation of graphene-like structure. These observations are in
agreement with the literature.'® 1°° Further, in ORGO the G peak blue shifts to a peak at ~ 1594
cm, suggesting the addition of oxygen functional groups to the graphene basal plane. The Io/lc
ratio of GO is 0.96, which is increased to 1.06 upon reduction to form RGO. This is a common
trend which has been observed by various other studies.*® %1% Hence, it has been suggested
that Ip/lg ratio should not be directly correlated to the degree of oxidation/reduction of graphene
or to the ratio of sp®/sp? carbons.® % This increase in Io/ls is understood to be caused by the
formation of small size graphitic domains which decrease the average size of sp? domains
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initially present in GO.™ %% 197 It should be noted that GO has a large amount of sp® carbons
leading to large disorder which suggests that defect status of GO should be at stage 2.1
Reduction of GO should decrease the defect density thereby increasing the Ip/lg ratio due to
relationship discussed in the previous paragraph. During the conversion of RGO to ORGO,
defects are created, and Ip/lg ratio is increased. This means that the defect status of RGO should
be at stage 1 where Ip/lg ratio increases with the defect density. The conclusions drawn from

Raman spectroscopy agree well with the XPS and FTIR spectroscopy.
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Figure 4.6: Raman spectra of GO, RGO and ORGO films made by evaporating
the water from respective dispersions using 532 nm laser.

The morphology of the GO and ORGO samples were investigated using transmission
electron microscopy (TEM). The TEM images in Figure 4.7 compare the resulting ORGO with
the GO. The TEM image of GO shows the existence of wrinkles and folded edges on the single-

layer GO sheet. These are common features observed in TEM of GO sheets.”> °1 1% The
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morphology of ORGO sheets appear very different from the GO sheets. Firstly, the holes in the
ORGO sheets are shown in red circles. Secondly, the region enclosed with white boundary is
very dark as compared to the outside regions and hence represents multilayer sheets which are
a result of the individual sheets restacking during the reduction process. Lastly, the degree of
wrinkling exhibited by ORGO is also much higher in as compared to GO. Radich et al. observed
the similar wrinkling in their ORGO samples, which they attributed to the O, bubble nucleation
caused by the decomposition of H,O> during irradiation to H.O and Oz along with the competing
reaction of hydroxyl radical production.®

This microwave-assisted oxidation of RGO results in the formation of holey graphene
morphology. However, the hole diameter is very large (~400 nm) and sheets appear to be highly
damaged due to aggressive etching. Hence, H202 concentration, MW irradiation time, MW
power and reaction temperature needs to be controlled to get the desired pore size. These
parameters could be controlled efficiently in industry-grade microwave reactors.

In summary, MW photolysis of H2O- initiates the morphological and chemical
functionality changes in RGO sheets where wrinkles are formed because of Oz nucleation. The
OHe radical attacks the sp?-hybridized carbons of RGO to produce an OH adduct. The
continuous attack of hydroxyl radicals causes complete oxidation of the carbons to CO; and
water which creates the holes in the sheet. In case of incomplete oxidation, the carbon
hybridization changes from sp? to sp? i.e. increase in the oxygen functionalities as observed by

XPS and FTIR spectra. This is a novel solution-based technique to produce holey graphene.
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Figure 4.7: TEM images of GO (top) and ORGO (bottom).
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4.3.3 Holey Graphene Frameworks
In this section, the synthesis results of self-assembled holey graphene frameworks

(HGFs) are reported. HGFs were synthesized from 2.0 mg/mL ORGO using the method
described in section 3.2.2. The resulting 3D structure formed is shown in Figure 4.8 (B).
However, this resulting material was not strong and collapsed as it was being taken out of the
vial as shown in Figure 4.8 (C). There are two possible reasons of this failure - 1) The holey
graphene sheets were too damaged (excessively etched) and were mechanically weak for self-
assembly and 2) There were not enough oxygen functional groups present in ORGO to undergo
a reduction reaction which will cause the self-assembly. Future research could focus on
resolving these issues by controlling the reaction conditions as mentioned in the previous

section.

Figure 4.8: (A) Fully formed graphene hydrogel or graphene
framework from GO dispersion, (B) weak and poorly formed
graphene framework from ORGO dispersion, (C) collapsed
graphene framework.
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4.4 Conclusion

Through MW assisted OHe radical attack on RGO, a new graphene-based material,
holey-graphene/ORGO, with pores and wrinkles can be produced. A significant number of
oxygen functionalities are observed after the OHe radicals attack RGO as shown in FTIR spectra.
By controlling the reaction conditions, hydroxy! radical driven reaction can facilitate production
materials whose properties such as degree of oxidation and nanoporous structure can be tuned
toward specific applications. For example, ORGO can be utilized in synthesizing self-
assembled holey graphene framework, which might exhibit a strong physical structure and
improved electrochemical performance because of increased ion diffusion pathways. This work
also complements recent advances in the theoretical understanding of various functionalities
and surface chemistry of GO and RGO.'*® These results enhance the understanding of RGO
stability when used in applications where free radical formation can occur such as
photocatalysis and electrocatalysis. In addition, holey graphene may be a better support to
design 3D architectures for electrochemical capacitors, Li-ion batteries or other electrochemical

devices where ion transport of electroactive species strongly influences the device performance.
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Chapter 5

Conclusions and Directions for Future Research
5.1 Conclusions

Graphene-based nanostructures have the potential to significantly improve the
performance of energy storage electrodes. The superior properties such as high surface area and
electronic conductivity along with solution-based chemistry of GO/RGO, open a wide range
possibility in advanced electrode designs. Energy storage applications require the fundamental
process of electron transport to an active material and diffusion of electroactive or chemical
species to the surface of active material. By understanding the surface chemistry, stability and
assembly of GO and RGO on a fundamental level, highly advanced electrode design with
tunable properties can become a possibility.

