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Abstract

Graphene oxide (GO) is a versatile, solution-processable candidate material fbr
next-generation, large-area, ultrathin electronics, optoelectronics, energy conver-
sion and storage technologies. GO is an atom-thick sheet of carbon functionalized
with several oxygen-containing groups dominated by the epoxy and hydroxyl func-
tional groups on the basal plane, with carboxyls and lactols at the sheet edges.
It is well known that reduction of GO at temperatures > 150°C leads to the re-
moval of oxygen atoms from the carbon plane, leading to the formation of reduced
GO (rGO) structures. Although GO has been utilized for multiple applications in
the last decade, our understanding of the structure-property relationships at the
atomic-level has still been lacking owing to the amorphous nature and chemical
inhomogeneity of GO, which has in turn limited our ability to design and tailor
GO nanostructures for high-performance applications. In particular, the material’s
structure and its structural evolution at mild annealing temperatures (< 100°C)
has been largely unexplored.

In this thesis, we use a combination of first-principles computations, classical
molecular dynamics simulations based on reactive force fields and experiments to
model realistic GO structures and develop a detailed understanding of the relation-
ship between the carbon-oxygen framework and the sheet properties, at the atomic
level. Based on our understanding, we demonstrate a new phase transformation
in GO sheets at mild annealing temperatures (50-80°C), where the oxygen content

is preserved and as-synthesized GO structures undergo a phase separation into



prominent oxidized and graphitic domains facilitated by oxygen diffusion. Conse-
quently, as-synthesized GO that absorbs mainly in the ultraviolet region becomes
strongly absorbing in the visible region, photoluminescence is blue shifted and
electronic conductivity increases by up to four orders of magnitude. We then use
this novel phase transformation to improve two sets of applications. 1) We demon-
strate that cell capture devices making use of phase transformed-GO substrates
have higher capture efficiencies compared to devices making use of as-synthesized
GO substrates. 2) We show that the reduction of phase transformed-GO leads to
better electrical properties of rGO thin films. Our results fill an important gap and
establish a complete theory for structural evolution of GO over the entire range
of temperatures, i.e. from room temperature to ~1000°C. Taken together, this
structural transition in GO enables us to predict and control the sheet properties
in new ways, as opposed to reduction, which is till date the only handle to con-
trol the structure of GO. This could potentially open the door for completely new
applications or for enhancing the performance of existing applications based on

GO.



Chapter 1

Introduction

1.1 What is graphene oxide?

In order to answer this question, one needs to first understand a particular material
that has revolutionized the fields of physics and materials science in the last decade.
This material is called graphene, which is a two-dimensional (2D) monolayer form
of carbon arranged in a hexagonal lattice (Figure 1.1a) [1]. Its discovery has
impacted technologies ranging from electronic and optoelectronic applications at
the nanoscale all the way up to membrane and mechanical applications at the
macroscale [2]. This has been possible because of a rare combination of exotic
electrical, optical and mechanical properties in this atomically thick nanomaterial.
For instance, the electronic mobility of suspended graphene is 10°-10% cm?V~!s™!
at room temperature, compared to 10° cm?V~!s7! in silicon, a semiconductor
material we come across in everyday life [3]. Similarly, the ultimate tensile strength

of graphene is 100,000 MPa, compared to 400 MPa for steel, which is a common

structural material [3].



While various experiments have alreadyv demonstrated unusual fundamental
physics and sheet properties of graphene [2). and have translated them into proof-
of-concept devices (4], its large-scale fabrication has been a major hurdle toward
its commercial success [5]. Mechanical exfoliation and chemical vapor deposition
have remained popular methods to produce graphene and have been useful to per-
form fundamental experiments [6]. In the former. a simple scotch-tape procedure
is used to peel single layers of graphene from graphite, while in the latter, a carbon
source (for ex. methane gas) is typically used as a precursor in a high-temperature
chamber to deposit graphene on a suitable substrate (for example, copper) [7].
Both these methods produce high quality graphene (in terms of materials proper-
ties), however, these methods are limited to small-scale fabrication (up to a few

centimeters) [8].

wmmp

Figure 1.1: Atomic structures. (a) Honeycomb lattice of monolayer graphene. (
Structure of graphene oxide (GO) showmg the distortions in graphene lattice induced by
oxygen (sp®) functionalization. (c) Structure of a reduced GO (rGO) monolayer showing
restoration of graphitic structure through the removal of a large fraction of oxygen atoms
from GO. Carbon, oxygen and hydrogen atoms are represented by black, red and grey
spheres, respectively.

1.1.1 Solution synthesis of graphene

In order to overcome this issue, Ruoff and co-workers used a solution-based ap-

proach to produce graphene monolayers and thin-films, termed as the chemical
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exfoliation method (Figure 1.2) [9, 10]. In this approach, graphite undergoes a
redox reaction forming an oxidized form of graphite, called graphite oxide. Once
oxygen binds to individual graphene layers, the Van der Waals forces holding to-
gether the graphene sheets are weakened. As a result, when graphite oxide is
introduced in a solvent (typically, water), the layers readily exfoliate and form sin-
gle layers of graphene, albeit now functionalized with oxygen atoms (Figure 1.1b).
These single layers of oxygen-functionalized graphene are termed as graphene oxide
(GO). Deposition of such monolayers on to suitable substrates is readily achieved
through spin coating or drop casting [11]. In order to obtain graphene sheets,
removal of oxygen atoms is crucial keeping the carbon framework in tact. A large
fraction of the covalently bonded oxygen atoms are removed through thermal or
chemical reduction means to obtain graphene or reduced GO (rGO) sheets (Figure
1.1c). These rGO sheets inevitably contain residual oxygen due to thermodynamic
limitations toward complete removal of oxygen atoms, which will be discussed later

in this thesis [8, 12].

1.2 Why are we interested in GO?

While graphite oxide was first produced in 1859 by a chemist named Benjamin
Brodie [13] and its synthesis procedures have been improved over the last century,
this material has gained rising popularity only since 2006. This is mainly due to

two reasons:

1. The potential it holds for the large-scale production of graphene, which re-

quires efficient removal of oxygen atoms from the GO sheets.



Figure 1.2: Schematic depicting the solution-based approach to produce graphene
monolayers through oxidation of graphite followed by exfoliation in water and subsequent
reduction. Graphite powder, straightforward suspension of GO in water and deposition
of monolayers of rGO are shown in the top panel. The bottom schematic elucidates
the structural changes taking place during the entire process, with green straight lines
representing monolayers of graphene and the red circles representing the oxygen atoms
bonded to the graphene plane.

2. The inherent functionality embedded in GO sheets due to the presence of
a rich oxygen framework, which makes GO attractive for its own charac-
teristics. This requires keeping the oxygen atoms intact and utilizing their

presence effectively [6].

The utilization of GO in devices has many advantages. Production of GO us-
ing the widely available Hummers’ method is solution-based, straightforward and
inexpensive [6]. Further, GO monolayers can be easily processed in solution, allow-
ing precise control over the number of deposited GO layers, down to a monolayer.
These distinct advantages have made GO a versatile candidate for multiple ap-
plications including next-generation large-area ultra-thin electronics [14, 5], opto-
electronics [6, 15], filtration and separation systems [16, 17, 18], energy conversion

and storage technologies [19, 20, 21, 22].



1.3 Structures of as-synthesized GO and rGO

The most commonly accepted structural model of GO is that of a sheet of graphene
functionalized with several oxygen-containing groups dominated by the epoxy and
hydroxyl functional groups on the basal plane, with carboxyls and lactols at the
sheet edges (Figure 1.3a) [23]. Thus, GO contains a mixture of sp?- and sp°-
hybridized carbon atoms. The defining character of GO is its amorphous nature
and chemical inhomogeneity, which have posed difficulties in understanding its
exact structure till date [24, 25]. By this, we mean that the positioning of different
oxygen functional groups on the graphene basal plane is random during synthesis
and hence the exact structure obtained after synthesis is unpredictable.
Although this is the case, we can define the structure of GO in simple terms
using two key variables: 1) the oxygen concentration, and 2) the ratio of epoxy to
hydroxyl functional groups. For instance, GO produced using a standard protocol,
called the Hummers method, typically contains oxygen concentration in the range
30-35 atomic percent (at%) [26]. Variations in the epoxy to hydroxyl ratios are
constantly observed in GO structures and hence a particular value is difficult to

quote. A range of values between 0.7-1.3 is generally observed [8].

1.3.1 Structural evolution of GO with thermal annealing

Since the primary interest has been to obtain high-quality graphene sheets, re-
searchers have thoroughly studied the process of oxygen removal from the graphene
basal plane, termed reduction. Typically, two methods are used to remove oxygen
atoms: 1) Thermal reduction - which uses thermal energy to detach the oxygen

atoms bonded to the basal plane [8, 12, 27, 28, 29, 30, 31], and 2) Chemical reduc-



tion which uses reduction agents such as hydrazine (N,H,), sodium borohydride
(NaBH,) and hydrohalic acids (HI) [5].

Ideally, one would prefer to remove every oxygen atom and retain the continu-
ous sp? network of the graphene basal plane in tact after the reduction process. In
order to achieve this, understanding the process of oxygen removal in both these
methods is critical. The mechanism of oxygen removal during thermal reduction is
relatively well understood to that during chemical reduction. This is because cur-
rently, a large number of chemicals are employed to remove oxygen functionalities
and each have different mechanisms for removing epoxies and hydroxyls, resulting
in different oxygen removal efficiencies [27]. Understanding chemical reduction is

an interesting topic of research, which is however not in the scope of this thesis.

Thermal Reduction
a r—\
GO rGO
/O gt
ethers, other
‘? ‘: + defects

Epoxies Hydroxyls  Carbonyls

i e [ et S KR

carbonyl pair 3-membered ring 5-membered ring quinone carbon chain

Figure 1.3: Functional groups and defects in GO and rGO. (a) Dominant
functional groups present in GO and rGO. (b) Various groups and defects that are
created during thermal annealing of GO.

Thermal reduction of GO is a common and straightforward process which can

be applied to GO powders, foams, free-standing films and films deposited on a par-



ticular substrate [32). Typically, GO structures are held at temperatures > 150°C
in air or vacuum chambers for 15-60 min to remove oxygen atoms [28]. A num-
ber of research groups have studied the mechanism and efficiency of this process
at temperatures between 150-1500°C [28]. It is well known that at temperatures
greater than 120-150°C, GO sheets begin to lose oxygen and the conversion toward
graphene is initiated [28, 33]. As the reduction temperature increases, a greater
number of oxygen atoms is removed, thereby restoring a greater fraction of the sp?
phase in the rGO structures.

However, not all oxygen atoms can be removed from the graphene basal plane
even at high temperatures. Typically, the residual oxygen content in rGO (or
graphene) sheets is 5-8 at%, which limits the sheet properties from reaching the
extraordinary values of graphene obtained by mechanical exfoliation or CVD pro-
cesses [28, 8]. Experiments and simulations have revealed the formation of highly
stable carbonyl and ether groups that hinder the complete reduction of GO to
graphene (Figure 1.3) [8]. Further, experiments and theory have shown that car-
bon atoms are removed from the graphene basal plane during the reduction process
in the form of CO and CO, molecules [29, 30, 31} . Therefore, the structure of
rGO is known to contain carbonyls, ethers, defects such as carbon chains, vacan-
cies (induced by carbon removal) in addition to epoxies and hydroxyls (Figure

1.3b) [8, 34].



1.4 Impact of structural evolution on the sheet
properties

The reduction chemistry leads to interesting changes in the rGO structure and
provides opportunities for tailoring the sheet properties. As-synthesized GO is
insulating (with a sheet resistance of 9 G€/sq.) since it contains a large fraction
of sp>-hybridized carbon atoms. Upon reduction, GO undergoes an insulator-
semiconductor-semimetal transition due to varying oxygen concentration and the
fraction of sp?/sp® hybridized carbon atoms (Figure 1.4b) [35]. The optical absorp-
tion and photoluminescence (PL) can be tuned in the visible (Figure 1.4¢ [36, 37],
d), and the carrier mobility can be varied over 9-12 orders of magnitude by altering
the oxygen content (and the fraction of sp?/sp3-hybridized carbon atoms) [28]. All

of these characteristics make GO and rGO interesting for their own characteristics.

