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Preface

Graphene is a perfectly two-dimensional (2D) material that exhibits fascinating physical,
chemical and biosensing properties. Although, the scientists knew the existence of 2D crys-
tal graphene, no one had worked out how to extract it from graphite. Since its isolation in
2004, it has captured huge attention among the scientists, researcher and industry world-
wide. In recent years, the fascination with graphene has been growing very rapidly and it is
considered as one of the most researched materials of the twenty-first century. Basically,
graphene has redefined the limits of what a material can do: it boasts record thermal con-
ductivity and the highest current density at room temperature ever measured (a million
times that of copper); it is the strongest material known (a hundred times stronger than
steel), but highly mechanically flexible; it is the least permeable material known (not even
helium atoms can pass through it), the best transparent conductive film and the thinnest
material known; and the list goes on. The vast amount of products, processes and industries
that graphene could create a significant impact all stems from its amazing properties. When
graphene is used as an improvement to existing materials or in a transformational capacity,
its true potential could be realised.

The book “Recent Advances in Graphene Research” covers the latest advances in graphene
research, including its synthesis, characterization, fundamental physical properties as well
as potential applications, aiming to provide a compressive reference to the scientists in this
cutting-edge field. This book brings together a team of experts to provide an overview of the
most advanced topics in theory, experiments, spectroscopy and applications of graphene
and its nanostructures. It contains 12 chapters divided into three sections.

Section 1 “Fundamentals of Graphene” contains four chapters. Chapter 1 introduces frac-
tional quantum Hall effect in graphene, bilayer graphene and other Hall systems. Chapter 2
presents the electronic properties of less common forms of carbon nanostructures such as
graphitic nanocone and graphitic wormhole. In Chapter 3, the authors discuss the electronic
structure and topological quantum-phase transitions in strained graphene nanoribbons.
Chapter 4 provides spectral statistics of weakly disordered triangular graphene flakes with
zigzag edges.

In Section 2 “Graphene Synthesis”, the optimized synthesis procedures of graphene and its
derivatives are presented. It contains two chapters (Chapters 5 and 6). Chapter 5 contains
optimization of the synthesis procedures of graphene and graphite oxide and Chapter 6
talks about Au intercalation in epitaxial graphene on SiC (0001).

The application of graphene and its nanostructured-based materials are described in Section
3 “Application of Graphene and its Nanostructures”, which contains six chapters (Chapters
7-12). Energy transfer in graphene-based hybrid photosynthetic nanostructures is reported
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Preface

in Chapter 7. Chapter 8 emphasizes on heteroatom-doped graphene-based hybrid materials
for hydrogen energy conversion. Chapter 9 talks about porous graphene materials for ener-
gy storage and conversion applications. Defects in graphene and its derivatives have been
described in Chapter 10. Chapter 11 deals with plasmonic excitations in graphene for tunea-
ble terahertz/infrared metamaterials and finally Chapter 12 reports graphene-based materi-
als’ functionalization with natural polymeric biomolecules.

I believe that this book will be very useful to a large number of researchers in various disci-
plines, both in academia and industry, seeking to gain up-to-date knowledge in the field of
graphene.

I am very pleased to serve as the Editor of this book, which contains a wide variety of stud-
ies from authors all around the world. I would like to thank all the authors for their efforts
in sending their best research papers to the attention of the audiences, including students,
scientists and engineers, throughout the world.

I'would also like to acknowledge the help given by InTech Open Access Publisher, in partic-
ular publishing process manager, Mr. Edi Lipovi¢, for his assistance, patience and support
throughout the whole process of this book project.

Dr. Pramoda Kumar Nayak

Low Dimensional Carbon Materials Centre,

Ulsan National Institute of Science and Technology,
Ulsan, Republic of Korea
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Chapter 1

Ultra-Quantum 2D Materials: Graphene, Bilayer
Graphene, and Other Hall Systems—New Non-Local
Quantum Theory of Hall Physics

Patrycja tydzba and Janusz Jacak

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64018

Abstract

We present a brief introduction of the fractional quantum Hall effect—a description of
the phenomenon is provided and basic requirements for its formation are discussed.
We recall assumptions of the standard composite fermion theory. Additionally, we
present a list of the fractional quantum Hall effect puzzles. The chapter also introdu-
ces the non-local approach to quantum Hall physics, which is entirely based on a
mathematical concept of braid groups and their reduction stimulated by an external
magnetic field (in two-dimensional spaces). We emphasize the connection between a
one-dimensional unitary representation of the system braid group and the particle
statistics (unavoidable for any correlated Hall-like states). We implement our topolog-
ical approach to construct hierarchies of FQHE fillings for various two-dimensional
structures, including multi-layers. We show the remarkable agreement of our results
with experimental findings.

Keywords: the fractional quantum Hall effect, graphene, bilayer graphene, braid
groups, topology

1. Introduction to the fractional quantum Hall effect

In high magnetic fields and low temperatures, dips in a longitudinal resistivity (p,,—0) and
plateaus in a transverse one (p,, = h/ve?) appear for fractional fillings (v) of Landau levels (LLs)
—this transport feature is called the fractional quantum Hall effect (FQHE). Mentioned minima
show an activated behavior, vanishing exponentially as temperature goes to zero and indicat-
ing the presence of a gap in the spectrum [1]. The latter phenomenon, despite its long history

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,

open science | open minds and reproduction in any medium, provided the original work is properly cited. [&)sy ]
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[2], constantly receives a great amount of interest from the scientific society. Though many
preliminary requirements for Hall-like states are commonly known, the comprehensive theory
of thiseffect— capable of explaining all experimental findings in an elegant way —is still missing.
One of the obvious facts is that the FQHE is impossible to obtain within a single-particle picture
without interactions—where a partial filling of an elongated-states band immediately results
inanonzero value of the longitudinal resistivity. Among the explained necessity of strong inter-
particle correlations in the system, a two-dimensional (2D) topology and a quantized kinetic
energy (flat bands—as in the case of LLs) are also compulsory for evidencing the FQHE.
Additionally, due to the fragility of these incompressible states, a high purity of the sample
needs to be ensured too.

Let us emphasize that when the lowest Landau level (LLL) is partially occupied (or when a
collectivization is restricted to one, arbitrary LL), kinetic energy remains constant (E,=hw,,
where w,=eB/mc is a cyclotron angular frequency). This applies also to the background
potential energy. The ground state is, thus, expected to minimize the Coulomb repulsion. Since
for a wide collection of magnetic fields the FQHE is actually observed, the latter requirement
refers to collective Hall-like states (and not Wignier-crystal states with localized electrons [3],
as it may seem at first).

The initial step towards an explanation of the FQHE was taken by Laughlin [4], who proposed
the exact solution for a basic set of fillings from the LLL, v=1/4 (g — odd),

1 N

PN

I{ILzl |1_VA(ZI-—Z.)qe 47 i 1)
i<j J

where N is the number of electrons, I,=4/ic/ eB stands for magnetic length and z=x + iy is a
complex position. Note that when two arguments of this wave function are swapped, ¥, gains
an additional phase equal to gmt. This detail of the solution (or more precisely —the quantum
statistics of particles) is usually called the hallmark of Laughlin correlations and included in
all theories of the FQHE—as a result of the Aharonov-Bohm effect [5] or the Berry phase
acquired by a vortex [6-8]. However, the one-dimensional unitary representations (IDURs) of
the full braid group (7;)—which define the particle statistics —are periodic with a periodicity
of 27 (e =™ for odd g). In order to deal with this issue, we suggest to associate FQHE particles
(so-called composite fermions) with the appropriately constructed braid subgroups of 7. This
allows to differentiate them from ordinary fermions characterized with the full braid group.
The latter idea is explained in detail in following sections and in authors” papers [9-11].

Unfortunately, despite its unbelievable accuracy confirmed by exact diagonalization methods
(at least for a small amount of particles) [12], the Laughlin wave function was introduced as
an ansatz or, if one prefers, as an inspired (educated) guess. Nonetheless, it might be educatory
to recall his arguments [4, 13]. First, note that one can choose single-particle eigenstate/s\ within
LLL (in a central gauge) to be eigenstates of a coordinate of the angular momentum (I,),
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where m (integer) is an eigenvalue of /l\z. It is easy to establish the average area covered by an
arbitrary electron, <(pm|nr2|(pm>=2n(m +1)IZ. Thus, the degeneracy of a whole Landau level

equals,

S SB

+1= =
" 27l hele ®)

Ny=m

where S is a sample surface and hc/e = ¢, is a magnetic field flux quantum. Additionally, m,,,
stands for a maximal value of m, which produces a state satisfying the (¢, Inr 2| PSS

relationship. As a result, the general state of a multi-particle system from the LLL takes the
form of,

1 N
7722,:1‘2"2
¥ = £(2,,2y,...,z)e 0 (4)

where f(z,, z,, ..., zy) is an ordinary polynomial. A degree of this polynomial, D, cannot
exceed the maximal [, eigenvalue realizable in the system. In other words, D is restricted by
an inverse of a filling factor times a number of particles (or a degeneracy),

D<m,_, ~Ny=v'N.

Consider now a two-body problem. The eigenfunction for two particles with a relative angular
momentum m and a centre of mass angular momentum M is [13],

Ll 4P

M 4
P = (2 —z,)"(z;+z,) e ™

©)

Aslong as m and M are assumed non-negative integers, the above state lies entirely in the LLL
(it is constructed from linear combinations of one-body functions, ¢,) and, remarkably,
appears to be the exact solution of a stationary Schrodinger equation with any central potential

acting between two particles. Additionally, eigenvalues of the corresponding Hamiltonian are,

N
simultaneously, eigenvalues of a Coulomb potential, V=) ¢?/ | Z:-Z; | (the fixed kinetic

energy can be disregarded —it only adds even shifts to the energy levels),

(Pl V10,01)
(00| Purt )

Vv =

m

(6)
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wherev,, expectation values are so-called Haldane pseudopotentials, and they are independent
from a central mass angular momentum eigenvalue. Hence, we obtained a discrete spectrum
consisted of bound, repulsive potential states. This result is owed to the quenched kinetic
energy, and it is possible to obtain only in two-dimensional spaces in the presence of a magnetic
field. This finding should not be surprising —the high potential energy of interacting particles
cannot be converted into the high kinetic energy (E, is kept constant within one Landau level)
and, hence, particles cannot “fly apart”. Even classically, when a third (parallel to the magnetic
field) dimension is lacking, the Lorentz force protects electrons from being pushed away from
each other.

Let us now return to Laughlin’s considerations, concerning the many-body ground-state wave
function for filling factors, v = 1/g (§ — odd). Though we are currently unable to derive it
analytically for v <1, the lowest energy solution for a complete filling of the LLL (v=1) is well
known. It can be written as a Slater determinant of all accessible (indexed with an angular
momentum eigenvalue) one-particle states [14],

Yt , LS ap
SUSZ e eee eeeees ... |€ 410 H‘Z/_(Z[—zj)e 4l (7)

where ¥, is the Slater function with the Vandermonde polynomial. Taking into account this
conclusion, as well as bearing in mind the two-body eigenstate, it seems plausible that
f(zy 2y --., zy) have a Jastrow-like form, [ j (z;-z)". Another advantage of this choice lies
in its tendency to keep electrons apart—there exists a considerable chance that it may reduce
the Coulomb repulsion energy. Furthermore, the system is built from electrons, thus, only odd
powers in the Jastrow factor are allowed. Finally, when we connect the g — solution with a

v=1/gq filling factor (this can supported by the extremal condition D=m we arrive at the

max)’
Laughlin wave function. Generally, it should be emphasized that all presented arguments are
insufficient to prove that W, is a correct, lowest energy eigenfunction of the multi-particle
Hamiltonian. However, its excellent compatibility with numerical results [12] entirely justifies
a widespread use of the Laughlin ansatz.