In Chapter 2, the evolution of hydroxyl radicals through photoexcitation of graphene
oxide was demonstrated, a critically-important molecule in a number of chemistry-relevant
areas of research. Fluorescence spectroscopy with a terephthalic acid probe molecule and
femtosecond ultrafast spectroscopy with thiocyanate probe was employed to show photon-flux
proportionality to OHe yield and relatively high (>80%) quantum yield, respectively. The results
suggest a relatively efficient photoconversion process. Finally, GO was employed as a
photochemical OHe source to degrade a recalcitrant textile dye as proof of concept. This is the
first direct experimental evidence to demonstrate OHe are liberated during photoexcitation of
GO. This fundamental knowledge will be of significant interest to the chemistry community at

large and can facilitate a deeper understanding of the stability of graphene oxides.
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In Chapter 3, the effect of GO sheet aspect ratio and GO concentration on the self-
assembled 3D graphene frameworks were investigated. The graphene frameworks with the
largest sheet size exhibited the best electrochemical performance. The high capacitance and low
To are indicative of high ion accessible surface area and efficient ion diffusion. This was
supported SSA and pore volume were measured using BET characterization. Two reasons were
attributed to the improved SSA and pore volume of LGF. First, the amplitude of ripples in UL-
GO sheets is larger as compared to small GO sheets maintain thermodynamic stability. The
large ripples create porous channels for efficient ion diffusion and avoid complete restacking of
the sheets following self-assembly. Second, the total number of intersheet contacts are limited
by the energy requirement for sheet deformation. This reason combined with the fact that the
number of sheets in GO dispersion decreases as the sheet size increases suggests that there are
fewer number of intersheet contacts in LGF as compared GF. In a subsequent study, graphene
frameworks were formed with varying concentration of UL-GO from 0.5 mg/mL to 4.0 mg/mL
and varying concentration of GO from 2.0 mg/mL to 12 mg/mL. The best electrochemical
performance was displayed by LGF synthesized from 1.5 mg/mL UL-GO dispersion. For GF,
the best electrochemical performance was displayed by 3.5 mg/mL GO dispersion. Below the
optimum concentration, there were not enough intersheet contacts for the efficient flow of
electrons, which increased the charge-transfer resistance, and above optimum concentration,
capacitance and RC time constant values deteriorated as the SSA and pore volume decreased
due to increased packing density. Through this work, a deeper understanding of the structure-
processing-property relationships between GO dispersions and 3D graphene frameworks were

developed.
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In Chapter 4, a microwave-assisted reaction between RGO, and hydroxyl radicals was
explored. The reaction was utilized to generate a new graphene morphology with holes and
wrinkles referred to oxidized RGO (ORGO). Microwave photolysis of H.O> leading to the
production of OHe was demonstrated for the first time. It was shown that OHe produced attack
both defective sites and sp? hybridized carbon within RGO to chemically etch carbons to locally
produce holes in the graphene sheet and to produce oxygen functionalities in case of partial
oxidation. Holey graphene has potential application not just in the field of capacitive energy
storage but also in batteries, catalysis, optoelectronics and separation processes. The holey
graphene morphology can be tuned for the desired applications by controlling temperature,
pressure in a microwave reactor. This new method of synthesis has many advantages like

solution-based chemistry, low energy requirement, and inexpensive infrastructure.

5.2 Directions for Future Research

This research has advanced the understanding of the production of novel 3D graphene
frameworks for electrochemical applications. However, there are many remaining challenges
that need to be addressed for the development and commercialization of 3D graphene-based
electrodes with outstanding electrochemical properties.

1. Further refinements in understanding of the GO reduction process and a better
understanding of intermolecular interactions in GO/RGO dispersion.

2. More efficient methods to reduce restacking of RGO sheets.

3. Better understanding of how to improve ion diffusion inside RGO based electrodes.

4. Design of hierarchical 3D porous architectures as support for pseudocapacitors.
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Moving from two to three-dimensional bulk materials has shown promising results in
terms of increased energy storage performance. Self-assembly via chemical reduction is one of
the cleaner ways to create 3D materials and they offer a great advantage of avoiding a binder
material while fabricating the electrode. The binder decreases electrochemical performance by
decreasing the specific capacitance and electronic conductivity. Further, understanding of
fundamental relationships between the structure of 3D materials and the development of new
synthetic methods for precise control of device architectures through computational studies will
be a great step for the future. The results from this work will also influence research in the field
of fuel cells and hydrogen storage materials.

Finally, synthesizing hybrid electrode materials with metal oxides (MO) nanoparticles
on graphene-based frameworks will be the key to develop exceptional energy storage devices.
The 3D graphene support will not only increase the electrical conductivity of the hybrid
electrode but also provides a large surface area so that MO loadings can be maximized. For
example - controlled electrochemical deposition of MnO. nanoparticles on 3D graphene
frameworks can be conducted to build a hybrid material. The fundamental understanding of
pseudocapacitance, charge transfer, and ion diffusion will be crucial to the development of next-
generation electrode materials. New synthesis approaches are required which produced tailored
functionalized nanoscale architecture. Development of cheaper and environmentally safe
energy storage system with high energy and power density is one of the biggest challenges of
our time. The work presented here was a small step towards a better understanding of graphene-

based materials to fabricate superior electrochemical storage devices.
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