1.5 Motivation and scope of this thesis

Research so far has been directed toward studying as-synthesized GO or toward
understanding the reduction process and the effect of reduction chemistry on the
sheet properties. As a result, researchers have concentrated on temperatures ex-
ceeding ~150°C, so as to be sure of oxygen removal. On the other hand, what
happens to GO structures at relatively low temperatures ( < 80°C) has been largely
unexplored, which is an interesting question to ask knowing that as-synthesized
GO is a metastable material and its structure can change even at such mild tem-

peratures. We believe this is an important gap to be filled because:

1. By doing so, we can establish a complete theory for structural evolution of

10
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Figure 1.4: Evolution of sheet properties with reduction of GO. (a) Evolution of
sp? C=C carbon and different oxygen functionalities at different annealing temperatures.
The inset correlates the total oxygen concentration with the sp? C=C content at different
reduction temperatures (taken from Ref. [28]). (b) Conductivity of rGO thin films as a
function of the sp? C=C content /oxygen content (taken from Ref. [28]). (c) Increasing
optical absorption, especially in the visible, upon chemical reduction of GO in hydrazine
for various times (taken from Ref. [36]). (d) Evolution of the photoluminescence (PL)
spectra revealing a blue shift upon chemical reduction of GO in hydrazine for various

times (taken from Ref. [37]).
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GO over the entire range of temperatures, i.e. from room temperature to

~1000°C, which is currently lacking.

2. If we find interesting structural transitions, this would enable us to predict
and control the sheet properties in new ways, as opposed to reduction, which
is to date the only handle to control the structure of GO. This could poten-
tially open the door for completely new applications or for enhancing the

performance of existing applications based on GO.

3. Devices that may incorporate GO in the future will most likely be subjected
to mild temperatures and knowing what happens then would be critical for

smooth functioning of such devices.

The main aim of this thesis is to investigate what happens to GO structures
at moderate temperatures (50-80°C) and fill a gap in the theory of structural evo-
lution of GO. Specifically, we have performed a combination of computations and
experiments to pinpoint a new structural transition in GO at such temperatures.
Further, we have utilized this structural transition for two different applications:
1) Improving the quality of rGO films obtained from GO, and 2) Achieve efficient
functionalization of GO with foreign molecules for enhanced biosensing applica-

tions.

e Chapter 2 shows how we first understood the structure-property relationships
in GO at the atomic-scale by utilizing computer simulations and ab initio

computations.

e Chapter 3 reveals how the idea of a new structural transition in GO was

developed and validated through experiments, based on the understanding

12



gained through computer simulations (as described in Chapter 2).

e Chapter 4 shows two possible ways to translate the benefits of structural

transition into device-scale applications.

¢ Chapter 5 summarizes key findings of this thesis and discusses possible future

directions.

13



Chapter 2

Understanding structure-property
relationships in GO and rGO

through theory and simulation

2.1 Why understand structure-property relations
in GO and rGO?

As noted in Chapter 1, one of the notable features of the reduction process of GO
is the opportunity gained in tuning the materials electronic and optical properties.
This aspect is well documented and is attributed to the tunable fraction of the
sp?/sp3-hybridized carbon atoms (or the tunable oxygen content). While these are
certainly important control knobs, there are untapped opportunities that could
lead to further enhancement of the sheet properties.

For instance, a key handle that has the potential to further tune the electronic

14



and optical properties is the type and fraction of the various functional groups
present in GO/rGO. To recap, these functional groups are epoxies, hydroxyls,
carbonyls, ethers and carboxyls, in addition to defects such as carbon chains and
vacancies that are introduced during the reduction process [8]. Further, GO/rGO
structures are metastable in nature [24, 38]. Given time and under the application
of a suitable external stimulus, one can potentially alter their structures and drive
them into completely new states, which can give rise to interesting sheet properties.

In order to tap into these promising avenues, one needs to understand the
structure at the atomic level, and how the individual oxygen functional groups
and their covalent interaction with the underlying carbon atoms affect the macro-
scopic sheet properties. Specifically, our interest lies in understanding the impact
of oxygen functional groups on the stability, electronic and optical structure of

GO/rGO structures.

2.2 Why are simulations necessary to achieve this

task?

Thus far, in experiments, it has been a daunting task to probe the molecular
structure and paint an accurate picture of the structure-property relationships,
as fabricated GO/rGO structures are highly disordered and chemically inhomo-
geneous. Instead, atomistic simulations can be employed to achieve an in-depth
understanding of the main trends in structure-property relations. For instance,
molecular dynamics (MD) simulations of thermal reduction of GO have predicted

the formation of stable carbonyl and ether groups in addition to the widely known

15



epoxy and hydroxyl groups, confirming the nature of rGO as highly disordered and
chemically inhomogeneous [39, 8]. Density functional theory (DFT) calculations
have previously shown the presence of electronic band gaps in GO/rGO structures
[40, 41, 42, 43]. However, these DFT simulations have focused mainly on simple
and ordered structures, containing a mixture of epoxy and hydroxyl groups with-
out accounting for the realistic, disordered configurations of GO /rGO. Hence, only

limited insights have been obtained so far through simulations.

2.2.1 Computational strategy used in this thesis

In order to address the above issue and to develop a bottom-up design methodology
for understanding the realistic amorphous structure of GO/rGO and its impact on

the properties, we followed a specific computational strategy.

e Using classical MD simulations based on reactive force fields, we have ob-
tained hundreds of realistic structures of GO and rGO, with different oxygen
concentrations and functional group compositions, which agree well with ex-

perimental observations [8, 44].

o Ab initio DFT calculations were then employed to compute and understand
the stability, electronic and optical properties using the so-generated realistic

set of GO/rGO structures.

e Based on this understanding, we were able to predict new mechanisms in
metastable GO/rGO structures and in turn control their sheet properties in
unique ways, thus opening the door for new applications or enhancing the

performance of existing applications based on GO/rGO.

16



Using a combination of classical MD and DFT simulations is necessary because

of the following reasons.

e We are interested in preparing realistic GO/rGO structures. We understand
that structural changes upon the application of an external stimulus such
as temperature, take place on the order of seconds to minutes. Further, we
need to account for the amorphous nature of GO/rGO, which requires using
a big set of sufficiently large structures. Also, the conversion of GO to rGO
involves breaking of existing bonds and formation of new bonds. In order
to account for these important issues, we chose to prepare structures using
classical MD simulations with reactive force fields. Although MD simulations
are limited to ps-ns timescales, by increasing the temperature of the system,
one can drive the kinetics upwards and realistic structures can be obtained.
ReaxFF, a type of reactive force field developed by the Van Duin group is
chosen for our simulations, since it is known to accurately describe bond-

breaking and formation events in hydrocarbon systems [44].

e Subsequently, we are interested in understanding the impact of the realistic
structure on the electronic structure of the material, which requires one to
employ ab initio calculations. DFT strikes that balance between accuracy
and computational efficiency, has been shown to be accurate for these ma-
terial systems [39, 40]. Importantly, it is known to accurately predict the
properties that we are interested in, i.e. the stability (total energy) and

electronic band structure. Hence, we chose to use DFT methods.

17



2.3 Correlating atomic structure with sheet prop-

erties of rGO

The first direction we took in this thesis was toward understanding how the dif-
ferent atomic features in rGO structures affect their sheet properties. Specifically,
we wanted to understand the impact of different functional groups on the stability,
work function and photoluminescence (PL) characteristics of rGO. This is because
understanding and tailoring the work function of rGO has not been addressed
thus far, although one of the current thrusts in rGO research is towards designing
large-scale ultra-thin transparent conducting electrodes for applications such as
transistors, batteries and solar cells [14]. Further, rGO is a promising material
for low-cost, solution-processable optoelectronic devices owing to its tunable PL

spectra (blue to red regions) (36, 37].

2.3.1 Structures adopted for computational synthesis

Figure 2.1a shows our preparation protocol of rGO structures. The functional
groups on the basal plane of GO are known to mainly consist of epoxy and hydroxyl
groups, with the presence of five- and six-membered-ring lactols, carboxyl groups
along the periphery of the sheets. We create periodic GO sheets with randomly
distributed epoxy and hydroxyl groups on both the sides of the graphene plane in
accordance with the known presence of these groups in GO sheets [23, 8, 6]. Since
GO is non-stoichiometric and kinetic factors lead to local variations in the oxygen
concentration, we use different oxygen concentrations of 15%, 20% and 25% (by

mixing in the form of epoxy and hydroxyl groups) to construct GO sheets [8].
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We employ epoxy to hydroxyl ratios of 3:2, 1:1 and 2:3 to account for composition
fluctuations during the synthesis of GO. Next, using MD simulations, we performed
high temperature reduction of GO structures at 1500 K in vacuum to generate rtGO
sheets with oxygen concentration in the 10-20% range, as widely encountered in
the experiments. All rGO structures were then relaxed within DFT for structural
optimization before computing sheet properties of interest (see appendix for more

details on computational methods).

2.3.2 Sheet morphology

Our thermal reduction simulations lead to the formation of disordered rGO struc-
tures with a range of functional groups, such as epoxy and hydroxyl groups initially
present in rGO, carbonyl and ether groups, three- and five-membered carbon rings,
quinones, and carbon chains (Figure 2.1b and 1.3b), consistent with previous com-
putational work [8]. The generation of a large number of structures allows us to
establish statistically meaningful averages for the relative distribution of functional
groups present in rGO after the reduction process. Figure 2.1c shows a key trend
we observe in our simulations, namely that thermal reduction of epoxy-rich GO
(initial epoxy to hydroxyl ratio of 3:2) results in carbonyl-rich rGO structures,
whereas thermal reduction of hydroxyl-rich GO (initial epoxy to hydroxyl ratio of

2:3) results in hydroxyl-rich rGO structures.

2.3.3 Stability of rGO structures

We employ DFT calculations to study their kinetic stability. As discussed above,

structural and chemical modifications of as-prepared rGO can result in undesirable
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Figure 2.1: Morphology of generated rGO structures. (a) Schematic of the
preparation protocol of rGO. (b) Representative disordered carbonyl-rich rGO struc-
ture. Carbon, oxygen and hydrogen are represented as black, red and grey spheres,
respectively. (c¢) Average fraction of oxygen-containing functional groups as a function
of average final oxygen concentration in the rGO sheets, for different initial GO struc-
tures with epoxy to hydroxyl ratios of 3:2 (left) and 2:3 (right). The thermal reduction
of these two cases results in, respectively, carbonyl-rich rGO (left) and hydroxyl-rich
rGO (right). In each plot, the results are obtained by averaging over 40 rGO structures,
and the error shown represents the standard error of the mean calculated for the same
set of structures.

changes in functionality limiting its applicability in optoelectronic devices. We
compare the relative stability of rGO structures by computing the formation energy
of carbonyl-rich and hydroxyl-rich rGO structures as a function of oxygen and

hydrogen chemical potentials (or equivalently, partial pressures) as shown in 2.2a.
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The formation energy is calculated as:

Eform = Etot(CiOmHy) — LE(Cyr) — mpo — npy

where Eiy(C0,,Hy,) is the total energy of the rGO structure with I carbon, m
oxygen and n hydrogen atoms, E(Cy,) is the energy of a carbon atom in a pristine
graphene sheet [43], and the reference chemical potentials of oxygen (uo) and
hydrogen (pg) are chosen as those of the oxygen and hydrogen in O, and H, gas
molecules, respectively [43, 45].