Before skipping to another topic it is worth describing two other features of the Laughlin
solution. First, the form of this wave function guarantees that every pair of particles has a
relative angular momentum greater or equal to g. Thus, it needs to be an exact eigenfunction
of the so-called hard-core potential with neglected long range part of the Coulomb repulsion
(v,,HC =v,, for m<q and v, HC=0 for m>q) [15],

Yo ViR, (i), =0 (8)
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where the left-hand side equals to the hard-core potential operator (written in terms of
projection operators, P, (ij), that selects states in which particles i and j have relative angular
momentum equal to m) times W, . This implies that a finite amount of energy is needed to
excite the system from its (Laughlin) ground state—there exists a gap in the spectrum (A). This
gap is believed to be stable against perturbations, thus, all corrections arising from differences

between the Haldane and the hard-core potential are expected to be small compared to A
[13].

Finally, one can prove—with the use of a beautiful analogy developed by Laughlin [4] —that
the W, state describes a uniform particle-density. Let us express the probability distribution

Hyp (202N In(z-z+ LK 17,1221 [14]

in terms of the Boltzmann weight, | ¥, [2=¢" . H, turns out to

be the potential energy of a one-component, two-dimensional classical plasma. Hence, we
expect that electrons are distributed uniformly with a density p=1/(2nt/m) in a state described
by 1/4 filling of the LLL.

At this stage, readers should be warned that many incompressible Hall states —connected with
filling factors falling out of the basic set (1/g with odd g)—have already been discovered.
Inspired by these results, scientists have been searching for the thorough and microscopic
theory of the FQHE ever since. We are not going to present all models or ideas introduced by
researchers over the years—this is not the aim of this paper. However, before proceeding to
the topological explanation, it is worth becoming acquainted (at least briefly) with today’s most
widely accepted theory —he theory of composite fermions (CFs). In this very short description,
we are going to focus on substantial advantages, as well as built-in problems of the approach.

In the CF model [16, 17], it is assumed that the FQHE and the IQHE (integer effect) are deeply
connected and can be unified. The latter phenomenon, however, is usually identified with non-
interacting particles, while strong correlations are necessary for the appearance of a fractional
one. Nonetheless, the mapping can still be obtained if we assume that Coulomb interactions
can be utilized —weakly interacting quasi-fermions can appear in the system —for fractional v
(this is, actually, a first tricky part—no one proved that Landau formulation [18] can be used
in 2D spaces, where the spectrum of a Coulomb potential energy is discrete). Now, we only
need these novel particles to play the same role for the FQHE as electrons for the IQHE.

Jain, who proposed this approach, postulated that quasi-particles are appearing as complexes
of electrons with an even number of magnetic field flux quanta (currently identified with
vortices [17], though this disambiguation is not entirely clear and might be misleading) and
called them “composite fermions”. Note that the many-body wave function embraces an

additional Aharonov-Bohm phase, %&Adhh%J\Bds:h%(pO:Zn, when an electron (as an

argument of W) is encircling a single quantum [5]. The latter affects the quantum statistics of
CFs—when two quasi-particles are exchanging, the wave function acquires a phase factor,

eia — eizrei(p—l)zr (9)
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where the first term corresponds to the statistics of ordinary fermions, while the second term
—to the half of an Aharonov-Bohm phase for p — 1 flux quanta pinned to each electron (p is an
odd number). We have already mentioned that this is usually presented as an explanation of
the Laughlin correlations.

To understand how the assertion of ¢, results in the unification of IQHE and FQHE, it is useful

to first consider non-interacting electrons in a completely filled Landau level, v'=n (with
integer n). In this case an incompressible state is produced, thus, particles experience the

integer (Hall) phenomenon. Furthermore, the evidenced magnetic field, N =N [(Sv"), can
be either positive or negative.

Now attach to every electron (e.g. by asserting an infinitely thin, massless solenoid) an even
number of flux quanta pointing in +z direction. This converts electrons into composite
fermions. Since these quasi-particles witness an unchanged magnetic field (B’), we may expect
them to also experience the IQHE (despite a different general structure of the energy spectrum
compared to ordinary fermions). Finally, we have transformed an incompressible state of
electrons into an incompressible state of CFs.

In the last step we adiabatically spread flux quanta pinned to electrons, until they become a
part of the external magnetic field with an enhanced (or diminished) strength,

¢0N ii%_N
1%

B=(r=1)7§ s

(10)

connected with a fractional filling factor of the form (the obtained hierarchy contains all fillings
from the basic set — n =1 and p = g — but it includes many other ratios too),

1 n
v = =
(p-hrr b (11)
14

The implemented assumption that a uniform magnetic field can be obtained from detaching
localized ¢, was justified—in the original paper [16]—by the uniform density of an initial
(IQHE) state. Note that the minus sign in the above equation arises from the possibility of a
1 1

negative initial field, B". Since P-D>5= n, the resulting B-field is always positive and points
in a + z direction. Eventually, we have successfully connected the FQHE of electrons (v) with
the IQHE of composite fermions (v"=n)—if and only if we assume that, during this smearing
process, only quantitative changes occur in the energy spectrum. Thus, one can say that
electrons effectively absorbed p - 1 flux quanta from the external magnetic field to transform
into CFs, which evidence lower magnetic field and form integer quantum Hall state.

Popularity of the CF theory is owed to the fact that it is able to explain most of (experimentally
observable) fractions from the LLL. It also gives a prescription for constructing ground-state
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(as well as excited-state) wave functions within the lowest Landau band. However, scientists
have already stumbled upon a difficulty —the pyramids of fillings from higher levels are not
counterparts of the Jain’s hierarchy. It is, for example, impossible to justify the appearance of
Hall plateaus in the vicinity of v=5/2 and 7/2. To deal with this problem, residual interactions
between composite particles were introduced to the considerations and they were supposed
to turn some of them into higher order composite fermions with different Landau levels. This
approach, unfortunately, was rather unsuccessful but, due to the lack of a better explanation,
it is still (quite) widely used [19-21].

Moreover, recent experiments on graphene bilayers confirmed that this quasi-particle ap-
proach, regardless of its undeniable advantages, cannot embrace the entire physics behind the
FQHE [22-24]. This is due to the fact that the most robust plateau in a transverse resistance —
in samples consisted of two weakly coupled sheets of atoms—develops near a half filling (and
not a one-third filling, as expected from the CF). Additionally, the improvement of sample
quality led to the discovery of novel incompressible states that fall out of the Jain's pyramid
of fillings, even in the lowest Landau level of standard GaAs/AlGaAs structures. Among them,
there are filling factors with odd denominators (like 4/11) and with even denominators (like
3/8).

As a result of the hunt for a model which can find a solution for all mentioned problems, the
topological approach to quantum Hall effects was formulated [9]. In this chapter, we briefly
recall its basic assumptions and we demonstrate that it provides a topological explanation of
Jain’s approach (Section 2). Additionally, we demonstrate that it can be used to explain all
incompressible Hall-like states observed in conventional 2DEG, monolayer, and bilayer
graphene samples (Section 3). We compare our predictions with experimental findings
(Section 4).

2. Non-local theory of Hall systems: the origin and generalization of
composite fermions

The non-local theory of Hall systems is entirely based on the well-known mathematical concept
of braid groups [25]. The full braid group, m,(Q), is a homotopy group of an N-particle system

configuration space [26],
Q=(M"\A)/S, (12)

where M is a manifold on which particles are placed, Sy stands for the permutation group of
N elements (its appearance results from the assumed indistinguishability of carriers) and A
removes points (creates topological defects) for which positions of at least two classical
particles, as M " coordinates, are the same. Hence, it is consisted of closed trajectories —though
the quotient group structure allows initial and final orderings of particles to differ by a
permutation —performed in Q) and organized in homotopy classes. In the case of simply
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connected manifold, 7,(Q) is generated by o, elements which describe simple exchanges of

i’th and (i + 1)'th carriers (classical—as M N coordinates). It is worth emphasizing that quantum
particles do not travel braid trajectories. However, a relationship between topological properties
(reflected in a braid group form) with quantum properties of an arbitrary system cannot be
ignored. Note that in the standard quantization method, multi-particle state vectors, ¥y, are
selected as functions from Q into complex numbers [26]. Thus, when arguments of ¥, are
encircling a closed path in their configuration space, the multi-particle wave function gains a
phase equal to a one-dimensional unitary representation (IDUR) of the corresponding braid
from 7,(Q). Additionally, in the Feynman path integral formulation of the propagator [27], an
additional summation over classes of homotopical trajectories needs to be implemented for
multiply connected Q (one measure, dA, in a whole path space cannot be defined). The weight
factors emerging in this summation are defined by a one-dimensional unitary representation
of m7,(Q). Finally, the braid group shape and its 1DUR determine a quantum statistics of
particles in the system (the allowed types of particles are settled by the topology of a manifold
and by certain external factors—e.g. anyons may exist only in 2D spaces).

Let us now move back to Hall systems. It seems reasonable to assume that in the presence of
a strong magnetic field, trajectories representing elements of the system braid group are of
cyclotron orbit type—although, in general, they are not ordinary circles for highly interacting
particles. In the topological approach, we define the surface of an LLL cyclotron orbit (as a
representative of a braid from 7,(Q) by the archetype of a correlated incompressible state—

. . 5 h
the IQHE state. Hence, a plaque which encircles an area equal to m=%=e—; and embraces

exactly one flux quantum can be identified with a cyclotron path in the lowest Landau band.
In great magnetic fields (as for partial fillings of the LLL), this enclosed surface may be too
small to allow an arbitrary particle (as an argument of W, or M N coordinate) to reach its nearest
neighbor—the Coulomb repulsion protects a uniform distribution. In this situation simple
exchanges, o,, are unenforceable and should be excluded from the braid group describing the system.
Note that it may be impossible to organize a m,(Q2)-subgroup (which satisfy group axioms)
from remaining classes of trajectories. However, we have already established that the FQHE
can be evidenced only for correlated many-body states and, thus, it requires a determined
statistics of particles (and a determined system braid group). Seeing that this phenomenon is
actually observed in transport measurements, the 7,(Q2) reduction needs to result in the
emergence of a new group (a cyclotron subgroup), at least for selected fillings. Generators b; of
a latter subgroup stand for novel, multi-loop exchanges of carriers (loopless, 0, cannot be
defined). Finally, each pair—a subgroup of the full braid group and a condition, a magnetic

field strength, upon which this subgroup characterizes the multi-particle system —represents
(and can be used to identify) a FQHE state in the LLL [28].