The computed trends seen in the formation energies of carbonyl-rich and hydroxyl-
rich rGO structures suggest that hydroxyl-rich rtGO with low oxygen content is
favorable over a wide range of oxygen partial pressures. Conversely, the forma-
tion of carbonyl-rich structures (with higher oxygen content) are preferred only at
high oxygen partial pressures. On this basis, we suggest that while as-synthesized
rGO commonly possesses large fractions of oxygen-rich epoxy and carbonyl groups,
[46, 8, 47] these structures are only kinetically stable. When exposed to milder
conditions of temperature and O; or Hy gas partial pressures than those used
during the reduction process, such structures evolve through a variety of spon-
taneous reduction mechanisms towards hydroxyl-rich rGO structures with lower
oxygen content. This prediction appears to be corroborated by recent experimen-
tal work from Kim et al., [38] where as-synthesized multilayer GO films rich in
epoxy groups showed a similar metastability and evolved towards hydroxyl-rich
GO at room temperature. A key mechanism involved in this spontaneous reduc-
tion of rGO is water formation via the interaction of hydrogen and oxygen atoms

within the basal plane, a process observed to be favorable at room temperature
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Figure 2.2: Stability of as-prepared rGO structures. (a) Formation energy per
atom of hydroxyl-rich (10% O) and carbonyl-rich (20% O) rGO structures as a function
of oxygen chemical potential, shown for the standard value (-0.35 eV) of atmospheric
hydrogen chemical potential at 300 K. The energetics shown in the plot indicates the
higher stability of hydroxyl-rich rGO compared to carbonyl-rich rGO, and the tendency
of both to undergo a reduction process via elimination of water. (b) The three reaction
mechanisms studied here for the conversion of carbonyl groups to hydroxyl groups in the
presence of chemisorbed H atoms. Reactions 2 and 3 involve reduction via elimination
of water, while reaction 1 does not involve water formation.

and under ambient atmospheric hydrogen and oxygen partial pressures (see Figure
2.2a).

In order to elucidate the atomistic mechanisms involved in the reduction of
carbonyl-rich to hydroxyl-rich rGO, we examined three possible reaction path-

ways (Figure 2.2b) capable of converting carbonyl to hydroxyl groups in rGO, and
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quantified the associated energetics using nudged elastic band calculations. Since
carbonyl groups occur commonly in pairs or at the periphery of carbon vacancies
in rGO, we consider two reaction schemes involving a carbonyl pair or a carbonyl-
vacancy pair (respectively, Reaction 1 and 2 in 2.2b). In addition, we investigate
a third reaction scheme (Reaction 3 in Figure 2.2b) where the interaction of a
carbonyl group with an epoxy group leads to rGO reduction, a case chosen to em-
phasize the importance of interplay between functional groups in the rGO sheet. In
our proposed reaction schemes, hydrogen is assumed to be present in chemisorbed
form (within C-H bonds), as commonly generated during GO synthesis [38] or
exposure to air. As a result, the three proposed reaction mechanisms are limited
by the diffusion of C—H bonds across the basal plane (a process known to have an
energy barrier of 0.55 eV [38]) and by the availability of H in the environment.

In the first reduction mechanism (Reaction 1 in Figure 2.2b), a carbonyl pair inter-
acts with chemisorbed H and forms a hydroxyl pair, with an energy gain obtained
from our DFT calculations of 2.59 eV. The second reduction mechanism (Reac-
tion 2 in Figure 2.2b) is a two-step process: in the first step, carbonyl groups at
the periphery of a carbon vacancy react with hydrogen to form hydroxyl groups,
with a calculated energy gain of 0.78 eV. In the second step, the interaction be-
tween the so-formed hydroxyl groups leads to water formation and elimination of
the vacancy by forming an ether group, a process with an energy gain of 1.88 eV
based on our calculations. In the last reaction scheme proposed here (Reaction 3
in Figure 2.2b), a carbony! pair and an epoxy group interact to form two hydroxyl
groups and a water molecule with a predicted energy gain of 3.96 eV. Our calcula-
tions suggest that all mechanisms considered here are energetically favorable, and

are thus predicted to occur thermodynamically; the computed energetics confirms
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the tendency of rGO to undergo further reduction and ”self-heal” over time by
restoring sp? carbon atoms in the graphene lattice.
We estimate the kinetics of Reactions 1 — 3 by computing their rates using the

Arrhenius formula:

k = ko exp(—Eqet/kT)

where E,; is the activation energy computed using the nudged elastic band method
(Figure 2.2b), and ko is an attempt frequency with an assumed commonly used
value of 10'® hz. NEB is a method for finding saddle points and minimum energy
paths between known reactants and products. The method works by optimizing
a number of intermediate images along the reaction path [48]. At room temper-
ature (300 K), we predict Reactions 1 and 3 to possess a high activation energy
of 1.40 eV limited by the process of ‘hole’ closure in these cases, causing a slow
reaction rate of k &~ 10~!! hz. For comparison, the first step of Reaction 2 involv-
ing a chemical process similar to Reaction 1 (in terms of converting carbonyl to
hydroxyl groups) but occurring near C vacancies is significantly faster, achieving
an estimated carbonyl-to-hydroxyl conversion rate of 10® hz, and involving a sig-
nificantly lower energy barrier of 0.41 eV. Our calculations suggest that the higher
activation barrier for Reaction 1 is related to the presence of strain during the
carbonyl pair reaction, while in Reaction 2 strain is reduced due to the presence
of a vacancy in the basal plane. The increased reduction rate found here near
C vacancies is consistent with the recent experimental observation of spontaneous
healing of nano-holes in graphene.[49] On the basis of the combined thermodynam-
ics and kinetics of the processes considered here, we conclude that although rGO

obtained via thermal annealing is kinetically stable with a significant fraction of
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carbonyl groups [8], our findings indicate the metastability of these structures and
their structural evolution towards hydroxyl-rich tGO over time. The sensitivity
of the optical and electronic properties on functional group composition discussed
below makes it clear that the controlled application of rGO in existing technologies
cannot ignore such important stability considerations and chemical transformation

processes.

2.3.4 Work function of rGO structures

In what follows, we perform DFT calculations on the library of realistic rGO
structures generated in this work, with the goal of studying the dependence of the
work function and electronic structure of rGO on the concentration of different
functional groups. In particular, we explore the impact of two crucial parameters
on the work function: 1) the overall oxygen concentration, and 2) the concentra-
tion of different types of functional groups. The work function tunability in rGO
structures stems from the formation of dipoles between carbon and oxygen atoms
with different electronegativity. In rGO, oxygen atoms in carbonyl, epoxy, and hy-
droxyl groups are located outside the graphene basal plane, and form C—O bonds
of different types and with different chemical surroundings. As a consequence, the
strength of the dipole moment in rGO can be tuned by varying both the overall
oxygen content and the concentration of different functional groups.

In Figure 2.3a, we show the results of our DFT calculations for rGO structures
prepared with our reduction protocol and resulting in oxygen concentrations in
the 10 — 20% range. Within this oxygen concentration range, the work function

is found to be tunable between 5.0 — 5.5 eV, thus allowing a 0.5 eV variation
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Figure 2.3: Work function tunability in rGO structures. (a) Calculated work
function of carbonyl-rich and hydroxyl-rich rGO structures with different oxygen con-
tent. (b) The effect of individual functional groups on the work function of rGO, for two
different total oxygen concentrations of 1.5% (for validation purpose) and of 20%. Car-
bonyl groups show the largest impact on the work function among all groups, inducing a
work function value 60% higher than that of graphene (4.2 eV, shown here for reference
as a dashed red line).

within this range by adjusting the reduction conditions. We expect the tunability
to increase further if a wider oxygen concentration range is considered.

Despite this favorable effect, we demonstrate here that oxygen concentration
is not the main variable controlling the work function, and that a significantly
higher work function tunability (up to 2.5 eV) can be obtained by varying the

fraction of a single type of functional group. In order to isolate the impact of
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different functional groups on the work function, we carried out DFT calculations
on smaller structures (approximately 130 atoms) than considered above, containing
only one type of functional group — epoxy groups, hydroxyl groups, and carbonyl
groups. In each case, we consider two values of the total oxygen concentration:
20%, considered here as an upper limit of oxygen concentration in rGO, and 1.5%
used here to validate our method by assuring that in the limit of a graphene
structure with only one oxygen-containing functional group a work function value
close to that of pristine graphene (4.2 eV) is obtained. For intermediate oxygen
concentrations, the work function varies continuously within the range delimited
by these two cases.

Figure 2.3b shows our calculated work function for structures with a single
type of functional group. We observe the dominant effect of carbonyl groups,
as seen by work function values in the 4.4 — 6.8 eV range for rGO structures
containing only carbonyl groups. This represents a 60% increase compared to
the computed work function of graphene (4.2 eV), an effect we attribute to the
large dipole moment of the C—O double bond in carbonyl groups. We find a
considerable impact on the work function also in the case of epoxy groups, yielding
work function values in the 4.35 — 5.6 eV range, representing an increase by up
to 32% compared to graphene. For hydroxyl groups, we observe a more moderate
effect, yielding work function values in the 4.25 — 4.95 eV range, up to 17% higher
than graphene. It’s worth noting that in all cases considered, the work function
is never lower than that of graphene, due to the orientation of the C—O dipoles
pointing outward from the basal graphene plane in all cases considered. Our results
explain recent experimental work showing a wide range of work function values

in rGO [50, 51, 20], which we interpret as a consequence of different content of
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functional groups resulting from different experimental reduction protocols used.

We conclude that in order to take full advantage of the wide range of achiev-
able work functions in rGO, experimental reduction techniques yielding rGO with
specific types of functional groups should be devised. Recently suggested routes
towards synthesis with functional-group control include using hydrogen to adjust
the proportion of carbonyl and hydroxy! groups, [8] dissociating oxygen molecules
in ultra-high vacuum to achieve selective epoxy functionalization, [24] or the use

of local reduction methods with nanometer resolution [52].

2.3.5 PL spectra of rGO structures

Similar to the work function, the PL emission spectrum of rGO shows significant
tunability when the oxygen concentration and the ratios of different functional
groups are varied [36, 37]. PL spectra of rGO samples commonly show two promi-
nent features: a broad emission peak centered around 500 — 600 nm (2 — 2.5 eV
photon energy, denoted as Ip;) and a narrow peak centered around 450 — 475 nm
(2.6 — 2.75 eV photon energy, denoted as Ipz) [37]. The energy of the narrow Ip,
peak is known to depend on the size of sp?-hybridized graphene domains within
the rGO matrix [37]. The broad Ip; peak, on the other hand, is thought to be de-
termined by disorder-induced defect states. However, a clear understanding of the
effect of different functional groups present in rGO is still missing, and structural
models employed so far to account for the nature of the Ip; peak can only provide
a qualitative picture of the role of disorder [36, 41, 37].

We perform here DFT electronic structure calculations on selected samples

within our database of rGO structures, with the objective of elucidating the nature
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of the PL peaks in rGO at the atomistic level, and to decompose the contributions
of different functional groups to the Ip; PL emission peak. Figure 2.4a shows the
electronic structure of two carbonyl-rich rGO samples with respectively low (10%)
and high (20%) total oxygen concentration, expressed as the projected density of
states (PDOS) from carbon atoms in the rGO structure. The carbon PDOS is
chosen here as the main variable since in rGO the frequency and intensity of peak
PL emission are governed by the m and 7* "tail” electronic bands, arising from

carbon p, states.
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Figure 2.4: Photoluminescence in rGO structures. (a) Carbon PDOS plots for
carbonyl-rich rGO with 10% (left) and 20% (right) oxygen concentrations. Above the
plots, the contribution of defect and m—* tail states to the PDOS is shown schematically
for the two cases. (b) PDOS from carbon atoms in carbonyl, epoxy and hydroxyl groups.

Figure 2.4a shows the presence of a significantly higher fraction of defect states
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around the Fermi energy (Er) for the rGO sample with higher oxygen concentra-
tion, with the formation of a well defined PDOS feature between the 7 and 7* tail
bands. We decouple the contribution of individual functional groups to the tail and
defect states by computing the average PDOS arising from carbon atoms attached
to different functional groups (2.4b). Our analysis shows that the valence band (7
tail) states are localized mainly at epoxy groups, while the conduction band (7*
tail) states are mostly contributed by carbonyl groups. On this basis, we suggest
that it may be possible to control the 7 and 7* tail bands by varying the ratio of
epoxy and carbonyl groups. Assuming that the peak PL emission energy is set by
the energy difference between the peaks in the DOS of the 7 and 7* tail bands,
a similar strategy of controlling the epoxy to carbonyl ratio could also allow one
to tune the peak PL emission frequency. We note that an increase in the fraction
of epoxy and carbonyl groups at the expenses of hydroxyl groups causes a higher
density of defect states, as seen by the higher PDOS values around Er for epoxy
and carbonyl groups compared to hydroxyl groups in Figure 2.4b. The possibility
outlined here to combine distinct contributions from different functional groups to

the PL is a unique feature of rGO, and will be the object of further investigation.

2.4 Appendix

2.4.1 Computational details

MD simulations used to prepare the rGO structures were carried out using the
LAMMPS package [53] with the ReaxFF reactive force-field, chosen here for its

ability to accurately describe bond-breaking and formation events in hydrocarbon
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systems. [44] We employed a time step of 0.25 fs and the NVT Berendsen thermo-
stat. [8] Initial GO structures consisted of a 2.2 x 2.1 nm periodic graphene sheet
containing 180 C atoms with randomly distributed epoxy and hydroxyl groups on
both sides of the sheet [39]. During the reduction process, the temperature of the
GO sheets was increased from 10 K to 1500 K over a time interval of 250 fs. The
system was then annealed at 1500 K for 250 ps to allow for structural stabilization.
Molecular by-products released from the GO sheet were removed and the system
was further annealed at 300 K for an additional 1.25 ps to confirm its stability.
rGO structures generated with this approach were further relaxed (to less than
0.03 eV/A residual atomic forces) using DFT with a plane-wave basis set as im-
plemented in the VASP package. [54, 55] In all the DFT calculations presented
in this work, we used the Projector Augmented Wave (PAW) method to describe
the core electrons [56] and the Perdew-Burke-Ernzerhof exchange-correlation (XC)
functional [57] in combination with a gamma-point k-grid. The wave function and
charge density were expanded in plane waves with a wavefunction kinetic energy
cut-off of 500 eV. A vacuum region of 16 A was used in the direction normal to
the sheets. For the study of reaction paths and energy barriers used to determine
the kinetic stability of rGO, we employed nudged elastic band (NEB) calculations
as implemented in VASP with 9 — 13 image structures between the reactant and

the product.
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Chapter 3

A new phase transformation in
GO: Clustering of oxygen atoms

under mild thermal annealing

3.1 Ideation of a new structural transition in GO

Chapter 2 demonstrates the advantages of using accurate atomistic calculations
to not only predict realistic nanoscale structures, but also to understand how the
atomic features influence the macroscale sheet properties. One important obser-
vation we made in our simulations was the metastable nature of rGO structures,
especially at higher oxygen concentrations. This led us to think that as-synthesized
GO, which has high oxygen concentration, could be relatively more unstable and
hence show a greater propensity to evolve into thermodynamically more stable
structures, even under the application of a weak external stimulus.

In literature, metastability of GO structures has been highlighted on numer-
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ous occasions (24, 38]. However, structural transitions - other than reduction -
have been largely unexplored. It is well known that for temperatures larger than
120-150°C and with greater annealing time, oxygen removal occurs leading to the
formation of rGO. The boundary demarcates the two phases GO and rGO. How-
ever, what happens to GO structures at relatively mild annealing temperatures
(50-80°C) has been largely unexplored. An important question arises: Does the
structure of GO remain largely unperturbed under these conditions, or can we ex-
pect a structural change in GO without changing its oxygen content, thereby leading
to new forms of GO?

It is generally well accepted that oxygen atoms are randomly distributed on
the graphene basal plane. We asked the following question - Would the stability of
GO phases change - at a fized ozygen concentration - if the orygen atoms formed
clusters, instead of being randomly distributed? (see Figure 3.1). In other words,
does the stability of mixed sp?-sp® GO phases change when they separate into

distinct sp? (graphitic) and sp3 (oxidized) domains [58].

3.2 Simulations to predict the energetics of struc-

tural transition

3.2.1 Thermodynamics

In order to answer the above question, we carried out a stability analysis of GO
structures using a combination of classical MD simulations based on reactive force
fields [44], and DFT calculations. Model GO structures with different sizes of

oxidized and graphitic domains (none, three and six graphene rows) were prepared
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phase separation

_oxygen graphene basal plane

Figure 3.1: Phase transformation of GO structures. Schematic depicting the
phase-separation process in as-synthesized GO structures from a mixed sp?sp® phase
into two distinct oxidized and graphene phases through diffusion of oxygen atoms on the
graphene basal plane under the influence of an external stimulus.

with the oxygen concentration kept fixed to mimic the phase-separation process
(Figure 3.2a). Initially, the oxidized domains consisted of randomly distributed
epoxy and hydroxyl groups attached to both sides of the graphene sheet, consistent
with previous work that shows the dominant presence of such functional groups
in GO [23, 8, 6]. To account for local variations in oxygen concentration and the
fraction of functional groups on the GO sheet, we studied oxygen concentrations
of 10 and 20% in the initial GO structures and prepared samples with epoxy to
hydroxyl ratios of 3:2 and 2:3 [8]. GO structures were then annealed at 300 K
using MD simulations, using the procedure described in Chapter 2.

Our MD simulations produced GO structures that consisted of bare graphitic
domains in conjunction with oxidized domains that largely contained epoxy and
hydroxyl functional groups with a small amount of carbonyls and water molecules,
consistent with previous computational work [38]. The generation of ten samples

for each composition allows us to present meaningful averages of the computed
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Figure 3.2: Phase separation in GO structures (a) Representative model GO
structures used to compute the energetics of the phase separation process. Each struc-
ture consists of two distinct oxidized and graphene phases with different domain sizes.
Carbon, oxygen and hydrogen are represented as grey, red and white spheres, respec-
tively. (b) Formation energy values of phase separated GO structures as a function of
the graphene domain size for different oxygen contents and epoxy to hydroxyl functional
group ratios. The formation energies decrease upon phase separation indicating the
process to be thermodynamically favorable. In each plot, the results are obtained by
averaging over 10 GO structures for each data point, and the error bars shown represent
the standard error of the mean calculated for the same set of structures.

35



properties. Figure 3.2b shows the total energy of the phase-separated GO struc-
tures computed from our MD simulations (internal energies at 300 K). We observe
that the total energies decrease with increasing phase separation, that is, with
increasing graphitic domain size, which suggests that the process of phase sepa-
ration is thermodynamically favorable in GO structures. Additional calculations,
performed using chemically homogeneous and ordered phases of GO, indicate sim-
ilar trends and favorability of the phase-separation process. We attribute this
favorability to strain compensation and hence strain relief in the GO structures.
For instance, although two isolated oxygen groups attached on either side of the
graphene sheet increase strains in their vicinity, the same oxygen groups can par-
tially cancel these strains when present in proximity to one another, and thus favor

phase separation and clustering of oxygen atoms on graphene [43, 59, 60, 61].

3.2.2 Kinetics

A key mechanism involved in the phase-separation process during annealing is
the diffusion of epoxy and hydroxyl functional groups along the graphene basal
plane. Our calculations show that diffusion of an isolated epoxy group is limited
by an activation barrier of 0.83 eV, and the barrier for diffusion of an isolated
hydroxyl group is 0.30 eV, much lower than that in the epoxy case (see Figure
3.2c). Although diffusion of oxygen atoms at room temperature has been observed
in GO multilayers previously, the structural changes were discernible only after
month's, which implies extremely low diffusion rates [38]. Using the Arrhenius
formula k = ko exp(—FE,c/kT), where E, is the computed activation barrier and

ko is the attempt frequency (assumed to be constant), we estimate the hydroxyl

36



and epoxy diffusion to increase by one and two orders of magnitude, respectively,
at 80°C (353 K) compared with their diffusion at room temperature (300 K).
These calculations suggest that the structural changes due to oxygen group dif-
fusion can be triggered using mild annealing temperature (50-80°C) as an external
stimulus. Further, our calculations suggest that these changes can be observed at
relatively smaller time scales (days) at these temperatures, in contrast to months
reported for stock solutions preserved at room temperature [38]. However, caution
needs to be exercised in not treating the GO samples at higher temperatures ( >
150°C), since the process of oxygen removal becomes activated and competes with

the oxygen diffusion process.

3.3 Experimental realization of the structural tran-
sition
3.3.1 Sample preparation

In order to realize the phase transformation of GO sheets in experiments, GO
sheets were first synthesized by the Hummers’ method [26]. We performed thermal
annealing studies on GO suspensions, freeze-dried GO (fd-GO) samples and GO
thin-film samples. GO suspensions were prepared by thoroughly exfoliating GO
sheets in water. Once these suspensions were obtained, stock solutions were freeze
dried to obtain dry, foamy {d-GO samples. Two types of thin-film GO samples
were prepared: 1) GO solutions were also drop-cast onto clean silicon substrates
and allowed to dry overnight, and 2) GO suspensions were subjected to vacuum

filtration onto cellulose substrates, dried overnight and lifted off from the cellulose
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substrate to obtain freestanding GO thin films.

GO samples were annealed at 50 and 80°C in a temperature-controlled oven.
We chose to perform annealing at two different temperatures so as to understand
the impact of kinetics on the resulting phase-transformation processes. At each
temperature, samples were retrieved at regular intervals of one, three, five, seven
and nine days, and stored in a vacuum desiccator at room temperature for further
characterization (see Appendix at the end of this chapter for more details on sample

preparation and characterization).

3.3.2 Structural evolution under mild thermal annealing

In what follows, we present the results of our studies performed on solid-state
samples (thin-films deposited on Si substrate/fd-GO samples), where the effects
of the solvent are discounted.

Figure 3.3 shows the variation of the oxygen concentration, sheet resistance
and sp? C=C-C carbon fraction of the GO thin film samples with annealing time
(annealing temperature is 80°C). The oxygen content and the sp® fraction are
obtained from X-ray photoelectron spectroscopy (XPS) measurements, while the
sheet resistance is measured using a four-point probe set-up. It can be seen that the
oxygen concentration remains ~33-34% for films throughout the annealing time.
In contrast to the oxygen content, the sheet resistance and the sp? fraction show
a gradual decrease and increase, respectively, over the period of annealing. These
results indicate that while the total oxygen content of GO sheets is preserved, the
sheet resistance and the sp? fraction vary gradually, indicating a reorganization of

the oxygen functional groups on the graphene basal plane.
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Figure 3.3: Structural evolution of GO structures under mild thermal an-
nealing. Variation of the oxygen concentration, sheet resistance and the sp? fraction
of GO sheets with mild annealing at 80°C. The oxygen content remains constant, while
the sheet resistance and the sp?® fraction change gradually.
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In addition to XPS measurements, we used thermogravimetric analysis (TGA)
to monitor the level of reduction of our GO samples during the 80°C annealing run
(Figure 3.4a). Although the annealed sample showed an expected slight weight loss
(~10%) over the entire course of annealing, attributed to the elimination of ph-
ysisorbed and interlamellar water [33], the thermogram of a typical as-synthesized
GO sample shows an additional significant weight loss (~32%) at an onset temper-
ature of 150°C, attributed to loss of covalently bonded oxygen from the GO sheets.
This result shows that our GO samples are not reduced during the entire course of
thermal annealing, an observation additionally supporting our XPS measurements
and also in agreement with previous reports at these temperatures (33, 62].