As we have already mentioned, cyclotron subgroups are always generated with multi-loop
exchanges. Thus, trajectories (circled in M-space) representing b; elements need to be open—
they need to contain an integer number of closed loops, 1, and exactly one half-loop. Simul-
taneously, cyclotron orbits (representatives of braids) are closed by the definition. As a result,
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the simplest non-trivial cyclotron paths are generated by b,2 elements and, hence, they consist
an odd number of loops, 2(n+1/2)=2n+1. We are going to demonstrate why multi-loop
exchanges of particles (as arguments of ¥, or M " coordinates) can be permissible in the
system, even when loopless ones are not. For simplicity we restrict (at first) our considerations
to 1/g (q — odd) fillings of the lowest Landau level. In this case, a single-loop path of a carrier
experience g flux quanta per particle in the system and —since an LLL orbit embraces exactly
one ¢, — its surface is not large enough to reach a neighboring carrier (o; exchanges are
unfeasible). In 3D manifolds this also applies to multi-loop trajectories (meaning that effective
dimensions of loops are not raised; o, exchanges are, however, always accessible because
particles can move freely in the direction parallel to the magnetic field)—each loop increases
the total surface encircled by the path, as a circumvolution adds a new surface to the coil.
Therefore, the latter also increases the magnetic field flux evidenced by the path—an individual
loop experience g flux quanta per particle too. In 2D manifolds, however, an additional loop
cannot enhance path’s area and the evidenced flux remains unchanged (the whole trajectory,
which represents an element of the system braid group, experiences g flux quanta per particle).
As a consequence, all loops must share the total BS /N per particle quantity, which passes
through a single-loop path —each loop receives a diminished portion of BS / N and experiences
a lower effective magnetic field, B". Additionally, if the number of loops in a trajectory
coincides with the inverse of an LLL filling factor, v =g, then every loop evidences exactly
one ¢, per particle in the system (BS /(4N )=BS | N,=¢,) and an effective magnetic field defined
by the relation,

—=——->8 =

B'S 1BS ._B 13
qg N q

Since on the LLL cyclotron orbit falls a single magnetic field flux quantum, the surface encircled
by an arbitrary loop (from the g-loop trajectory) is large enough to reach a neighboring particle

(as an argument of Wy, or M N coordinate). Although the loopless exchanges are not permitted in

the system, we have just demonstrated that (q;—l)—loop ones are accessible and they generate the cyclotron
subgroup of ,(Q). The explicit form of b, elements for a 1/4 filling of the lowest Landau level
is presented below,

b =07, 1<i<N-1 (14)

with 1DURs of the form (6=n for composite fermions—we stick to this generally confusing
name for history reasons),

b e 1<i<N-1 (15)

11
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Note that the even-denominator rule (g— odd) follows immediately from the requirement of
an open trajectory (as an M-space representative) for b, Additionally, Laughlin correlations
seem to follow from this cyclotron subgroup formalism, rather than from quasi-particles
formulation with auxiliary objects pinned to electrons [10].

Consider now a filling factor, which does not belong to the basic set of fillings (v#1/4). In this
situation, it is impossible for every loop from the g-loop trajectory to embrace exactly one flux
quantum attributed to a single particle. We can, however, assume that all 4 -1 loops experience
a single ¢, per particle and only last loop evidences a residual (per particle) portion, i%qbo.

Thus, the total magnetic field flux per particle, BS / N, can be written as follows,

BS 1 1
W—;% _(q_l)%i;% (16)

A fortunate situation occurs when x is an integer number. In this case the last loop can embrace
an entire flux quantum, as the LLL cyclotron orbit does, when it fits perfectly to the separation

of an electron (as an argument of ¥y, or M N coordinate) and its arbitrary x"th order neighbor.

As aresult, the closing loop (as a representative of a winding of a cyclotron subgroup braid) defines the
type of accessible exchanges, which are not consisted of q loopless o; (these are not accessible for the
system), but are integral exchanges of multi-loop type. Thus, for filling factors included in the Jain-
like hierarchy [16, 17],

v :((q—l)ilj 17)

a cyclotron subgroup of the full braid group can be defined and it is generated by elements,

b =0"00,..0, " 00" (18)

[ 3 I S| i i+l
The quantum statistics follows immediately from the IDUR (6 =m for composite fermions),
Bl — T 1<i< N-1 (19)

In the above considerations, we assumed that the last loop of a g-looped path (as a represen-
tative of a trajectory circled in the Q2 space) can be overwrapped in a direction opposite to one
enforced by the external magnetic field. The latter results in an appearance of the minus sign
in Egs. (16)—(19).

It is reasonable to consider even more complex commensurability conditions (of an area
encircled by each loop and a surface attributed to a single particle or a group of x particles)—
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where -1 loops, which constitute a simplest non-trivial cyclotron path, are divided into sets

characterized by different integer numbers, a<b<c... (different evidenced fractions of flux

quantum per particle, %QI)OZ%%Z%%... )- These sets need to be of even multitudes,

a=B2y ..., to keep a rational character of the exchange braid,

-1 -1\ + -1 1\
bt(q):(O-ia[+l"'o-[+a71"‘6i O-[+1 ) '(G[O-i+1"'g[+bfl "'O-A GHI ) (20)
q v FQHE
3 1 ()12345678910 (+)12355678910
2+1/x ’3’5’7°9°11°13°15°17°19" "™ 3’5'7’9°11°13°15’17°19’21" ™"
1 12 3 4 5 6 12 3 4 5 6
5 Tl (G I T P ) =smm 555755 -
+1/x 3'7'11'15'19°23 5'9'13'17'21°25
s 1 ()23(5)4(7)567 (+)234(9)567
2+2-1/2+1/x 5'8\8/'11\11 "14°17°20""" 7’10°13\13/°16°19°22" """
1 12 15 6 21 3 12 15
5 — DL =550 (G T
2-2-1/3+1/x 13°17°7’25 5'19°23
s 1 ()410314(5)818 (+)410314 5(8)
2-2-1/4+1/x 5'13'4’19\19/’11°25" "™ 7'17°5'23’13\13/)""™"
5 1 ()2345678910 (+)2355678910
4-1/2+1/x 3’5'7’9°11’13°15’17°19’ 5'7'9’11°13’15°17’19° 21’
1 312/5\ 15 112
) — SRR il
2-1/2+2-1/3+1/x 4°17\17) 22 2°23
1 12 3 4 12 3 4
7 6t 1/x Ggamme 7 1319E
1 23 4 5 2 3 4
7 T T ) 5555555 ) 57250
4+2-1/2+1/x 9'14'19°24 11'16°21

Where g = the number of half loops in the exchange trajectory, V = the hierarchy of fillings. Plus or minus signs denote
the direction of a last loop in the multi-loop cyclotron path. Selected hole states are indicated in brackets.
Experimentally observable ratios are highlighted —blue color for v possible to explain within the CF model and red

color for v out of the Jain hierarchy. Additionally, filling factors of monolayer graphene Hall states (which develop in
transport measurements) are underlined.

Table 1. Filling factors obtained from the non-local theory (typical semiconductor structures).

The elements above generate cyclotron subgroups for filling factors from the generalized

hierarchy of the form,

v=(a/axB/bty/cx--)"

(1)
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1DURs of the resulting subgroups can also be easily estimated (the scalar representation of a
subgroup can be identified with reduced representation of the full 7,(Q)),

bV — ! *HFEN < j< N -1 (22)

Note that while constructing cyclotron subgroups of this type, one needs to keep an eye on the
complexity of generators—highly structured braids are probably unfavorable and near
corresponding fillings the Wigner crystal (and not the FQHE) phases may be in favor [29-31].

Filling factors obtained within the non-local theory of Hall systems are gathered in Table 1.

Note that among these fillings one can find all famous and mysterious v, like %, %, 14—3 and

others (marked with red color), which cannot be predicted within the quasi-particle formula-
tion (at least when unclear residual interactions are not implemented) [19, 32-35]. For this
reason, the topological approach presented in this chapter is the first one to justify all incom-
pressible (collective) states from the LLL, which appear in transport measurements [28].

Finally, it is also worth mentioning that the pyramid of fillings, established within the
topological approach, is a generalized version of the well-known Jain’s hierarchy (obtained
when a=g4-1 and a=1 are implemented into Eq. 21). Thus, two artificial flux quanta pinned to
electron only model (in a very convenient way) an additional loop, which evidences exactly one ¢, per
particle and appears in the exchange trajectory (representing a generator of the system braid group).
The great dependability of the CF theory in the LLL regime can be explained by highlighting
the simplicity of cyclotron subgroups generators in the case of Jain’s hierarchy—as it was
already emphasized, highly structured braids (usually encountered for different configura-
tions of loops) are probably unfavorable and may not result in pronounced plateaus in Hall
resistivity.

3. IQHE and FQHE in conventional 2DEG, monolayer and bilayer
graphene

Before we proceed to the main aim of this section, it is worth discussing differences in the
Landau level ladder between conventional 2DEG, monolayer and bilayer graphene samples
(as well as their possible consequences). We first note that in both graphene structures, LLs
are not distributed equidistantly on the energy axis, which was the case for typical quantum
wells [36-39]. However, the latter is not reflected in the topological approach—an area
encircled by a single-loop cyclotron orbit (A) is proportional to the bare kinetic energy of
electrons (E;) and not the general energy determined by LLs. Since a crystal field cannot affect
the value of E,, the embraced surface of an orbit (representing a n,(2) element) varies in the

same manner for monolayer and bilayer graphene as for conventional 2DEG. Explicitly, A is
proportional to 2n +1 (where n stands for an LL index). At the same time, this dependence
carries another consequence —the commensurability conditions from higher LLs are different
from those encountered in the lowest band (the single-loop cyclotron orbit for n#0 embraces
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exactly (2n +1)¢, and not a single quantum as in the LLL case). Thus, we expect that pyramids

of fillings for levels indexed by n#0 are not counterparts of the well-known Jain’s hierarchy,
which has already been confirmed in experiments [40-42].

An important property of the Landau level ladder is its degeneracy (as a number of sublevels,
rather than a number of one-particle states, in a single level). In typical 2DEG systems, the half-
spin (usually marked with 1 and | ) stands for an exclusive degree of freedom and, thus, all
Landau bands are doubly degenerated. In graphene materials, however, the existence of a so-
called valley pseudospin (isospin)—due to the presence of identical Dirac cones in two non-
equivalent corners of the Brillouin zone (usually marked with K  and K)—results in an
additional degeneracy of the energy spectrum. As a result, for an arbitrarily picked range of
factors vy, 1,|, the corresponding partially filled Landau level in monolayer and bilayer
graphene samples is different than in conventional quantum-wells. We have already men-
tioned that commensurability conditions (and so the hierarchies of fillings) for distinct  are
not identical. We may, thus, expect that some incompressible states, which are marked with v
and occur in one of these structures, may not be permissible for the other one.

It should be emphasized that a nonzero Berry phase causes the monolayer graphene LLL to
be placed exactly in the Dirac point—where the valence band meets the conduction band in a
gapless energy spectrum [36, 37]. The lowest Landau level is, thus, equally shared between
free electrons and free holes (only two, not four, spin-valley branches accessible for one type
of particles). Since it is natural to define the filling factor in terms of an electronic density
measured from the charge neutrality point, v is counted with respect to the bottom of a
conduction band (a third sublevel) and not the LLL as in typical semiconductors [36, 37].
Generally, this also applies to bilayer graphene; however, not only the LLL is placed exactly
in the Dirac point, but also the first Landau band. Obviously, the latter affects and determines
the convenient impact factor definition, as well as the number of spin-valley branches of the
1LL available for free electrons.

Finally, it is easy to notice that the non-local theory of Hall systems predicts identical hierar-
chies of LLL filling factors for typical semiconductor quantum-wells and monolayer graphene
samples [31, 43-50]. The latter applies for both sublevels of the lowest band (also in graphene
—we take into account only fillings accessible for free electrons). Additionally, collective Hall-
like states from the second (spin or spin-valley) branch are described with similar filling ratios
(vy) as those from the first one (v ;). The only difference is obvious and lies in a constant shift
of all fractions, vy ,=1+v, ;. As we have already mentioned, the cyclotron subgroup model can

be used to describe the FQHE in higher LLs of these structures too—the recipe for its appli-
cation has been included in subsection 3.1.