We further carried out Fourier transform infrared (FTIR) spectroscopy mea-
surements of GO samples during the annealing process (Figure 3.4b). Importantly,
the recorded FTIR spectra clearly show the presence of oxygen functional groups
for the entire course of annealing, which again confirms no major removal of oxy-
gen groups from the graphene basal plane. In the case of samples prepared from
GO suspensions annealed at 50°C, the absorption peak at 1,620 cm™!, assigned to
the C=C skeletal vibrations of graphitic domains or the deformation vibration of
intercalated water (scissor mode), remains more or less unchanged for the day 1
case. This peak intensity, however, decreases for the day 5 case, indicating a loss
of intercalated water consistent with our TGA results, and a new peak appears
with increasing intensity at 1,580 cm™, attributed to the formation of prominent
graphitic domains in GO [33, 62, 63], consistent with the increasing sp? fraction
measured form our XPS spectra. Our FTIR measurements for the 80°C samples
produced similar results where the sp? peak appears at day 1, reflecting faster

kinetics of the structural transition at this temperature.
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Figure 3.4: TGA and FTIR of annealed GO structures. (a) Recorded mass loss
of a GO sample annealed at 80°C for nine days shows only a slight reduction in mass
(~10%) compared with a typical TGA thermogram of GO that shows an additional
significant mass loss of ~32% because of the removal of oxygen from the basal plane.
This indicates that GO is not reduced during the entire course of thermal annealing.
(b) FTIR spectra of the GO structures reveal increasing absorption intensities near
1,580 cm-1 attributed to C=C bonds in the case of thermal annealing at 50 and 80°C.
This correlates with the increasing sp? fraction from XPS spectra and decreasing sheet
resistance, which suggests the formation of prominent graphitic domains within the sp?
matrix.
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In order to further corroborate our hypothesis on clustering and prominent
formation of sp? domains during thermal annealing, we performed Raman analysis
on GO thin-film samples. Raman spectra were recorded at room temperature
on as-synthesized GO films as well as annealed GO thin-films deposited on a Si
substrate. The two prominent features obtained from GO samples (D and G peaks,
as shown in Figure 3.5a) were used to analyze our hypothesis of phase separation
in annealed GO samples. In a seminal paper by Ferrari and Robertson [64], it
is reported that in amorphous carbons, the development of a D peak indicates
ordering and clustering of sp? domains, exactly opposite to the case of graphite.
This trend is observed in the high-defect regime in an amorphous carbon structure.
Considering that GO is a 2D amorphous carbon nanomaterial, indeed, our Raman
mapping shows an increasing Ip/Ig ratio upon annealing GO thin films at 80°C
(Figure 3.5b), indicating ordering and prominent formation of graphitic domains
upon thermal annealing [65, 66].

As a means to probe directly the structural transformations taking place in
GO, we performed Auger electron spectroscopy (AES) on as-synthesized and an-
nealed GO thin films. The presence of carbon and oxygen on the surface was
detected using this technique (Figure 3.6a). Figure 3.6b compares the elemental
composition maps (oxygen-rich regions indicated by white spots) of as-synthesized
and annealed GO thin films. Clearly, the as-synthesized GO film shows a uniform
oxygen composition, and the annealed film shows sharper and segregated regions
of oxygen. These results further establish the process of oxygen clustering and
development of well-defined graphene-rich domains on annealing as-synthesized

GO.
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Figure 3.5: Raman analysis of annealed GO structures (a) Raman spectra of
as-synthesized and annealed GO flakes (at 80°C for 5 days) showing the two prominent
features, D and G peaks at ~1350 and ~1600 cm ™!, respectively. (b) Raman mapping on
as-synthesized and annealed GO flakes (at 80°C for 5 days). The mapping is performed
in such a way that the brightness corresponds to the ID/IG ratio. Clearly, the annealed
sample is brighter and corresponds to a higher ID/IG ratio.
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Figure 3.6: Phase separation in GO structures (a) SEM (left) and Auger electron
spectra (right) of as-synthesized GO. The C and O KLL peaks at 256 and 510 eV
respectively show the presence of C and O. This was confirmed at two different locations
on the film as indicated in the SEM image. Scale bar, 10 um. (b) AES oxygen mapping
of as-synthesized and annealed GO films. The white spots indicate oxygen-rich regions
while the black spots indicate oxygen-poor regions, or in other words, carbon-rich regions.
Scale bars, 2 pm. a.u., arbitrary units.
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3.3.3 Enhanced optical and electrical properties of GO through
phase transformation
UV-vis absorption

The evolution of the UV-Vis absorption spectra of fd-GO samples with thermal
annealing is shown in 3.7a. The as-prepared GO samples (day 0) showed typical
characteristics of a main absorbance peak at ~230 nm attributed to = — 7* transi-
tions of C=C in amorphous carbon systems, and broad absorption in the visible.
The main absorbance peak remained intact at ~230 nm upon annealing at both
50° and 80°C, in contrast to a clear red shift to ~260 nm reported in rGO samples
[36], indicating no major reduction in covalently-bonded oxygen at these temper-
atures. While a weak monotonic increment in the visible absorption was recorded
with increasing annealing time at 50°C, GO samples annealed continuously at
80°C became strongly absorbing in the visible, consistent with higher kinetics of
phase separation at 80°C compared to 50°C. To put these results in perspective,
for example, in applications involving light absorption, we estimate that this in-
crease in absorption corresponds to a significant 38% increase in the collection of

photons in the wavelength range 350-800 nm, relative to as-synthesized GO.

Electrical properties

We investigated the electrical properties of thin films prepared from annealed GO
samples using four-point probe transport measurements at room temperature. As-
synthesized GO samples showed high sheet resistance values indicating their insu-
lating nature (~9x10° Q/sq., comparable to 2-20 x10° Q/sq. reported previously

[38]). Interestingly, in the case of films prepared from fd-GO samples, strong re-
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Figure 3.7: Enhanced optical and electrical properties of annealed GO (a)
Normalized UV-Vis absorption spectra of fd-GO samples aged at 50 and 80°C at different
time intervals showing increasing visible absorbance with thermal annealing. The bump
near 360 nm is due to the change of detectors (from visible to UV). (b) Sheet resistance
of GO thin films prepared from {d-GO samples annealed at 50 and 80°C, showing a
reduction by up to four orders of magnitude compared to the sheet resistance of the
as-synthesized GO film. (¢) PL measurements on as-synthesized and annealed GO thin
films (day 5) clearly show enhanced PL emission in the blue region upon annealing.
A new broad peak at 1.83 eV appears, while the peaks at 2, 2.17 and 2.3-2.4 eV are
enhanced significantly.
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duction in sheet resistance values was observed (3.7b), consistent with the gradual
reduction in sheet resistance observed for GO thin films deposited on Si substrate
(3.3). Significantly, low sheet resistances of ~3x10° 2/sq. were measured in the
case of fd-GO samples annealed for 5 and 9 days at 80°C, respectively, which are
four orders of magnitude lower than the resistance of the as-synthesized GO sam-
ples, indicating superior electrical characteristics of annealed GO samples. These
results are consistent with stronger changes observed in the UV-Vis absorption
data of fd-GO samples annealed at 80°C (3.7a). Overall, this simple annealing pro-
cedure is effective in opening up new possibilities for fabricating thin film devices
with better electron transport characteristics than that afforded by as-synthesized

GO, while preserving the oxygen content in GO sheets.

PL emission

Since as-synthesized GO thin films are amorphous in nature, they exhibit a weak
and broad PL emission with a peak in the red region (650-750 nm). Upon an-
nealing the thin-film at 80°C for five days, we observed a blue shift in our PL
spectra measurements, as shown in 3.7c, which is attributed to the formation of
distinct and confined graphene domains in GO [36, 37]. A clear enhancement in
PL intensity of annealed GO samples within the energy range 2-2.5 eV can be
observed from our experiments, indicating superior PL characteristics afforded by
the phase transformation process.

Although previous reports have shown enhanced electronic properties of GO
under relatively low-temperature annealing between 25-150°C combined with suit-
able chemical treatments [67, 33, 62, 68], such improvements have come at the

expense of oxygen content, leading to the formation of rGO. In this work, such
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control in optical and electronic properties with a simple thermal annealing proce-
dure are obtained without a compromise in the covalently-bonded oxygen content,

and without being subjected to any chemical treatments.

3.3.4 Size of graphitic domains formed upon phase trans-
formation

We carried out additional analysis to estimate the range of domain sizes in annealed
GO samples. Analogous to the case of phase separation in hybridized carbon boron
nitride monolayers [69], our calculations also indicate that larger graphitic domains
are thermodynamically preferred in order to decrease the number of interfaces
and the associated interfacial energy between oxidized and graphitic domains (see
Figure 3.8). The structure is more favorable when the number of interfaces is lower
(two interfaces on the right structure compared to four on the left structure). Our
preliminary observation also suggests that the interface composition has an impact
on the stability of GO structures, which deserves further attention.

In order to understand the structural evolution of GO upon annealing, we
first note that the as-synthesized GO structure consists of two distinct features:
(1) small sp? fragments (or chains) that correspond to no specific structure, and
(2) larger unoxidized graphitic domains on the order of ~3 nm in size [36]. On
progressively annealing GO, we expect the small sp? fragments to interact and
coalesce (or in other words, undergo the process of phase separation) leading to
well-defined graphitic domains. On the basis of Raman and PL spectra from GO
thin films, we conclude that such domains are on the order of 1-2 nm and are

mainly responsible for the observed blue-shift in the PL (2-2.5 eV).
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Figure 3.8: Impact of the number of interfaces on the stability of GO struc-
tures. Three different ordered phases considered in this work: epoxy-only phase (C20),
hydroxyl-only phase (C-OH) and a mixed epoxy-hydroxyl phase (C4O(OH)sz). In all
three cases we observe that phase separation is favorable, i.e. structures with two
graphene rows together (two interfaces) are more favorable than the structures where
they are separated by the oxidized phase (four interfaces). The stability of the phase-
separated structure (2 graphene rows) relative to its counterpart on the left (1 graphene
row) is also reported in red text.
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In parallel, it is reasonable to expect that the ~3 nm domains already present
in as-synthesized GO to further grow upon annealing. We expect these domain
sizes to extend from ~3 nm to tens of nanometers, similar to the range of domain
sizes observed in case of carbon boron nitride monolayers [69]. DFT calculations
show that such large domains formed within the sp®-matrix open up optical gaps
continuously up to 2 eV, which help explain the continuous increase in the optical
absorption spectra in both the visible and the infrared [58, 36]. Further, these
estimates also explain why certain regions are relatively oxygen-rich compared to
other regions in our AES maps. Although formation of such larger domains on
the order of tens of nanometers requires considerable diffusion of oxygen groups,
we found that such mean diffusion lengths can nevertheless be achieved at the
temperatures considered in this work - using the Arrhenius equation, we computed
diffusion lengths and found them to be on the order of hundreds of nanometers.
While we have shown these results for our as-synthesized GO samples with an
oxygen content of ~30%, we expect these domain sizes to be tunable depending
on the oxygen concentration, temperature and anneal time, providing additional

opportunities for controlling the properties of oxidized graphene.

3.4 Appendix

3.4.1 Experimental methods
Synthesis of GO
GO was prepared from synthetic graphite powder (-325 mesh, 99.9%, Alfa Aesar,

MA, USA) using the Hummers’ approach [26]. The yellowish-brown filter cake
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obtained was suspended in 320 mL of water, to give a GO suspension of ~0.5wt.%
solids. The suspension was put in a sealed glass bottle and kept in a vacuum
desiccator for long-term storage. It was observed that the stock suspension is

stable at room temperature, without the addition of any surfactant.

Preparation of freeze dried GO (fd-GO) samples

In order to study the effects of long-term thermal annealing on GO alone, and
discount the effects of the solvent environment, we prepared dried samples from the
stock suspension. The stock suspension was diluted to 10x and 1mL of this diluted
suspension was taken in several eppendorf tubes, and they were solidified rapidly
by plunging into liquid nitrogen. The frozen samples were put in a lyophilizer
(Labconco FreeZone 2.5 Plus, MO, USA), and kept at 0.008 mbar pressure for a
day for complete extraction of the water content from the samples. These samples

were stored in a vacuum desiccator.

Time-course annealing of GO samples

We studied the effects of thermal annealing on both GO suspensions and {d-GO
samples. For GO suspensions, 1 mL of the 10x diluted stock solution was taken
in 10 eppendorf tubes. For the fd-GO samples, the lyophilized samples were used
as-is in 10 eppendorf tubes. One batch of 5 samples (both suspension and solids)
was placed in a vacuum oven at 50°C, and another similar batch at 80°C. Both
batches were started simultaneously at t = 0. Then, at t = 1, 3, 5, 7 and 9 days,
we retrieved 1 eppendorf tube from each oven (both solid and liquid samples),
and these were stored in a vacuum desiccator at room temperature for further

characterization.
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Characterization

UV-Vis absorbance spectroscopy. GO suspensions obtained from annealing
experiments were subjected to a vigorous vortex treatment and further sonicated
for 20 mins. They were then diluted to 160x (of the stock suspension) for ab-
sorbance measurements. 100 uL of sample was taken in a glass cuvette with a 1lcm
path length. UV-Vis absorbance was measured using a DU-800 Spectrophotome-
ter (Beckman Coulter, CA, USA) with respect to a water (blank) baseline. The
scan range was 200-1100nm, at a rate 600 nm/min. For the UV-Vis absorption
measurements on fd-GO samples, we used a Cary 300 spectrophotometer (Agilent
Technologies, CA, USA) with a solid state sample accessory with z-height adjust-
ment, operating in diffuse reflectance mode. The fd-GO samples were scanned
from 200-800 nm at a scan rate of 1 nm/s. The reflectance measurements were
converted into corresponding absorbance data after suitable background subtrac-
tion.