The case of bilayer graphene is absolutely unique. The appearance of an additional sheet of
carbon atoms (additional surface) leads to completely different commensurability conditions.
This, for example, results in a surprising form of the basic set, where v=1/2 corresponds to the
most prominent incompressible state. We are going to describe this problem in detail in
subsection 3.2.
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Single-loop FQHE | Paired IQHE | q v FQHE
- 1 7 /8\ 2025\ 11 /14
3-(2-1/x) 3(3)'?(9)‘ 5 (5)
1 19 32 15
24— ===
3:(2+1/x) 9’15’ 7
2 1 8(7) 5 22(23) 29 12 (13)
78 5 3 3-(2-1/2-1/x) | 3\3/)'2"9\9)'12’5 \5 )"
33 2 - 1 20(25> 9(11) 34
3-(2-1/2+1/x) | 9\9/)'4\4)'15"""
14 19 <16) 8 29 34 13 44 49 18 (17) 59
24 1 "5°7\7)'3'11’13’ 5'17'19° 7 \ 7 )23
3:(2-1/3—1/x) | 64 23 74 79 28 89 94 33 (32)
25’9 °29°31°11°35°37°13\13/)" ™"
- 1 10(11> 29 16(19)
10 11 7 3 3-2-1/x) 3\3/)79’5\5)/)"™
3’3 2 - 1 28 47 22
3-(2+1/x) 9’15 7"
- 1 11<10> 7 31 41 17(18)
3-(2-1/2-1/x) | 3\3)/)'279’12’5\5)"""
34 1 29 13(15) 49
3-(2-1/2+1/x) | 974 \4)15"™"
- 1 19 26 11 40 47 18(17) 61 68 25
3-(2-1/3-1/x) | '5°'7'3'11’13’' 5\5/'17'19’ 7'

Where g = the number of half loops in the exchange trajectory, V = the hierarchy of fillings. Plus or minus signs denote
the direction of a last loop in the multi-loop cyclotron path. Selected hole states are indicated in brackets.

Experimentally observable ratios are highlighted —blue color for v possible to explain within the CF model and red

color for v out of the Jain hierarchy. Additionally, results for different sublevels are separated by three lines.

Table 2. 1LL filling factors obtained from the non-local theory (typical semiconductor structures).

3.1. Higher Landau levels: graphene and conventional 2DEG

We consider a system subjected to external magnetic field, which leads to the partial filling of

an arbitrary Landau band (1 >0). To simplify further discussions, we introduce an additional

parameter, m, that enumerates spin (or spin-valley) branches in each LL. The latter is two-
valued (m €10, 1}) in the typical 2DEG case and four-valued (m €10, 1, 2, 3}) in the monolayer

graphene case. We remind that the area embraced by a single-loop cyclotron orbit in the whole

n’th Landau level equals to (2n + 1)’:—l_§= 5

@1 + )¢,

(it takes exactly (2n+1) flux quanta and its

surface is considerably enhanced, when compared to the LLL orbit). This change of an encircled

area modifies—and allows for the existence of novel —commensurability conditions, all of

which are listed below.
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Where ¢ = the number of half loops in the exchange trajectory, v

= the hierarchy of fillings. Plus or minus signs denote

the direction of a last loop in the multi-loop cyclotron path. Selected hole states are indicated in brackets.
Experimentally observable ratios are highlighted. Additionally, results for different sublevels (only three, accessible in
measurement, are presented) are separated by three lines.

Table 3. 1LL filling factors obtained from the non-local theory (monolayer graphene).

1. We first consider a single-loop path (as a representative of a braid from the appropriate
braid group). The simplest situation—in which this trajectory fits perfectly to the separa-
tion of two neighboring particles—corresponds to 2 +1 flux quanta attributed to a single
electron from the partially filled level,
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L =2n+1  for conventional
N—-Q2n+m)N, (23)
N,
. =2n+1  for graphene

N—-(4n—-2+m)N,

where a denominator of the left-hand side expression counts the number of electrons lying
in the n’'th LL (in the bottom expression a “—2” factor needs to be omitted, while investi-
gating n=0). Furthermore, the whole fraction determines the number of ¢, per particle
from the highest available level. Simultaneously, the right-hand side is also connected to
the number of ¢,, however, grasped by the single-loop cyclotron orbit. One can easily

determine filling factors, which fulfil the above equation,

N
v=—=2n+m+
N, 2n+1

for conventional

(24)
v=—=4n-24+m+

for graphene

If the system is described with these v, then exchanges of nearest neighbors, o, are
accessible and they generate 7,(2). Something surprising should already be noticed —the
full braid group is coupled to the IQHE only for the zeroth Landau band. For other levels,
the corresponding filling is fractional (e.g. v=7/3 is obtained, in both structures, when the
m=0branch of the 1LL is investigated). As a result, a collective Hall-like state is described
with the fractional quantization of a transverse resistivity (just like for the ordinary FQHE
state in the LLL), but the Laughlin correlations are described with a g=1 power in the
Jastrow polynomial and loopless elements generate the system braid group (just like for
the ordinary IQHE state in the LLL). We have, thus, stumbled across a novel phenomenon
—the single-loop FQHE [51, 52] —which can be obtained only in higher Landau bands
(n>0). We may also expect that this effect is very robust (simple, not structured, generators
construction), which was confirmed in transport measurements of typical 2DEG struc-
tures and monolayer graphene samples [20, 40-42, 53].

In higher LLs it is possible that the cyclotron orbit surface is greater than the separation
of neighboring particles (classical—as arguments of Wy, or M N coordinates). Thus, for
selected filling factors a single-loop path (as a representative of an element from the system
braid group) can be generated as a double exchange of x-order neighbors (with integer x),
(0is1 -+ Ojegeq -+ 0;710,,471)2 This corresponds to the situation when exactly ¢,/ x is attributed

to a single electron from the partially filled level,
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N, _2n+1
N-(Q2n+m)N, Cx

N, _2n+l
N—-(4n-2+m)N, R

—v=2n+m+

for conventional

(25)

Sv=dn-2+m+— for graphene
2n+1

Note that complete filling of the n’th LL is achieved when x=2n+1 and the braid group
is generated by the loopless exchanges of particles and their (21 + 1)-order neighbors.

2. In higher Landau bands also exists a possibility that the cyclotron orbit is too small to
reach a neighboring (classical) carrier and, hence, the loopless exchanges are not allowed
and need to be excluded from 7,(Q2). Fortunately, we can consider—similarly as in the
LLL case—more structured, multi-loop exchanges to provide generators of the braid
group describing the system. Commensurability conditions, which allow to establish the
corresponding filling factors (connected with subgroups generated by b; elements),
resemble ones introduced for the zeroth Landau band. However, while possible v for Hall-
like states, we need to remember about a different number of flux quanta grasped by the
cyclotron orbit ((2n +1)¢, in the n’th LL). Additionally, we cannot take into account all
particles in the system, but only those, which are placed in a partially filled level. Finally,
we remind that if we consider a g-looped trajectory encircled in a 2D space, then all g loops
must share the total magnetic field flux per particle, which is evidenced by a single-loop
path.

To obtain a hierarchy —which resembles Jain’s pyramid of fillings —we assume that g-1
loops experience exactly (21 +1)¢, per particle, while the last one embraces a reduced

portion, (2n +1)¢,/ x, attributed to a single carrier. Thus, the appropriate commensura-

bility conditions (with different, integer x) take the form of,

N, 1
—0 = Q2n+)-(g-1)xQ2n+1)—  for conventional
N-(Q2n+m)N, x
N, 1 (26)
0 =Q2n+1)-(¢g-Dx2n+1)— or graphene
N (@n—2rmN, (@n+1)-(g=Dx@n+D)— for grap
with filling factors, which satisfy the requirements above, belonging to the set,
v=2n+m+ ! for conventional
(2n+1)-[(g-1)*1/x]
| @7)
v=4n-2+m+ for graphene

(2n+1)-[(¢-1)*1/x]
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Note that—despite the general similarity to the CF hierarchy —a supplementary factor,
2n +1, is included in the denominators of all fractions from Eq. 27 (as a consequence of an
enhanced kinetic energy). The last winding of a g-looped trajectory, for these fillings, fits
perfectly to the area embraced by x classical particles. As a consequence, exchanges of
x’th order neighbors are allowed and, thus, elements

(9) _ —q-1 +1 -1 -1
b[ - 0[ a[o-i+l "'UH».\‘*I "'0[ O-i+1 (28)

generate the cyclotron subgroup for the system.

3. Finally, the pairing of electrons—which occurs as a result of the Fermi sea instability —
can also be investigated. In this case the number of particles is reduced by half and it is
reasonable to consider the IQHE formation (for pairs),

NO
N-(Q2n+m)N,
NO
N-(4n-2+m)N,

1 , .
=2-o5v=2n+m+ 5 for conventional

(29)

=2—>v=4n—2+m+% for graphene

The equation above is constructed in such a manner that implementing a decreased

. N -(@2n +m)N, N -(@4n-2+m)N,
number of particles— 5 or 5 —leads to the exact IQHE commen-

surability condition.

We have presented hierarchies that gather all filling factors (from all LLs) in which particles
can experience quantum Hall effects in typical semiconductor and monolayer graphene
samples. We have also explicitly presented these results, for the first Landau band, in Tables
2 and 3.

3.2. Bilayer graphene

The FQHE in bilayer systems (not only bilayer graphene) is exceptional, as noticed earlier by
Eisenstein [54]. The unparalleled basic set of fillings — with v=1/2 being the most robust
incompressible state — has its origin in the appearance of an additional surface [28, 55]. The
supplementary sheet of carbon atoms, coupled to the primary one by a nonzero hopping
integral [36-39], leads to the electron density located in both graphene planes. As a result,
bilayer graphene samples are not strictly two-dimensional. Classically (trajectories, which
represent elements of the system braid group, are classical), this means that particles can move
freely between opposite layers of the structure. Thus, while considering whether the cyclotron
orbit area is sufficiently large to enable the existence of particle exchanges in the system,
graphene planes should not be investigated separately. For example, the v=1 state—corre-
sponding to the integer phenomenon—is realized when the single-loop cyclotron path
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encircles a surface equal to S /N, and not 25 / N. However, while examining states described
by fractional fillings of the LLL, even more interesting feature is revealed. Since multi-looped
trajectories can be partly located in both graphene layers, the surface (and flux) provided by
the additional plane needs to be taken into account. It is expected that the most energetically
efficient trajectory is realized, when only one loop embraces (utilizes) the supplementary
surface and magnetic field flux. As a consequence, its dimensions are not raised —they are
equal to those of a single-loop path. Simultaneously, remaining loops (4-1 in the case of a g-
looped trajectory) share the total per particle quantity, BS /N, associated with the primary
layer. Latter results in a novel form of the commensurability conditions,

BS 1 1
7—;% —(q_z)%i;% (30)

with the hierarchy of fillings being a modified version of the composite fermion pyramid,
1 -1
v:((q—2)i—J (31)
x

Here we have assumed that one of 4-2 loops evidences a diminished (per particle) portion,

t%q)o. Thus, it fits perfectly to the separation of an arbitrary particle and its x-order neighbors
(as ¥y arguments) and allows them to exchange. Additionally, we speculate that the latter

loop can be overwrapped in the direction opposite to one enforced by an external magnetic
field (a minus sign in Eq. 31).

Even-denominator filling factors form a basic set—they are expected to be associated with
most prominent Hall-like states [22-24] However, ratios with odd denominators are also
included in the above hierarchy. The latter can be seen in Table 4, which gathers results from
the whole LLL (and 1LL). In this paper we assumed that spin-valley branches of zeroth and
first Landau bands, accessible for free electrons, are filled alternately. In other words, these
sublevels are placed on the energy axis in the following order, 0K 1,1k, 0Kk}, 1K'} . Thus,
filling factors responsible for the FQHE plateaus—n the 2<v<3 range—are defined by the
hierarchy from Eq. 33 (with a constant “+2” shift).

Although an even number of loops, -1, is explicitly included in the commensurability
conditions, it is an odd number, g, that constitutes a multi-looped trajectory (which represents
a square of the cyclotron subgroup generator). This results in the Laughlin correlations with
an odd power in the Jastrow-like polynomial —the multi-particle wave function is antisym-
metric even for v=1/2 state.

In bilayer graphene, similarly as in typical 2DEG and monolayer graphene structures, kinetic
energy of particles increases with Landau level index, . Hence, the area encircled by a single-
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loop cyclotron orbit (representing a braid group element) is also enhanced, (21 +1)ic/eB, and
it embraces precisely (21 + 1) quanta of the magnetic field flux. This leads to commensurability
conditions, which resemble ones already presented in this section and other authors” papers
[10, 52, 55]. We investigate them very briefly,

Sublevel | Single-loop FQHE | Paired IQHE | q v FQHE
3 1 1 2<1> 3 4
1+1/x 2’3\3/)’'4’5’
1 123 4
0K' 1T 5 —_ -z
3—-1/x 2’58’11’
5 1 12 3 4
3+1/x 4’7°10°13""
1
3 (14— E(i)ig
3-(1-1/x) 3\3/'2" 9
45 3 1 7 11 5 19
1K' 1T - — 3|1+—m—— - -
3’3 2 3-(1+1/x) 6’9°'4’15’
1
B PR N P )
3-(1/2-1/x) | 3’5’9
1 58 11 14
312+ Bl
1+1/x 2!3!4)5;
1 512 19 26
oK'l 5112+ -
3—-1/x 2’58’11’
1 9 16 23 30
5 2+ P YYPEYA
3+1/x 4771013
1 11,10\ 7 31
o P W
3-(1—-1/x) 3\3/'2°9
10 11 7 1 19 29 13 49
1K'l EE— — 3(3+—mF—— - —
3’3 2 3-(1+1/x) 6°9’ 4’15’
1
3 3+ 1_OIEJEI
3-(1/2-1/x) | 3'5"9

Where g = the number of half loops in the exchange trajectory, v = the hierarchy of fillings. Plus or minus signs denote
the d irection of a last loop in the multi-loop cyclotron path. Selected hole states are indicated in brackets.
Experimentally observable ratios are highlighted - a blue colour for v possible to explain within the CF model and a
red colour for v out of the Jain hierarchy. Additionally, results for different sublevels are separated by three lines.

Table 4. LLL and 1LL filling factors obtained from the non-local theory (bilayer graphene).
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1. First, it is possible that the system braid group is generated by loopless exchanges of x-
order neighbors. This corresponds to the situation where exactly (2n +1)/x flux quanta
are attributed to a single particle,

N, 2n+1
——= Sv=g+
N-¢N, X 2n+1

(32)

where ¢ counts completely filled Landau sublevels and x=1, 2, ..., 2n +1. Note that the
IQHE is realized in the system when x equals 21 + 1 and the single-loop cyclotron orbit
fits perfectly to the separation of a particle and its (21 + 1)-order neighbor. For other values
of x electrons experience the so-called single-loop FQHE — the phenomenon allowed only
in higher Landau bands (2>0).

2. The(gq-1)/2-loop exchanges of x-order neighbors (as arguments of W, or M N coordinates)
can become generators of the system braid group (a cyclotron subgroup), when loopless
ones are not accessible. This is achievable when g-looped path is arranged as follows: all
q-2loops experience precisely (21 +1)¢, per particle, while the last loop evidences only a

residual portion attributed to a single electron, —(2"; L) o
(2n+1) 1

N, B _
N—ENO_(2n+1)(q Z)i X e 8+(2n+1)[q—2i1/x] (33)

It should be emphasized that—in the above commensurability condition—we have not

considered an additional per particle quantity, i,—s, supplied by the second layer of the

structure. The latter can be performed because a remaining loop of the trajectory utilizes
the supplementary magnetic field flux—it can be, thus, omitted in Eq. 33.

3. Finally, the pairing of electrons—which occurs as a result of the Fermi sea instability —
can also be investigated. In this case the number of particles is reduced by half and it is
reasonable to consider the IQHE formation (for pairs),

N,

1
——=2>Vv=c+—
N-¢N, 2 (34)

The above equation is constructed in such a manner that implementing a decreased
N -¢N
number of particles, TU, leads to the exact IQHE commensurability condition.
We have presented hierarchies that gather all filling factors (from all LLs) in which particles
can experience quantum Hall effects. We have also explicitly presented these results—for
lowest and first Landau bands—in Table 4.
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A careful reader probably has already noticed that an application of the non-local theory of
Hall systems to structures with a greater (than two) number of layers is straightforward. The
mostimportant modification concerns the commensurability conditions for g-looped cyclotron
trajectories (when only multi-loop exchanges are accessible and generate the braid group
describing the system). Each additional layer of atoms supplies an additional surface (and
magnetic field flux) that needs to be embraced by this path. The most energetically efficient
trajectory seems to be achieved when every added plane is utilized by a single loop. Dimen-
sions of these loops are not raised and they are not included, at least explicitly, in the com-
mensurability conditions. As a result, only remaining g—y ones (where y stands for the number
of supplementary layers) must share the total flux per particle, BS /(N -¢N,), which is

experienced by the single-loop path.

4. Comparison between theory and experiment

As mentioned previously, scientists are currently unable to understand the entire physics
behind the fractional quantum Hall effect. Experimenters constantly conduct novel analyses
to gain an insight into this non-trivial phenomenon. As a result, many measuring techniques
have been developed — the local compressibility measurements or experiments in Hall-bar and
two-terminal geometries. Selected results, for all structures considered in this chapter, are
presented in Figure 1. It is also worth emphasizing that experiments carried out in monolayer
and bilayer graphene samples are exceptional. For example, it is possible to modify the carrier
density (with a lateral gate voltage) in a fixed magnetic field strength (Figure 1b and c).

Figure 1a presents a very famous transport measurement conducted on a typical GaAs/
AlGaAs quantum well sample (and published in the Pan et al. paper [19]). Its uniqueness is
owed to the well-developed plateaus in the longitudinal resistance for LLL fillings which are
impossible to obtain within the quasi-particle approach (at least without implementing
residual and unclear interactions between CFs) [16, 17]. The appearance of these incompres-
sible states can be, however, explained by the non-local theory of quantum Hall effects.
Consider a multi-loop cyclotron trajectory of a particle (as M N coordinate) that represents a
square of the system braid group generator. It is probable that additional loops, belonging to
this path, fit to the separation of higher order (not nearest) neighbors. In this case the incom-
pressible Hall-like state can also be formed —which was confirmed by Pan’s experiment—but
it cannot be captured by Jain’s model. The latter is owed to the fact that every flux quanta
pinned to an electron is a convenient model of a supplementary loop in the cyclotron trajectory
only when it fits perfectly to the inter-particle distance.

A surprising form of the basic set in bilayer graphene samples—where v=1/2 is the most
prominent incompressible state—can be observed in transport measurements depicted in
Figure 1b. We have already mentioned that this feature follows immediately from the necessity
to embrace (by the multi-loop cyclotron path) a flux supplied by the additional layer (surface).
One loop is, thus, wasted on the utilization and falls out from the commensurability conditions
—the obtained hierarchy contains even-denominator filling factors. However, the exchange
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trajectory (representing a braid group generator) consists of an odd number of half loops that
protects the antisymmetric character of a particle statistics.

Finally, another interesting feature is worth to be noted —the remarkable stability of incom-
pressible Hall-like states forv=7/3, 8/3 and 5/2. The unexpected robustness of related plateaus
makes “7/3 and 8/3 states unlikely to be the analogues of the 1/3, 2/3 Laughlin correlated states”
[40]. This conclusion seems to agree with the non-local theory predictions. The braid group
describing the system for these fillings (connected with the paired IQHE and the single-loop
FQHE) is generated with loopless exchanges. Thus, the Laughlin correlations are described by
a p =1 power in the Jastrow polynomial, despite the fractional quantization of a transverse
resistivity. Hence, the robustness of these states is expected to exceed one for the ordinary
FQHE states, which was confirmed experimentally (Figure 1c and d).

a) b)
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Figure 1. (a) Typical semiconductor quantum well. A longitudinal resistance as a function of external magnetic field.
The figure is based on the Pan et al. paper [19]. (b) Bilayer graphene. A longitudinal resistance as a function of a mag-

netic field and a filling factor. R, =0.1[{2] is colored dark red and R, =4[k 2] is colored bright yellow. The figure

is based on the Ki et al. paper [23]. (c) Monolayer graphene. A longitudinal resistance as a function of a filling factor.
The figure is based on Amet et al.’s [53] paper. (d) Typical semiconductor quantum well. A longitudinal resistance as a
function of external magnetic field. The figure is based on the Choi et al.’s [40] paper. Important filling factors (e.g.
falling out of the CF hierarchy or corresponding to the single-loop FQHE) are highlighted.
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5. Concluding remarks

In conclusion, the topological approach to quantum Hall effects is based on a concept of braid
groups and their reduction stimulated by an external magnetic field (in 2D spaces). This model
can be used to derive hierarchies of FQHE fillings for various two-dimensional structures
(including multi-layers), which fit perfectly to the experimental findings. Additionally, it can
be used to explain many issues that are believed to be mysterious—the puzzles of quantum
Hall structures.

Acknowledgements

Support from the NCN Project UMO-2011/02/A/ST3/00116 is acknowledged.

Author details

Patrycja Lydzba" and Janusz Jacak

*Address all correspondence to: patrycja.lydzba@pwr.edu.pl

Faculty of Fundamental Problems of Technology, Wroclaw University of Science and
Technology, Wroctaw, Poland

References

(1]

Boebinger GS, Chang AM, Stormer HL, Tsui DC. Magnetic field dependence of
activation energies. Physical Review Letters. 1985; 55(15):1606-1609.

Tsui DC, Stormer HL, Gosard AC. Two-dimensional magnetotransport in the extreme
quantum limit. Physical Review Letters. 1982; 48(22):1559-1562.

Bonsall L, Maradudin AA. Some static and dynamical properties of a two-dimensional
Wigner crystal. Physical Review B. 1977; 15(4):1959-1973.

Laughlin RB. Anomalous quantum hall effect: an incompressible quantum fluid with
fractionally charged excitations. Physical Review Letters. 1983; 50(18):1395-1398.

Aharonov Y, Bohm D. Significance of electromagnetic potentials in the quantum theory.
The Physical Review. 1959; 115(3):485-491.

Berry MV. Classical adiabatic angles and quantal adiabatic phase. Journal of Physics
A: Mathematical and General. 1985; 18:15-27.



Ultra-Quantum 2D Materials: Graphene, Bilayer Graphene, and Other Hall Systems—New Non-Local Quantum Theory

[10]

[11]

[12]

[13]

[14]

[21]

[22]

[23]

of Hall Physics
http://dx.doi.org/10.5772/64018

Arovas D, Schrieffer JR, Wilczek F. Fractional statistics and the quantum Hall Effect.
Physical Review Letters. 1984; 53(7):722-723.

Read N. Theory of the half-filled Landau level. Semiconductor Science and Technology.
1994; 9:1859-1864.

Jacak J, Jézwiak I, Jacak L. New implementation of composite fermions in terms of
subgroups of a braid group. Physics Letters A. 2009; 374:346-350.

Jacak ], Lydzba P, Jacak L. Fractional quantum Hall effect revisited. Physica B. 2015;
475:122-139.

Jacak ], Lydzba P, Jacak L. Homotopy approach to fractional quantum Hall Effect.
Applied Mathematics. 2015; 6:345-358.

Jain JK, Kamilla RK. Quantitative study of large composite-fermion systems. Physical
Review B. 1997; 55(8):417-420.

Girvin M. Introduction to the fractional quantum Hall effect. Seminaire Poincare. 2004;
2:53-74.

Chakraborty T, Pietilainen P. The fractional quantum Hall effect, properties of an
incompressible quantum fluid. Springer-Verlag, Berlin-Heidelberg-New York-
London-Paris-Tokyo; 1988 .

Haldane FDM. Fractional quantization of the Hall effect: a hierarchy of incompressible
quantum fluid states. Physical Review Letters. 1983;51(7):605-608.

Jain JK. Composite-fermion approach for the fractional quantum Hall effect. Physical
Review Letters. 1989; 63:199-202.