4-point probe measurements. Electrical transport measurements of GO
films prepared from annealed GO samples were carried out using a four-point
probe technique (Model 2525, The Micromanipulator Company, NV, USA) at
room temperature. GO samples were drop cast into lcm? area films on an insu-
lating glass substrate. Measurements were taken by varying the applied voltage
from -1 to +1V.

Infrared spectroscopy. GO suspensions obtained from annealing experi-
ments were freeze dried and the FTIR spectrum (800-4000 cm™') was measured
using a Thermo Fisher Continuum FTIR Microscope in the transmission mode.

A spot size of 100 pm was used. The transmission measurements were converted
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into corresponding absorbance data and a suitable five-point baseline correction
was applied to all spectra.

PL measurements. PL from the GO samples was measured using a NanoLog
spectrofluorometer (HORIBA Jobin Yvon, NJ, USA). The GO samples were di-
luted in water to 500x of the stock concentration. A CW Xenon-lamp with a
monochromator was used for the excitation source and the samples were excited
at 350 nm. The fluorescence was measured in the range 400-750 nm, using a Fluo-
roHub single photon counter (HORIBA Jobin Yvon, NJ, USA), with an integration
time of 0.1 s/nm.

Thermogravimetric analysis. We characterized the thermal properties of
GO by TGA (TA Instruments Q500 TGA). GO solids were initially equilibrated
at 30°C for 30 mins, which was followed by a ramp up to 80°C where it was held
isothermally for 9 days to record mass loss during the annealing run. Typical GO
thermograms were obtained by similar equilibration, followed by a ramp up to
800°C. All measurements were taken at a nitrogen gas flow rate of 40 ml/min and
ramp rate of 5°C/min was used.

Raman spectroscopy. Unpolarized Raman spectra were recorded at room
temperature on GO flakes drop cast onto a Si substrate. Mapping images were
acquired using Renishaw Raman / PL system with moving stage (100nm precision)
using 488 nm laser source and 100x short working distance optical lens (Olympus
100x).

Nano-Auger electron spectroscopy measurements. Auger spectroscopy
was performed using a field emission electron source and a multi-channel detector
at ultra-high vacuum (2-5 x 1071° mbar). A series of Auger spectra were measured

on several different regions with a scan area of 3 um x 3 ym. The AES scanning
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was performed to detect the oxygen concentration. To eliminate the native oxide
contribution on conventional substrates such as SiO, Si, Al,O3, the graphene

oxide was transferred onto non-oxidizing MoS, substrates.

3.4.2 Computational methods

MD simulations used to prepare realistic GO structures were carried out using the
LAMMPS package [53] with the ReaxFF reactive force-field, chosen here for its
ability to accurately describe bond-breaking and formation events in hydrocarbon
systems [44]. We employed a time step of 0.25 fs and the NVT Berendsen ther-
mostat [8]. To assess the energetics of the phase separation process into oxidized
and graphitic domains, we considered 3 x 1.3 nm periodic graphene sheets with
different oxidized and graphitic domain sizes. The oxidized domains contained
randomly distributed epoxy and hydroxyl groups [39, 34]. The temperature of the
GO sheets was increased from 10 K to 300 K over a time interval of 250 fs. The
system was then annealed at 300 K for 250 ps to allow for structural stabilization.
Such MD thermal anneal runs have been previously employed to generate both
GO and reduced GO structures by us and other groups [8, 38, 34].

In all the DFT calculations presented in this work, the structures were relaxed
to less than 0.03 eV/A residual atomic forces using DFT with a plane-wave basis set
as implemented in the VASP package [54, 55]. We used the Projector Augmented
Wave (PAW) method to describe the core electrons [56] and the Perdew-Burke-
Ernzerhof exchange-correlation (XC) functional [57] in combination with a gamma-
point E—grid. The wave function and charge density were expanded in plane waves

with a wavefunction kinetic energy cut-off of 500 eV. A vacuum region of 16 A was
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used in the direction normal to the sheets. For computing the activation energies
used to determine the kinetics of oxygen diffusion, we employed nudged elastic
band (NEB) calculations as implemented in VASP with 9 — 13 image structures

between the reactant and the product.
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Chapter 4

Utilization of phase
transformation in developing new

applications

4.1 Application 1: Biosensors - Enhanced cell
capture efficiencies through phase transfor-
mation in GO

A sensor is a transducer whose purpose is to sense some characteristic of its envi-
rons. An important aspect of a sensor is to be able to detect with high sensitivity.
There are many examples of sensors: temperature sensors, pressure sensors, chem-
ical sensors, biosensors etc. In this thesis, we study a particular class of biosensors,
which are used to not only detect specific cellular components present in human

blood, but also capture and isolate them from other components.
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4.1.1 Importance of biosensors and current challenges in

this field

Human blood consists of mainly red blood cells (RBCs), white blood cells (WBCs)
and platelets. WBCs in particular carry information about a patient’s immune sys-
tem and can be useful to obtain a wealth of knowledge about the patient’s health.
In this work, we study the problem of detecting and isolating WBCs and its sub-
populations from blood. An important challenge in doing sd is to be able to design
a system that could be sensitive to WBCs. This is done by using a class of an-
tibodies that can specifically capture necessary subpopulations of WBCs [70, 71].
However, these antibodies need a template (or a substrate) to be anchored onto.
Traditionally, microfluidic devices have been used to capture and isolate different
types of cells [72]. These devices rely on three-dimensional microstructures, trap-
ping arrays and microfilters, that have been useful in isolating cell components.
However, such three-dimensional systems suffer from problems such as cell trap-
ping, issues with recovery and imaging, limitations with downstream analysis and

further cell culture, complex and expensive fabrication at the micro-nano scale

[72, 73, 74, 75].

4.1.2 Role of GO and phase transformation in GO toward

addressing these challenges

Two-dimensional materials such as GO can overcome these limitations due to their
high surface to volume ratio. They are essentially flat nano sheets, their synthesis
procedures are straightforward, inexpensive and well established [6]. They can be

deposited on a wide variety of substrates from a solution, with excellent control
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over the thickness of the sheets from micron-scale down to a monolayer. The
most important aspect of GO is its rich oxygen and carbon framework, whose
functionalization chemistries are well-established. With all these advantages, it
has been envisioned and demonstrated that GO sheets can be powerful templates
for designing cell capture assays.

A particular example for constructing a biosensor assay using GO nanosheets
for sensitive capture of circulating tumor cells (CTCs) was reported recently by
Yoon et al. [73]. They demonstrated the utility of GO sheets to form nanometer-
thick films on a patterned gold substrate, which were then functionalized with
phospholipid-polyethylene-glyco-amine (PL-PEG-NH;). After other surface treat-
ments, the CTCs were captured by subsequent NeutrAvidin and biotinylated Ep-
CAM antibody interactions. CTCs were captured with high sensitivity at a low
concentration of target cells (73+32.4% at 3-5 cells per ml blood). The procedure
demonstrates high sensitivity towards capturing CTCs and also provides an initial
step towards better imaging and possibility of additional downstream analysis and
cell culture.

Although the capture yield is 73% in the above procedure, there is large room
for improving the device characteristics. The standard deviation is high, which
could be bottleneck when it comes to reliable detection and the extent of cancer
in patients. Complex gold patterns were necessary to improve the capture yield,
without which the efficiency was ~40%. Finally, little attention was given to the
chemistry of GO functionalization at the nanoscale. We believe there could be
additional benefits to controlling the functionalization at the nanoscale, which can
then translate into improved cell capture at the micron scale.

In what follows, we show the role of tailoring functionalization of GO at the
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nanoscale in improving the cell capture yield at the macro scale. We do so by
using the concept of phase transformation developed in Chapter 3. As an example
system, we use the VHH7 antibodies to capture a particular subpopulation of
WBCs, i.e. Class Il MHC-eGFP+ cells. This work was done in collaboration with
Prof. Guan-Yu Chen (National Chiao Tung University, Taiwan), Prof. Angela
Belcher (Koch Institute, MIT) and Prof. Hidde Ploegh (Whitehead Institute,
MIT).

4.1.3 Cell capture using phase transformation in GO
Sample preparation

Schematic illustration of antibody (VHHT7)-based GO substrates for capture of
Class IT MHC-eGFP+ cells from whole blood is shown in Figure 4.1. Glass slides
are coated with 3% (3-aminopropyl)triethoxysilane (APTES) in toluene for 30
minutes and washed with toluene, ethanol, and then water. Following washes,
slides are immersed in a GO (1 mg/ml) suspension for 1 hour. GO-coated slides
are then annealed at 80°C in a temperature-controlled oven to facilitate phase
transformation in GO as described in Chapter 3. We then remove GO slides at
regular intervals to have day 0 (control, as-synthesized GO samples), day 1, 5 and
9 (phase transformation-induced) samples. Day 0-9 allows us to monitor the effect
of different degrees of phase transformation on functionalization and subsequent
cell capture.

For each of the glass slides, a diamino-polyethylane glycol (NH,-(PEG)s-NH;)
linker is introduced with one end reacting with GO sheets. The reaction mainly

occurs with the epoxy groups present in GO sheets [76]. In order to improve the
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Figure 4.1: Schematic illustration of antibody (VHHT)-based GO substrates for capture
of Class II MHC-eGFP+ cells from whole blood.

reactivity of the carboxylic groups in GO toward the -NH, linker, we activated
them with N-hydroxysuccinimide (NHS) in a reaction catalyzed by 1-Ethyl-3-
(3- dimethylaminopropyl)carbodiimide hydrochloride (EDC). This ensures a large
number of -NH; linkers to be bonded to GO. The other end of the PEG linker
is further functionalized with an NHS-activated dibenzocycolctyne (DBCO). The
antibody protein, which has been labeled with an azide in a sortase-catalyzed
reaction, is then clicked onto the DBCO in a strain-promoted cycloaddition.

The VHH7-GO functionalized slide was assembled with a second glass slide to
form a cell capture chamber. Two strips of double-sided tape served as spacers
to yield a chamber of approximately 12 mm x 25 mm x 0.1 mm for a total
volume of ~30 pL. The VHH is thus directly attached to one of the surfaces of the

capture chamber. Assembly of this device requires no more than two-sided tape
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and a second, unmodified glass slide. Delivery of ~30 uL of whole blood or a cell
suspension is then achieved by contacting the opening of the chamber with the
tip of a mechanical pipetting device. Within seconds, discharge of the intended
volume then fills the chamber by capillary action. Wash steps are conducted in
similar fashion by delivery of buffer to one open side of the chamber, and wicking
off buffer at the opposite end of the chamber, using filter paper to ensure flow

across the chamber surfaces.

Improved cell capture performance of biosensor through phase trans-

formation

We first tested the performance of VHH7-modifed GO substrates using cell lines
(Figure 4.2). Mouse B lymphoma (A20) and human B lymphoma (Raji, murine
Class II MHC-negative) cell lines were labeled with a fluorescent cell tracker dye,
diluted in PBS and loaded into the VHH-GO device for 10 min at room temper-
ature. A cell density of 2x10° was used to test the performance. We observed
increasing cell capture efficiencies with annealing time, indicating that mildly an-
nealed, phase transformed GO substrates improve the device performance. The
control cases, i.e. without VHH7 showed negligible cell capture, indicating the
specificity of VHHT toward capturing A20 cells.