Jain JK. A note contrasting two microscopic theories of the fractional quantum Hall
effect. Indian Journal of Physics. 2014; 88:915-929.

Landau LD. The theory of a Fermi liquid. Soviet Physics JETP. 1957; 3(6):920-925.

Pan W et al. Fractional quantum Hall effect of composite fermions. Physical Review
Letters. 2003; 90(1):016801.

Pan W et al. Experimental studies of the fractional quantum Hall effect in the first
excited Landau level. Physical Review Letters. 2003; 90:075307.

Mandal SS and Jain JK. Theoretical search for the nested quantum Hall effect of
composite fermions. Physical Review B. 2002; 66:155302.

Kou A et al. Electron-hole asymmetric integer and fractional quantum Hall effect in
bilayer graphene. Science. 2014; 345(6192):55-57.

Ki D, Fal'’ko VL, Abanin DA, Morpurgo AF. Observation of even denominator frac-
tional quantum Hall effect in suspended bilayer graphene. Nano Letters. 2014; 14:2135-
2139.

27



28 Recent Advances in Graphene Research

[24]

[25]

[26]

[27]
[28]

[35]

[36]

Bao W et al. Magnetoconductance oscillations and evidence for fractional quantum Hall
states in suspended bilayer and trilayer graphene. Physical Review Letters. 2010;
105:246601.

Birman ]S. Braids, links, and mapping class groups. Princeton University Press. 1975;
(No. 82).

Sudarshan ECG, Imbo TD, Imbo CS. Topological and algebraic aspects of quantization:
symmetries and statistics. Annales de I'Institut Henri Poincaré, Section A. 1988; 49(3):
387-396.

MacKenzie R. Path integral methods and applications. arXiv:quant-ph/0004090. 2000 .

Lydzba P, Jacak J. Topological origin of all incompressible states from the lowest
Landau level: Preliminary results on wave functions. Forthcoming.

Wexler C, Ciftja O. Novel liquid crystalline phases in quantum Hall systems. Interna-
tional Journal of Modern Physics B. 2006; 20(7):747-778.

Williams FIB. Experiments on melting in classical and quantum two dimensional
electron systems. In: International Conference on Physics in Two Dimensions, 1991.
Helvetica Physica Acta, Switzerland; 1992.

Du X et al. Fractional quantum Hall effect and insulating phase of Dirac electrons in
graphene. Nature. 2009; 462:192-195.

Pan W et al. Fractional quantum Hall effect at Landau level filling v=4/11. Physical
Review B. 2015; 91:041301.

Samkharadze N et al. Observation of incompressibility at v=4/11 and v=5/13. Physical
Review B. 2014; 91:081109.

Stormer HL. Nobel lecture: the fractional quantum Hall effect. Reviews of Modern
Physics. 1999; 71(4):875-889.

Du RR et al. Experimental evidence for new particles in the fractional quantum Hall
effect. Physical Review Letters. 1993; 70(19):2944-2947.

Goerbig MO. Electronic properties of graphene in a strong magnetic field. Reviews of
Modern Physics. 2011; 83:1193-1243.

McCann E. Electronic properties of monolayer and bilayer graphene. NanoScience and
Technology. 2012; 57:237-275. DOI: 10.1007/978-3-642-22984-8_8.

Novoselov KS. Unconventional quantum Hall effect and Berry’s phase of 27t in bilayer
graphene. Nature Physics. 2006; 2:177-180.

Fal’ko VL. Electronic properties and the quantum Hall effect in bilayer graphene.
Philosophical Transactions of the Royal Society A. 2008; 366:205-219.



Ultra-Quantum 2D Materials: Graphene, Bilayer Graphene, and Other Hall Systems—New Non-Local Quantum Theory

[40]

[41]

[42]

[43]

[44]

[45]

[51]

[52]

[53]

of Hall Physics
http://dx.doi.org/10.5772/64018

Choi HC et al. Activation gaps of fractional quantum Hall effect in the second Landau
level. Physical Review B. 2008; 77:081301.

Dean CR et al. Contrasting behavior of the 5/2 and 7/2 fractional quantum Hall effect
in a tilted field. Physical Review Letters. 2008; 101:186806.

Eisenstein JP. New physics in high Landau levels. Physica E: Low-dimensional Systems
and Nanostructures. 1999; 6: 29-35.

Lee DS et al. Transconductance fluctuations as a probe for interaction-induced quan-
tum Hall states in graphene. Physical Review Letters. 2012; 109:056602.

Bolotin KI. Observation of the fractional quantum Hall effect in graphene. Nature
Letters. 2009; 462:196-199.

Skachko I. Fractional quantum Hall effect in suspended graphene probed with two-
terminal measurements. Philosophical Transactions of the Royal Society A. 2010;
368:5403-5416.

Feldman BE. Fractional quantum Hall phase transitions and four-flux states in gra-
phene. Physical Review Letters. 2013; 111:076802.

Feldman BE. Unconventional sequence of fractional quantum Hall states in suspended
graphene. Science Reports. 2012; 337:1196-1199.

Ghahari F. Measurement of the v=1/3 fractional quantum Hall energy gap in suspended
graphene. Physical Review Letters. 2011; 106:046801.

Peterson MR, Nayak C. Effects of Landau level mixing on the fractional quantum Hall
effect in monolayer graphene. Physical Review Letters. 2014; 113:086401.

Dean CR. Multicomponent fractional quantum Hall effect in graphene. Nature Physics.
2011; 7:693-696.

Lydzba P, Jacak L, Jacak J. Hierarchy of fillings for the FQHE in monolayer graphene.
Scientific Reports. 2015; 5:1-16.

Jacak ], Jacak L. The commensurability condition and fractional quantum Hall effect
hierarchy in higher Landau levels. Pisma v ZhETF. 2015; 102:19-25.

Amet F et al. Composite fermions and broken symmetries in graphene. Nature
Communications. 2015; 6:1-7.

Eisenstein JP. New fractional quantum Hall state in double-layer two-dimensional
electron systems. Physical Review Letters. 1992; 68(9):1383-1386.

Jacak ], Jacak L. Difference in hierarchy of FQHE between monolayer and bilayer
graphene. Physical Letters A. 2015; 379:2130-2134.

29






Chapter 2

Electronic Properties of Carbon Nanostructures

Jan Smotlacha and Richard Pincak

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/63633

Abstract

The carbon nanostructures are perspective materials for the future applications. This
has two reasons: first, the hexagonal atomic structure, which enables a high molecular
variability by placing different kinds of the defects, and second, good electronic prop-
erties that can be modified for the purpose of the concrete applications with the help of
the defects and of the chemical ingredients. Many kinds of the nanostructures are in-
vestigated. Here, the properties of less common forms are examined —the graphitic
nanocone and graphitic wormhole.

Keywords: graphene, graphitic wormhole, graphitic nanocone, spin-orbit coupling,

zero modes

1. Introduction

The carbon nanostructures are the materials whose molecular structure is derived from
graphene—the hexagonal carbon plain lattice (Figure 1). Because of their electronic struc-
ture, they are the promising materials for the construction of nanoscale devices (quantum
wires, nonlinear electronic elements, transistors, molecular memory devices, or electron field
emitters) and the inventions in the material science.

The planar geometry of the molecular surface is disrupted by the disclinations in the molecular
structure that are most often presented by the pentagons and the heptagons in the hexagonal
lattice. This change of the geometry is manifested by the positive or the negative curvature,
respectively, that can be enlarged by the supply of higher number of the defects. In this way,

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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by the supply of 1-5 pentagonal defects, we get conical structures with different values of the
vortex angle (Figure 2).

One more defect can be added and a nanotube is created. This nanostructure can be considered
closed as well as opened, i.e., without the cap that contains the pentagonal defects. The second
case is more common (Figure 3, left part). The number of the defects can be increased up to
12, and in this way, a completely closed, spherical nanostructure arises (fullerene—Figure 3,
middle part).

Figure 1. Hexagonal carbon plain lattice.

Hoege

Figure 2. Conical nanostructures with different numbers of pentagonal defects in the tip.

Figure 3. Different kinds of graphene nanostructures: nanotube (left), fullerene (middle), wormhole (right).

Analogical manipulations with the graphene lattice can be made by the supply of the heptag-
onal defects (Figure 4). For the case of 12 heptagonal defects, if they are placed appropriately,
the wormhole structure is created (Figure 3, right part).
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Figure 4. Hexagonal lattice disclinated by one heptagonal defect.

A lot of other variants of the graphitic nanostructures can be created using different combi-
nations of the pentagonal and the heptagonal defects. Some of them are presented in Figure 5.

Figure 5. Less common forms of the graphene nanostructures: triple-walled nanotube (left), pillared graphene (mid-
dle), nanotoroid (right).

We investigate the electronic properties of several kinds of the carbon nanostructures. After
the explanation of the computational methods, we demonstrate how to utilize these methods
for the purpose of the investigation of graphene and some simple forms of the nanostructures
—different kinds of nanoribbons and their modifications. Then, we will concentrate on the
calculation of the properties of more complicated forms —the graphitic nanocone [1-3] and the
graphitic wormhole [4-6]. In the first case, we consider the influence of the additional effects
like the spin-orbit coupling (SOC) and the boundary effects coming from the finite size and
from the extreme curvature of the surface geometry in the tip. In the second case, we investigate
the effects that arise in the place of the wormhole bridge. Here, two additional effects appear:
first, the SOC arising in the connecting nanotube and second, the increase of the electron mass
due to relativistic effects coming from the extreme curvature of the surface geometry. As a
result, the chiral massive electrons should be observed.

2. Computational formalism

The electronic structure can be characterized by the density of states (DOS)—the number of
the electronic states per the unit interval of energies. This quantity can be used as the measure
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of the density of the electrons and generally we can say that the higher value of DOS, the higher
conductivity. With the help of DOS, the electric field can be calculated as well. Besides DOS,
one more quantity is defined —the local density of states (LDOS). It is DOS related to the unit
area of the molecular surface or to the unit area of the surface in the space of the wave vector
k. Then, the quantities depend on the variables as follows:

DOS = DOS(E), LDOS = LDOS(E,#), rtesp. LDOS = LDOS(E,K). (1)

Two methods are used for the calculation of LDOS. The first one is used for the periodical
structures with the planar geometry (plain graphene, nanotubes, nanoribbons, etc.), the second
one is used for the structures that are aperiodical or that have the curved geometry (fullerene,
nanocone, wormhole, nanotoroid, etc.). We outline here the base of these methods. Both the
methods start on solving the Schrodinger equation for the electron bounded on the molecular

surface
H v =LEy. @)
Here,
B .
H=—+V#H+UM, ©)
2m

AN AN
V representing the potential of the periodic crystal, U representing the external potential that

is responsible for the curvature.
2.1. Periodical structures with planar geometry

For the periodical structures, the external potential in Eq. (3) is zero, and the carbon lattice can
be divided into several sublattices, each containing equivalent atomic sites. We can denote the
sites corresponding to the different sublattices as A, B, C, ...or A, A,, A,, ... We can find a unit

cell—the smallest possible cell in the structure that contains all possible inequivalent atomic
sites (Figure 6).

In the case of graphene, the wave function, which solves Eq. (2), can be expressed as in
references [7, 8]

y=Cy, +Cyyy, 4)

where the components ,, 1, correspond to the particular sublattices. In the tight-binding

approximation, we postulate the solution in the form

Vi = Zexp[i/; ’ FA(B)]X(F - ?A(B))’ )

A(B)

where X (?) is the atomic orbital function. The overlap is zero, i.e.,
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[ X' -7 )X (7 -7, )dF = 0. ©)

By the substitution of the solution in Eq. (5) into the Schrédinger equation (Eq. (2)), multiplying

it by ¢ ' and making the integration over r, we create the expressions

A —QZU .iﬂ—-ﬂ

{34

{4
\;.,._;.._..'g/

Figure 6. Unit cells for different periodical structures: graphene (left), different kinds of nanoribbons (right). The gra-
phene structure is considered to be infinite in 2D, the nanoribbons are considered to have final width and the second
size is infinite as well.