We further tested the performance using whole blood samples (Figure 4.3).
Fresh blood was obtained from Class II MHC-eGFP knock-in mice for ready visu-
alization of Class II MHC+ cells by their GFP (green fluorescent protein) fluores-
cence. Analysis of Class Il MHC-eGFP+ cells showed an average capture efficiency
of 54 + 3% on the VHH7-functionalized nanosubstrate for the day 0 case (~11,000

cells). With the day 9 sample, the cell capture efficiency increased to 92 + 7%
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Figure 4.2: Quantification of cell capture on GO substrates using A20 cell
lines. Quantification of captured A20 cells (murine Class II MHC+) on GO substrates
containing the control sample (day 0), and with mild annealing (day 1-9). The cells are
stained with Alexad88 cell tracker dye which shows green fluorescence during confocal
imaging. Since we are interested in imaging cells, which are on the order of 1-10 microns,
a micron-scale resolution is chosen. Each green spot represents a captured cell. It is clear
that the cell capture number increases with mild annealing time. Samples without VHH7
are also shown, indicating negligible capture without the presence of antibodies.
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compared to the day 0 sample, once again indicating its superior performance and
the positive impact of the phase transformation induced in GO. Conversely, with-
out VHH?7, negligible number of cells were retained, in agreement with what was
observed with the A20 cell line.

It should be noted that these experiments were carried out at room temperature
and achieving a capture efficiency of 92% is significant at room temperature. This
avoids the use of an incubator to increase the temperature to 37°C and further
helps maintain a steady state temperature during the entire process - from device
fabrication to cell capture. Also, if people plan to use this device as a commercial
kit or Point-of-Care Testing in the future (for example, using this at home), this
would be an added benefit since cell capture can be performed by patients in-house
at ambient conditions.

We also performed additional characterization of the captured cells through
staining with DAPI. Since DAPI is a nuclear stain, it stains non-specific cells as
well, thus enabling us to compare with eGFP+ cells to quantify and characterize
non-specific binding. The results of this experiment performed on the best case
(day 9) are presented in Figure 4.4. The top panel essentially reveals minor quan-
tities of non-specific binding (B, T cells etc.), indicated by DAPI +/eGFP -/, thus
suggesting that phase transformation doesn’t lead to undesirable characteristics
(such as non-specific capture). We can further confirm from GFP signals that
the captured cells were MHC class II, which only expressed florescence on the cell
surface (bottom panel of Figure 4.4). In addition to small non-specific binding,
these results show that the captured cells are available for further staining and

analysis.
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Figure 4.3: Quantification of cell capture on GO substrates using Class II
MHC-eGFP+ whole blood samples, performed at room temperature. Quan-
tification of captured eGFP+ cells comparing day 0 and day 9 cases. In this case, the
GFP (green fluorescent protein) markers that are expressed by the captured cells are
used to identify them under a confocal microscope. Clearly, the day 9 case shows a
higher cell capture efficiency (92 & 7%) compared to the day 0 case (54 + 3%). Sam-
ples without VHHT are also shown, indicating negligible capture without the presence
of antibodies.
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Figure 4.4: Additional characterization of captured Class II MHC-eGFP+
cells. (Upper panel) Captured cells were stained with DAPI and the results are com-
pared with eGFP+ cells. DAPI is a nuclear stain that enables visualization of all the
WBCs, while GFP enables visualization of the specific Class II MHC cells. Therefore,
by combining the two images, a DAPI +/eGFP -/ signal indicates non-specific cells
captured during our experiments. These results show that non-specific binding is small.
(Lower panel) eGFP+ cells express florescence on the cell surface, thus indicating that
the captured cells are indeed MHC class II.
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Enhanced antibody (VHHT7) grafting onto GO nano sheets through

phase transformation

In order to understand the reasons behind enhanced cell capture of phase trans-
formed GO, we conducted additional experiments. We envisioned that the en-
hanced cell capture could be a result of improved antibody grafting onto the GO
substrates. In order to verify this hypothesis, we assessed the concentration of
antibodies bound on the GO substrate. We engineered a sortase-ready version
of VHH7 with an LPETG motif near the C-terminus. Using standard sortagging
protocols we introduced a Gly peptide equipped with a TAMRA fluorophore and
an azide, to partner with the DBCO moiety during the click reaction. Figure 4.5
shows confocal images obtained on the sample set (from day 0-9). The results
exhibit a clear increase in the florescence intensity and distribution from day 0 to
day 9 samples, confirming greater concentration of antibody grafting on to the GO

substrates that have undergone phase transformation.

Characterization of the GO/NH,-linker interface

It is well known that the majority of the NH,-linkers bind covalently to GO through
the epoxide ring opening mechanism on the basal plane (Figure 4.6) [76]. In this
mechanism, the epoxy ring opens and the dangling carbon attaches to the N atom
of the amine group [77]. One of the H atoms of the NH, group attacks the oxygen
atom, leading to the formation of the -OH bond. An additional reaction is the
the attachment of NH,-linkers to the minority -COOH groups at the sheet edges.
Usually, since the -COOH groups are acidic, the reaction leads to equilibrium

between alkyl-ammonium ions (NHJ) and -COO~ groups.
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Figure 4.5: Quantification of the number of antibodies grafted onto the GO
substrate. Antibodies are equipped with TAMRA flourophore and thus can be visual-
ized under a confocal microscope. The plots reveal increasing florescence with time of
annealing, indicating denser grafting of the antibodies on to the GO substrate. A simple
schematic of the system is also shown on the left.
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Epoxide ring opening mechanism

Figure 4.6: Schematic of the epoxide ring opening mechanism which leads to the
formation of covalent bonding between GO and NHy-linkers (taken from Ref. [76]).
We characterized the GO/NH,-linker interface using XPS measurements. Rep-
resentative N 1s spectra obtained from day 0-9 samples are shown in Figure 4.7a.
The N 1s spectrum can be deconvoluted into three peaks: C-N peak (399.7 eV),
C-NHZ peak (401.8 eV) and a shoulder at 398.3 eV representing unchelated or
physisorbed linkers [76, 78, 79]. The N 1s spectra seem to become narrower and
sharper with peak at 399.7 eV with annealing time as seen. We calculated the
C-N bond fraction which is observed to increase with annealing time, from ~70%
in day 0 to ~90% in day 9 (Figure 4.7b), thereby indicating an increase in the
covalent bonding of the NHs-linkers with GO nanosheets. The N atomic percent
was also obtained from the XPS analysis, which showed slight changes with an-
nealing time. However, quantification of N content at such small quantities (3-4
at%) is generally unreliable. These results indicate that the increasing number
of antibody grafted onto GO correlates with the C-N bond concentration, thus

suggesting that the C-N bond is crucial toward building an efficient biosensor.
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Figure 4.7: Structural models comparing rGO obtained from direct reduction
of GO to that obtained after including the pretreatment step (mild anneal-
ing). The upper panel illustrates the formation of distinct graphitic domains in GO
structures after the mild annealing, as demonstrated in Chapter 3. The graphitic do-
mains are represented by orange, while the oxidized domain is represented by grey. The
bottom panel shows the corresponding rGO structures obtained after thermal reduction.
The treated-rGO structure illustrates larger sp? clusters compared to the control sample,
which could lead to better electrical properties of rGO thin films.
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4.2 Application 2: Preparation of graphene thin
films with better electrical properties

As noted in Chapter 1, graphene is an atom-thick sheet of carbon possessing
remarkable electronic properties and is emerging as a leading candidate for next-
generation electronic devices. The ability to produce graphene on a large scale and
control its deposition on a variety of substrates has been crucial in this regard. It
is now clear that the chemical exfoliation of graphite to form solution-processable
GO sheets, and their subsequent reduction to restore graphitic characteristics and
form rGO (or chemically derived graphene) thin films is a promising step in this

direction [9].

4.2.1 What are the limiting factors of rGO produced under

current protocols?

rGO obtained under current thermal reduction protocols contain randomly dis-
tributed residual oxygen of 5-8 atomic percent (at%) in the form of thermodynam-
ically stable carbonyl and ether groups, a factor that still remains uncontrolled at
a given reduction temperature [8]. In addition, the generation of carbon vacancies
during the reduction process, and their spatial distribution in the graphene lattice
restricts the expansion of the sp? phase, resulting in inferior electrical properties of
rGO compared to mechanically exfoliated graphene [28, 80]. Given such a funda-
mental limitation toward the improvement of electrical and structural properties
of rGO sheets, it is of utmost importance to develop strategies that enable control

over oxygen removal and render larger sp? clusters that are minimally disrupted
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by sp? sites or carbon vacancies.

4.2.2 Strategy to produce rGO sheets with better electri-

cal properties

We envisioned that our mild annealing procedure at 80°C could be used as a pre-
treatment step toward the production of rGO thin films. This is because annealing
at 80C leads to the expansion and development of distinct graphitic domains in
GO. If this procedure is followed by a high temperature annealing or chemical
reduction step, the rGO films thus produced would contain larger sp? domains
compared to rGO films obtained through direct reduction of GO. This idea is il-
lustrated in Figure 4.8 using structural models for GO and corresponding rGO
structures. Thus, the rGO films produced using the pretreatment step could lead
to better electrical characteristics due to increased sp? domain sizes.

In order to test this hypothesis, we performed electrical transport measure-

ments on rGO thin films and the results are discussed in detail below.

Sample preparation

Figure 4.9 shows a schematic of the experimental procedure used in our study. GO
solutions were synthesized using the Hummers method detailed in the appendix of
Chapter 3. Two types of thin films were tested: 1) GO produced through drop-
casting onto clean Si substrates, and 2) Free-standing GO thin films produced
through the vacuum filtration technique. Both these thin films were dried at least
for 12 hours at room temperature. The films were subjected to mild annealing

at 80°C in a temperature-controlled oven for a course of nine days to facilitate
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control pretreated
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Figure 4.8: Structural models comparing rGO obtained from direct reduction
of GO to that obtained after including the pretreatment step (mild anneal-
ing). The upper panel illustrates the formation of distinct graphitic domains in GO
structures after the mild annealing, as demonstrated in Chapter 3. The graphitic do-
mains are represented by orange, while the oxidized domain is represented by grey. The
bottom panel shows the corresponding rGO structures obtained after thermal reduction.
The treated-rGO structure illustrates larger sp? clusters compared to the control sample,
which could lead to better electrical properties of rGO thin films.
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the expansion and development of sp? domains, which we hereafter refer to as
‘pretreatment’. Samples were retrieved at intervals of one, five and nine days, to
obtain GO samples with varying degree of sp* clustering with the day 0 sample
showing no clustering, while the day 9 sample showing the greatest degree of
clustering as demonstrated in Chapter 3. The retrieved thin-film samples were
thermally reduced by placing them at elevated temperatures (250°C, 350°C and

450°C) in a temperature-controlled oven for 20 minutes.

I : J{sl;ynthesized GO

‘ Oxygen clustering through mild |
. thermal annealing at 80°C |

Thermal reduction of GO

control treated

U 40P

day 1 day 5 day 9

Figure 4.9: Schematic of the experimental procedure employed. As-synthesized
GO structures were subjected to a mild thermal annealing treatment at 80°C for nine
days to facilitate different degree of oxygen clustering, followed by their thermal reduc-
tion at elevated temperatures to obtain treated-rGO structures. The control rGO sample
was obtained by directly reducing the as-synthesized GO film as depicted. Example GO
and rGO free-standing thin films are shown.
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Electrical measurements

We evaluated the electrical properties of rGO thin films using four-point probe
transport measurements, conducted at room temperature. Figure 4.10a compares
the sheet resistance values of control rGO films (day 0) with those of the treated-
rGO films, for thermal reduction temperatures of 250 and 350°C. In agreement
with our hypothesis, we did observe a sharp drop in the sheet resistance values
with pretreatment time at these reduction temperatures. Electrical measurements
reveal 30-50% reduction in the sheet resistance values of the treated-rGO films,
compared to the control rGO sample. Our additional thermal reduction exper-
iments carried out at 450°C resulted in sample lift-off and were not suitable for
sheet resistance measurements. Figure 4.10b shows a similar experiment performed
on free-standing GO thin films. Consistent with the case of drop-casted GO, we
observed a drop in the sheet resistance values (20-40%). The change in the sheet
resistance values was gradual in this case in comparison with the drop-casted GO
case.