H,=[yHy,di, S=[yy,d=[y,y,d: ab=A4B -

If we suppose that the functions X are normalized so that _[X (r-r A X (r-r A B))d;' =1, then S

gives the number of the unit cells in the nanostructure. Now, the Schrodinger equation is
transformed into the matrix form

H, Hg\C C
[ at ABJ( AJZES[ A]. -
HBA HBB CB CB
The eigenvalues of the matrix in this equation are the energy eigenvalues, and they create the

electronic spectrum. For this purpose, first, we need to determine the values of the matrix
elements H . From their definition follows

H, =IW:HWbdF = Zexp[-i%'@ -@)]J.X*(F"—”;)HX(F";;)&
ab

q ©)
=Y exp[-ik (7, -7, )] 7.,

where y,, ab denotes the corresponding hopping integral. The eigenvalues are labeled by k

and in the nearest-neighbor approximation, they can be expressed as

- k a k a
E(k):iyg\/1+4c052%+4cos?cos@, (10)
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where y,=y ,4,=Y3p is the hopping integral for the nearest neighboring atoms and 2=2.46A is

the distance between the next-nearest atomic neighbors. DOS and LDOS are then defined as

l%l

DOS(E) = -Llim Im

Jlimim[ s LDOS(ER=O(E -£) .

The corresponding graphs of electronic spectrum and DOS are given in Figure 7. We see that
for zero energy, the density of states has zero value. This property is typical for the semimetallic
nanostructures. For the metallic nanostructures, a peak appears for zero energy. In the first
case, a gap is present around zero in the electronic spectrum. Its width can be influenced by
the additional defects in the hexagonal structure or by the chemical admixtures and in this
way, a material with the predefined properties can be synthesized. In the second case, the gap
around zero energy is absent.

-
DOS(E)

Figure 7. The electronic spectrum for k, = 0 (left) and k, = 0 (middle) and the density of states (right) of graphene. The
solid and dashed lines correspond to the positive and the negative energy values, respectively. In the bottom, we see
the form of the electronic spectrum for an arbitrary value of the wave vector.

In a similar way, but with a more complicated structure of the wave function in Eq. (4) and for
a larger size of the matrix in Eq. (8), the electronic spectrum and DOS can be found for other
nanostructures like the nanoribbons in the right side of Figure 6 [9].

The results we see in Figure 8. In the left part, the shape of the segment of the concrete
nanoribbon is present. The plot of the electronic spectrum and DOS are given in the middle
and in the right part, respectively. The direction of the wave vector k is considered longitudinal.
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The upper part corresponds to the nanoribbon with zigzag edges [10] and with 12 atomic sites
in the unit cell (see Figure 6). That is why the size of the appropriate matrix in Eq. (8) would
be 12 x 12 and its spectrum contains 12 eigenvalues. This corresponds to 12 lines in the graph
of the electronic spectrum. The graph of DOS shows a zero energy peak that signalizes the
metallicity of this kind of nanostructure. It is a typical property for the zigzag nanoribbons

unlike the armchair nanoribbons [10].
| JU U

-

Figure 8. Electronic spectrum and DOS of different kinds of nanoribbons.

The middle and the bottom part correspond to some modifications of the previous form—the
nanoribbon with the reconstructed edges. This causes the enlargement of the unit cell
(Figure 6) and, consequently, a more complicated structure of the electronic spectrum. The
metallic properties depend on the concrete kind of the modification: for the nanostructure in
the middle part, the zero energy peak in DOS is preserved, whereas it disappears for the
nanostructure in the bottom part. Furthermore, in the first case, the electronic spectrum gets
a more complicated structure—the number of the Dirac points, where the lines are crossing,
is doubled. This feature remains and strengthens for the larger width: in Figure 9, the form of
the electronic spectrum is depicted for the same kind of the nanostructure and its width is three
times larger.
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2.2, Structures with curved geometry

For the curved structures, the nontrivial geometry is described by the external potential ur)
in Eq. (3). Because of the aperiodicity, the eigenvalues cannot be labeled by the wave vector
k. Nevertheless, the solution of the Schroédinger equation (Eq. (2)) can be expressed with the
help of the solutions for the previous case as so labeling by the wave vector will still play a key

role in the following procedure.

V()= [dky (), (12)

For the purpose of the calculations, we express the wave function that solves Eq. (2) in the case

of zero external potential in the form of the so-called “Luttinger-Kohn base” [11]:

‘//E(?):fA(’?)ei’wV/A(K’_’)+f3(’2)eiwl//3(k" 7), (13)

where x=k-K, K being the Dirac point and E(I;) is the appropriate eigenvalue for the zero

external potential. After the substitution of this expression into Eq. (12), we get

YE)= [dk(f, (8 )y (R7)+ fy(R ey, K 7). (14)

Figure 9. Electronic spectrum for extra wide nanoribbon with reconstructed edges.
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This wave function will be substituted into Eq. (3). In reference [12], a sequence of steps is
described whose result is the transformation of this equation to a two-dimensional (2D) Dirac-
like equation for the massless fermion. In the practical calculations, a suitable choice of the
coordinates is useful. In our case, we will suppose the rotational symmetry. Then, we perform
the transformation of the coordinates: (x, y, z) = (£, @), where ¢ is the angular coordinate.
Then, the resulting Dirac-like equation will have the form [13, 14]

s _a : - W .
ic“e}[0,+Q, —ia,—ia, —i4,]¥Y =EVY. (15)
The meaning of the particular terms is the following: ¢/, the zweibein, is connected with metric

and using the corresponding tensor, it can be defined as

€ (¥) = € ()l (X)7]5- (16)

Here, 1, is the metric of the plain space without curvature. Next term, Q,, which is the spin

connection in the spinor representation, is defined as 2, = gwﬁﬁ [0, 04]. Here, @, isamore usual

form of the spin connection. For its definition, we have to stress that the rotational symmetry
is supposed. Then, it has the form

0:48
o) =-w) =1 —% 2w, o = v =0. 17)
s

It remains to explain the sense of the gauge fields a,, al

.+ A, First two of them ensure the

circular periodicity. Their form is

a,=N/4, a’ = —%(Zm +n), (18)

[

where N is the number of defects and (n,m) is the chiral vector. The last term, AH, represents

one possible additional effect—the magnetic field.

The rotational symmetry enables to find the solution of Eq. (15) with the help of the substitution

F, 1 u, (&)™
W=l Neeo—| 7 i =0,%1,...,
[F] e [vj(aew” ! 1)
from which we get the system
0.u i 0.V, i
$ J ¢l J
———u,; =Ev, - - v, =Eu. (20)
8z NEp V8 8o

Here,

39



40 Recent Advances in Graphene Research

. w
]=]+1/2—a¢—a¢ —A. 1)

?

From the solution, LDOS is defined as the square of the absolute value of the wave function.
In this case, we get it as the sum of squares of the absolute values of its £&-components:

LDOS(E,&) =|u(E,&) " +|v(E,&)[*. (22)

3. Properties of the graphitic nanocone

The graphitic nanocone is a nanostructure that can be created from the plain graphene by the
insertion of the pentagonal defects into the hexagonal structure. The number of these defects
can vary from one to five. In this way, the conical tip arises and its smoothness and the vortex
angle are given by the number of the defects and their placement. Then, the real geometry of
the graphitic nanocone and the pure conical geometry are different (Figure 10, left part). The
value of the vortex angle ¢ for the purely conical geometry can be calculated as

. N
sm%: —z, (23)

where N is the number of the pentagonal defects in the conical tip.

The electronic structure of the graphitic nanocone with purely conical geometry and without
any additional effects was investigated in reference [15]. There, the solution of Eq. (15) for this
case is derived. Here, using the gauge field theory approach, we introduce the results of the
calculations in different approximations: the nanocone with purely conical geometry influ-
enced by the SOC [1] and the same case with the additional effect of the Coulomb interaction
coming from the charge placed into the conical tip [3]. The reason is following: it is one of the
possibilities how to simulate the real geometry in the conical tip.

3.1. Electronic structure influenced by the spin-orbit coupling

In the case of the purely conical structure, this form is assigned to the Hamiltonian in the
Schrédinger equation (Eq. (2)) [15]:

H, = H 0 H, =i, 1770, — 7" (1- )'1 s0 —gi —lrz 24
U H, 0s — 1MVp r n ® 2’7 5 . (24)

In this equation, v, is the Fermi velocity, s=+1 denotes the value of the K spin,

n=N /6, 7%, T¥, 1% are the Pauli matrices—these matrices have nothing to do with SOC. The
points on the surface are described by the coordinates r and ¢. The value of r is given by the
distance from the tip (see Figure 10, right part).
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SOC is incorporated using the substitutions [1]

!

1) - . .
0, — 0. _47/_}/RO-X(F)’ i0, >0, +s(1-n4d,o,, (25)

purcly conical geometry

o

Figure 10. Left: the deviation of the geometry of the graphitic nanocone from the geometry of the real nanocone. Right:
The notation of the variables in the nanocone.

_ (A= _ 2 ~ .
where R= ek A, =s=py4n(2-n). Here, in the analogy to the case of the nanotube, R

represents the curvature [16] (the geometrical meaning is also presented in Figure 10, right

part), A, is connected with the curvature of the carbon bonds. Next, y and y' represent the
nearest neighbor and the next-nearest neighbor hopping integrals, respectively, and
ax(;) =0 *cosg -0 *sing. Here, 0%, 0¥, 0 * are the Pauli matrices, but (unlikely the t matrices) this
time they are connected with SOC. The parameters p and 0 are connected with the hopping
integrals and the atomic potential, respectively. Their closer explanation can be also found in

reference [16]. The following choice of their values was used: § is of the order between 107 and
’ A A Yy
1072, );— ~2, p~0.1. After making the transformation H, —¢'* ?H ¢ "%, which transforms the

coordinate frame into the local coordinate frame, the final form of the Hamiltonian is

0
H =h is0, A
T g sileg o e A 1
r A-mr r - 2(0-n)yr 2r 26)
isO A
o,-iteo -2 by S 1
rot A-mr r 7 20-mr 2r|
0

It includes the strength of SOC through the parameters &, &,:
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_oy'n(2-n) 1

_orNnE=n) y .
T ai-my 0 YT oy

(27)

Now, the equation

Hy (r,0)=Ey(r,p) (28)

will be solved for the calculation of LDOS. Similarly as in Eq. (19), we can do the following
factorization due to the rotational symmetry:

f]‘T(r)
ol L)
wirp)=e?| " (29)
It changes the equation into the form
0 0 0, + Ll --C
N NG NG
0 0 Ip oo +L
r | ) _E Fiu () (30)
—6r+F_1 i, 0 o &M g;1(r)
r r F_l g/J,(r) g,¢(”)
e o+ 0 0
r r
Next parameters appearing in this equation are
s 37 1
= ___+_’ C: = N D= X+ .
=y 21-n "2 S 54, (31)

In reference [1], a numerical method is introduced in detail that helps to find the solution of
this system. Using a modified version of Eq. (22) (we sum up the squares of absolute values
of four components instead of two components), we calculate LDOS from this solution. For
different numbers of the defects in the conical tip, we see the resulting LDOS in Figure 11. It
involves the modes j=-1, 0, 1, 2, 3 with the same weight. While for the case of one and two
defects in the tip, arbitrary energy and r =0, LDOS grows to infinity, in the case of three defects
in the tip, this effect appears close to zero energy only. Using a more thorough analysis, one
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could find out that the peak for the case of three defects corresponds to the case of the mode j
= -1 and for other modes and the same number of defects, the behavior is the same as in the
case of one and two defects.