Although the structural evolution of GO under mild annealing shows gradual
change in properties, the properties of corresponding rGO structures obtained by
high temperature thermal annealing rather saturate after day 1 - day 5. We at-
tribute this to the fact that high thermal energy during reduction can disrupt the
distinct sp? and oxygen clusters, thereby losing the effect of sp? clustering. Al-
though this could be the case, we still find reduction in sheet resistance values and
thus conclude that using a pretreatment step prior to thermal reduction enhances
the electrical properties of rGO, compared to directly reducing as-synthesized GO

that is the current standard. This possibly highlights the importance of creating
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Figure 4.10: Electrical characterization of treated-rGO thin films and com-
parison with the control rGO sample. (a) Sheet resistances of treated-rGO thin
films prepared by the drop-casting technique show reduction by up to 30-50% compared
to the sheet resistance of the control GO sample (day 0). The reduction temperature

is shown above each plot. (b) Similar trends were observed for free-standing rGO thin
films.
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larger sp? clusters in enhancing the electrical quality of rGO films, a result distinct
from previous studies where improvements in sheet resistance are obtained solely

through oxygen removal [6, 28].

Structural evolution of treated GO structures

In order to understand the impact of sp? (or oxygen) clustering on the structural
and chemical evolution of GO thin films at the atomic scale, we carried out a
combination of classical MD simulations and DFT calculations. For our MD simu-
lations, model GO structures with different sizes of oxidized and graphitic domains
(none, three and six graphene rows) were prepared with the oxygen concentration
kept fixed to mimic the oxygen clustering process (Figure 4.11a), similar to models
described in Ch;;mpter 3. Briefly, the oxidized domains consisted of randomly dis-
tributed epoxy and hydroxyl groups attached to both sides of the graphene sheet
[39]. Different oxygen concentrations (10 and 20 at%) and fraction of epoxy to hy-
droxy! groups (3:2 and 2:3) were tested to study the effect of such local variations
on the reduction behavior of GO films. A 3 x 1.3 nm periodic graphene sheet was
used for all simulations. We used 10 samples for each composition, which allows
us to present meaningful averages of the computed properties. Thermal reduction
simulations were carried out at 1500 K using methods described in the appendix
of Chapter 2.

The number of oxygen and carbon atoms removed from the GO structure dur-
ing thermal reduction is shown in Figure 4.11b as a function of different graphitic
domain sizes (in other words, as a function of increasing oxygen clustering). At
high oxygen contents, our results show that not only does the number of oxygen

atoms removed increase, but also the number of carbon atoms removed from the
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Figure 4.11: Structural evolution during the reduction of treated GO thin
films. (a) Representative model GO structures used to study the effect of oxygen clus-
tering on the thermal reduction behavior of GO structures in MD simulations. Each
structure consists of two distinct oxidized and graphene phases with different domain
sizes, mimicking different degrees of oxygen clustering caused by oxygen diffusion. Car-
bon, oxygen and hydrogen are represented as grey, red and white spheres, respectively.
(b) The number of oxygen and carbon atoms removed during thermal reduction, both
showing an increasing trend with increasing number of graphene rows (or increasing
degree of oxygen clustering). Although the effect still persists, it is weaker for the case
with lower oxygen concentration (10%).
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graphene backbone increases with increasing degree of sp? (or oxygen) cluster-
ing. At lower oxygen contents, i.e. 10%, we observed that the sp? clustering has
weaker effects on increasing the carbon and oxygen removal, although the effects
still persist. Taken together, our results demonstrate that controlling the degree
of oxygen clustering in GO structures can be an effective way to not only enhance
the electrical properties, but also to tune the local residual oxygen and carbon
content in the corresponding rGO structures.

Our simulations also point toward other interesting results. We found that the
formation of pores (a cluster of carbon vacancies) decorated with oxygen atoms at
the periphery, becomes increasingly favorable with oxygen clustering, which repre-
sents a useful control parameter for the design of next-generation graphene-based
porous membranes [81, 17, 16]. Our simulations also show that epoxy-rich GO
domains are more influenced by oxygen clustering, and tend to lose more carbon
and oxygen atoms compared to the hydroxyl-rich domains, thereby highlighting
the importance of the functional groups and providing additional guidelines for
designing efficient reduction protocols.

To further understand unit processes favoring oxygen removal in addition to
the consumption of the carbon backbone, we carried out DFT calculations of the
reaction pathways that lead to the reduction of GO. Specifically, we considered
removal of (1) O, (2) CO and (3) CO, molecules from the initial GO structures; the
last two being responsible for the consumption of the carbon backbone [30]. The
initial GO configurations were constructed with one (1-O), two (2-O), three (3-O)
and four (4-O) neighboring oxygen atoms to model different degrees of oxygen
clustering, as shown in Figu;'e 4.12a. Only epoxy groups are considered to model

these unit reactions in order to get a basic understanding of the effect of oxygen
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clustering. The generation of O, CO and CO, molecules from each of these
configurations was studied leading to different product structures.

We assessed the favorability of the reactions by computing the energy difference
between the final and initial configurations, as shown in Figure 4.12b. First, we
note that oxygen removal in the form of an O, molecule is diffusion-limited in the
case of isolated oxygen atoms (1-O case, no clustering), i.e. oxygen atoms have
to diffuse around and find a neighboring oxygen atom to form an O, molecule.
Instead, upon partial clustering (2-O case), the formation of an O, molecule is
no longer diffusion-limited, and removal of oxygen in the form of O, is favored
thermodynamically by a reduction in the total energy of 1.44 eV. On the other
hand, removal of oxygen through the other two reaction channels, i.e. in the form
of CO and CO, molecules, remains thermodynamically unfavorable in the 1-O and
2-0 cases.

Upon further clustering of oxygen (3-O and 4-O cases), competing reaction
channels that generate CO and CO, molecules are favored more than O, evolution.
These reactions consume the carbon backbone, and leave behind defects (single
vacancies and holes) in rGO films. The surrounding oxygen atoms help saturate
the carbon dangling bonds created due to a carbon vacancy, which explains why
these reactions become favorable with increasing degree of oxygen clustering [30].

It should be noted that while our combined DFT and MD studies help interpret
structural evolution at the atomic scale, they do have certain limitations. A high
degree of oxygen clustering has been shown to lead to complex reconstructions in
GO structures [30]. Hence, modeling realistic GO structures with a high degree
of oxygen clustering is challenging and may additionally involve processes such as

oxidative cutting forming graphene quantum dots [31], charring [82] and genera-

79



o

-

1-0 2-0
6
4 Cco
2 co,
3-0| 4-0
2 o,
R 2 3 4
Number of oxygen atoms
in the cluster
Figure 4.12: Assessing the favorability of unit reduction reactions with in-
creasing degree of oxygen clustering using DFT calculations. a) Initial configu-
rations with one, two, three and four neighboring oxygen atoms used to model reduction
reactions. b) The energy differences (in eV) between the final and the initial configura-
tions (Ey - E;) listed for three reactions removal of Oz, CO and CO; from the initial
configurations shown in (a). These results show that with increasing clustering of oxy-

gen, removal of both oxygen and carbon in the form of CO and CO; becomes increasingly

favorable, thereby leading to the consumption of carbon backbone and leaving behind
vacancies (and holes).
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tion of by-products other than CO and CO, as observed in the case of amorphous
carbon systems [83, 84]. Recent ab initio and MD simulations based on ReaxFF
potentials have predicted the evolution of small-molecule hydrocarbons (CmHn)
and other molecular fragments containing oxygen (C,,H,O) alongside CO and
COg,, when carbon-based phenolic resins are heated [82, 83, 84]. While such finer
details are not captured in our simulations owing to simpler initial configurations,
they nevertheless provide important topics for future exploration. Yet, utilizing
the subset of rGO structures considered here, we are able to gain important under-

standing related to the effects of oxygen clustering on carbon and oxygen removal

from GO.
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Chapter 5

Conclusions and Outlook

In this thesis, we use a combination of computational and experimental techniques
to understand the structure and properties of a key ’two-dimensional carbon-based
material, called graphene oxide (GO). Based on our thorough understanding of
the impact of oxygen functionalities on the sheet properties, we discover a new
phase transformation mechanism in GO, which retains the oxygen content and
modifies the structure of GO. The modified GO structure is shown to be advance
two key applications: 1) GO-based biosensors, and 2) Reduced GO for transparent
conducting electrodes. In what follows, we summarize the main findings of this
thesis and provides an outlook of the utility and applicability of GO structures.
First, we employed a computational approach combining classical MD simu-
lations and DFT calculations to simulate realistic GO and rGO structures, and
relate their atomic scale structure to their sheet properties. In particular, we de-
composed the contributions of individual functional groups to the stability, work
function, electronic structure, and PL emission of rGO. Our results highlight the

significant tunability of the optical and electronic properties of rGO, including

82



variation of the work function by up to 2.5 eV in structures with a precise control
of oxygen-containing functional groups, and significant changes in the DOS and
related PL emission by changing the ratio of epoxy to carbonyl groups. Our calcu-
lations indicate the metastable nature at room temperature of carbonyl-rich rGO
structures usually obtained in the experiment, and show the favorable energetics
for their conversion to hydroxyl-rich structures with lower oxygen content, driven
by the carbonyl to hydroxyl conversion near carbon vacancies and holes. Our re-
sults strongly suggest that further efforts are necessary in controlling the content
of individual functional groups in rGO to fully take advantage of its outstanding
potential for functional devices.

Based on our understanding of the atomic structure, we demonstrated a new
phase transformation mechanism in GO at mild annealing temperatures (50-80°C).
Our experimental and computational results show that the phase separation of
the mixed sp?-sp® hybridized GO phase into prominent oxidized and graphitic
domains is energetically favorable and kinetically accelerated at slightly elevated
temperatures compared to room temperature. We demonstrate that such phase
transformation processes have significant impact on the sheet properties by (1)
making GO strongly absorbing in the visible, (2) reducing the electrical resistance
by four orders of magnitude, and (3) shifting PL emission to the blue, without
compromising the oxygen content. In addition to shedding light on the thermal
stability of GO nanostructures when employed in devices operating above room
temperature, these results open up novel opportunities for bulk processing of as-
synthesized GO structures, and highlight pathways to tune the sheet properties of
GO for their application in next-generation functional devices.

Using the phase transformation discovered, we demonstrate two different ap-
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plications utilizing the same. First, we demonstrated enhanced cell capture effi-
ciencies using mildly annealed GO compared to as-synthesized GO as substrates.
Our results show that C-N functionalization and antibody grafting on to GO nano
sheets are improved at the nanoscale through mild annealing and this is turn
translates into enhanced cell capture capabilities at the macro scale. Second, our
experimental and theoretical analyses suggest that rGO sheets with superior elec-
trical characteristics can be fabricated by facilitating sp? (or oxygen) clustering
in GO prior to its reduction. The present study is particularly important since
the current practice to obtain rGO is to directly reduce as-synthesized GO films
without incorporating any intermediate processing step, which is equivalent to
the control sample in our experiments. Further, using atomistic simulations, we
show enhanced oxygen and carbon removal upon oxygen clustering, which can be
used to control the local residual oxygen content and pore formation in rGO. Our
strategy could open up novel routes toward the production of rGO, synthesis of
graphene quantum dots and development of graphene for membrane applications.

We would like to remark that, in this thesis, we study the structural orga-
nization happening in GO thin films which consists of at least ten monolayers.
Observing structural transitions using transmission electron microscopy is an in-
teresting challenge for the community of GO. This has not been addressed in this
thesis and would be an important task for the future to confirm the clustering of
oxygens at the nanoscale using such a direct evidence technique. Efforts in our
group are being undertaken to accomplish this task. Another important thing to
note is the role of amorphous carbons that are naturally deposited on the surface
of GO monolayers. Although not studied in this thesis, this might play a role

in dictating properties of GO monolayers. Finally, we believe that this work has

84



opened a new direction in the field of GO, since it is evident that we obtain a new
and modified form of GO from our procedure. As a result, another interesting
future task would be to look at new applications that be enabled based on these
modified GO structures. We have shown two areas where it can make an impact,

but exploring other areas could be potentially beneficial.
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