From these results follows that there could be a strong localization of the electrons in the tip,
especially near zero energy in the case of three defects. Now, we will be interested, if this
behavior remains the same after the inclusion of some boundary effects that should simulate
the real geometry of the nanostructure. Furthermore, we would like to ensure in this way the
quadratical integrability of the solution.

Figure 11. Three-dimensional graphs of LDOS of the graphitic nanocone influenced by SOC. Here, LDOS corresponds
to the sum of the solutions corresponding to j = 1,0,1,2,3. The number of the defects in the tip in the particular cases: N
=1 (left), N =2 (middle) and N =3 (right).

3.2. Incorporation of the boundary effects by a charge simulation

The influence of the charge considered in the conical tip is expressed in the Hamiltonian by

the presence of the diagonal term -, where x =1/137 is the fine structure constant. This term
substitutes the diagonal zeros in Eq. (30):

K 0 o+E _ic
r r r
P i F f‘ijc(r) f}'T,C(r)
0 —7 —;D 6,4 +7 f;i,C(r) 5 f‘ji,C(r) (32)
_a +F_1 iD _E 0 ng,C(r) ng,C(r) .
r r F_l « gj¢,c(r) gj%g(”)
-C -0, + 0 -——
r r

In this way, the parallel influence of both the Coulomb interaction and SOC is considered [3].
To solve the resulting equation, we use the analogy of the numerical method used in [1]—this
analogy is presented in reference [3]. From the calculated results, LDOS is calculated using
Eq. (22) again.
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The graphs of LDOS based on the found solution are sketched in Figure 12 for the same modes
and numbers of the defects as in Figure 11, i.e., ~1< j<3. In spite of our expectations, this time
the behavior of the found result is the same for arbitrary number of the defects, i.e., the
appearance and the uniqueness of the peak in the case of three defects are distorted.

N=3

Figure 12. Graphs of LDOS of the graphitic nanocone influenced by the Coulomb interaction (including the influence
of SOC) for different distances 7 from the tip, -1 <j <3 and for different numbers of the defects.

3.3. Comparison of the results

Now, we would like to verify the possible quadratic integrability of the solution found for the
case of the additional effect coming from the charge simulation. In Figure 13, we see the
dependence of LDOS on r variable close to zero energy for the case of the influence of SOC
only and of the simultaneous influence of SOC and the Coulomb interaction. We see here that
in comparison with the first case, in the second case, the decrease of LDOS close to r=0is much
faster and one could suppose that the quadratic integrability of the acquired solution is
achieved here. To gain confidence with our conclusion, we have to do the integration of LDOS
in the investigated interval close to = 0 in all the outlined cases. This task is still in progress.
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Figure 13. Behavior of Lpos for zero energy close to r = 0 for different numbers of defects in the conical tip: influence of
SOC only (left) and the simultaneous influence of SOC and the Coulomb interaction (right).
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4. Properties of the graphitic wormhole

The wormhole is understood as a form that arises when two graphene sheets are connected
together with the help of the connecting nanotube. This can be achieved by the supply of the
heptagonal defects on both sides of the given nanotube. The number of the defects can vary
from 1 to 12. The composition of the graphitic wormhole is depicted in Figure 14: it consists
of the connecting nanotube and two (perturbed or unperturbed) graphene sheets. The places
of the connections are called the wormhole bridges. Because of the physical limitations, the
radius of the nanotube must be much larger than its length (this fact is ignored in Figure 14
for the better illustration of the composition). The limit case of 12 defects is described in
references [4, 17], in the other cases, we speak about the so-called “perturbed wormhole” Here,
using the formalism of the subsection II B, we derive the electronic structure for both cases,
and we will find out the form of the zero modes on the wormhole bridge. Furthermore, we
investigate the influence of the additional effects that could appear here due to extreme
curvature in the place of the wormhole bridge —the relativistic mass acquisition of the present
electrons. This effect together with the effect of SOC that appears in the carbon nanotubes [16]
could lead to the appearance of the zero modes of the chiral massive electrons in the place of
the wormhole bridge. This could serve as a useful instrument for the detection of the worm-
hole structures in the graphene bilayer during the process of the synthesis of the correspond-

ing material.

upper
‘ graphene sheet
A connecting
part
¥ (nanotube)
A lower
graphene
sheet

wormhole
bridges

Figure 14. The composition of the graphitic wormhole.

4.1. Electronic structure

We will solve Eq. (15) in the subsection II B. In this case, the metric tensor has the form
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gﬂv:Az(}q){(l) rozj Ar)=(alr.) 0a—r)+0( - a). (33)

+

Here, 0 is the Heaviside step function, r_, r, are the polar coordinates corresponding to the

lower and the upper graphene sheet, respectively and a=4r_r, is the radius of the wormhole.

The values of the components of 4, depend on the chiral vector [18] of the connecting nanotube.

For our purpose, this vector is (61, 6n) and (61, 0). In most cases, a, has then the components

3
a,= 5, a, =0. (34)

1
a,= > a, =0. (35)

Knowledge of the spin connection is also needed —the values of the components have the form

_ 1 A'(r) _
Q,= 5 o, [r A0 + lj, Q =0. (36)

All these expressions we substitute into Eq. (15). The resulting equation is

iv.0"(0,+Q, Fia,y* =ey”. (37)

P cmme e

LDoS

Figure 15. Local density of states on the bridge of the graphitic wormhole for different values of a,,.

Here, each sign + corresponds to a different Dirac point (the corner of the reciprocal unit lattice).
We get these four possibilities: for r 24,
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—iv, (8, +li8€ $ﬁ+i}//§ =gy, —iv,,.(ar —liag i&+%jl//j =¢y; (38)

r r 2r r r

and for 0<r<a,

2 2
. 1. 1 : . 1. 1) . .
v, (ij (6,‘ -—1i0, i&——jy/g =&y, v, (ij [6’, +—i0, $a—"’——jy/A =&y, (39)

H+

a r r o 2r r r 2r

In the first case, the solution is
+ [W;(rygo)j J/.;aw’”z(kr)
o= N =c .
vi(rp)) | Hisene J g, (k)

inaw—l/2(kr)
+c,| . .
—isgne Y, (kr)

iav,+l/2

(40)

Here, J(x) and Y/(x) are the Bessel functions of the integer order j and the energy ¢ = +v;k. To

calculate LDOS, similarly as in the previous section, Eq. (22) is used. In Figure 15, different
behavior of LDOS, depending on the gauge field 4 , is manifested.

4.2. Zero modes

For the presented possibilities, we investigate the zero modes—solutions of the Dirac equation
for the zero energy. For this purpose, we consider zero values of the component ¢ of the
solution. Then, from Egs. (49) and (50) follows: for r >4,

e

_’___,-"

——

t
Az I|I <
\{_,x.
...--"’--' e

g B The WG e (1]

Figure 16. Comparison of the properties of the wormhole and the plain graphene: (a) local density of states, (b) zero
modes.

1. a 1) .
{ar -=id, :—"+—]w3 =0 (41)
r r 2r
and for 0<r<g,
1. a 1 N
(6, ——i0, i—“’——jl//; =0. (42)
r r 2r

3 L
If a,=5 and rq, the solution is
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C(r,@) ~r e,
v, (r,0) 3)

The second possibility for this value of 4, is 0<r<g, the corresponding solution is then

C(r,@) ~ r e,
Y, (r,9) (44)

Both solutions are strictly normalizable only for j = 0. Analogous solution holds for ¢; and for

Y if the components ¢ are chosen as zero.

. . . 1 N
There are no strictly normalizable solutions for the value 4,=7. It means that in this case, the

zero modes do not exist.

On the base of these results, one could expect a strong localization of LDOS near Fermi energy
on the wormhole bridge. It is demonstrated in Figure 16a, where LDOS of the plain gra-
phene is supplied for the comparison. It could be experimentally observed. In Figure 16b, we
see the comparison of the zero modes of these two structures at different distances from the
wormhole bridge.

4.3. Case of massive fermions

In the continuum gauge field theory, zero mass of the fermions in the Dirac equation is
considered (in other words, it is very small in comparison with energy). On the other hand,
the extreme curvature of the investigated structure leads to such values of the Fermi velocity
that cause the appearance of the relativistic effects. The changes of the Fermi velocity due to
curvature and other effects were demonstrated in references [13, 19]. As a result, the mass of
the fermions becomes considerable, similarly as in the bilayer graphene [20, 21]. This effect is
strengthened by the effective mass acquisition during the motion along the tube axis that
happens due to the extreme size difference between the graphene sheets and the wormhole
radius. This change of the space topology of graphene from 2D to 1D is similar to the string
theory compactification. It means that we can image the wormhole connecting nanotube as
the 1D object.

So we need to incorporate a mass term into the Dirac equation (Eq. (15)). To solve this problem,
we go through the system of the corresponding equations (Eq. (20)) and transform it into the
following differential equation of the second order:

1 ]~ 8 <y 8 2
0,, ——0,g.,, += /—*6 8= J —+E gy |u;=0. (45)
[ & 2 g 5888 2 g;’ $S9p S0 S

To simplify the calculations, the cylindrical geometry is supposed: the radius vector of the
point at the surface changes as
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R =(Rcosg,Rsing,&), (46)

where R is the radius of the cylinder. In this case, Eq. (45) is considerably simplified:

[655+E2—%]uj:0, 47)
which is solved by [22]
u, (&)= Ae* + Be ™. (48)
Here,
%2
b=y (49)

In references [23, 24], in a very similar form the dispersion relation is given for the massive
1D Dirac equation:

k=~NM*-E*, (50)

where M is the mass of the corresponding fermion. From reference [22], an analogy indeed
follows between the 2D massless and 1D massive case. On this base, we rewrite Eq. (45) into
the form

[a@: _iﬁaé&z + é\/%a:gw -7 j:; +(E* = Mgy |u, =0, Q)
in this case, the mass M corresponds to the fermion in the altered conditions. Now we find the
corrections of LDOS of the graphitic wormhole for different values of M. It is shown in
Figure 17. Our prediction is that these massive particles arising in the wormhole nanotubes
could create energy bulks on the wormhole bridge and in the close area that should be
experimentally measured by the STM or by the Raman spectroscopy [25]. Moreover, this effect
could be strengthened by the effect of SOC present in the connecting nanotube that was
described in reference [16] for the nanotubes and in Section 3 for the nanocone. This effect
causes next energy splitting and as the result, the aforementioned chiral massive electrons
could appear.
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Another possibility to identify the wormhole structure comes from the fact that the massive
particles could create strain solitons and topological defects on the bridge of the bilayer
graphene that should propagate throughout the graphene sheet. These are almost macroscop-
ic effects and should be caught by the experimentalists [26].

LDOSE
LDOS

[ aeoa A=
/ ',ll et i
— =03

LDOS

Figure 17. Comparison of LDOS for different masses of fermions at different distances from the wormhole bridge.

4.4. Case of perturbed wormhole

Now we will investigate how the electronic structure changes if the number of the heptago-
nal defects on the wormhole bridge is lowered —in this way, the perturbed wormhole is
created.

In Figure 18, the possible forms of this structure are depicted. Due to symmetry preserva-
tion, only the even numbers of the defects, i.e., 2, 4, 6, §, or 10, are considered.

The metric of the sheets can be draught by the radius vector

R(z,p) = (aVl +az” cos@,a1+az’ sin (/),z), (52)
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where A is a positive real parameter; its value is derived from the number of the defects of the
wormhole. In the case of N =2 defects, we can say that the value of this parameter is negligi-
ble, so A <<1. Then, the nonzero components of the metric are

g. =1+ 0 22 ~1+a*a’2, - =a’(1+az”). (53)

The nonzero components of the gauge fields are

a,=N/4, aZ/ =—2m+n)/3, (54)

(a) (b) (c) (d) (e)

Figure 18. Different forms of the perturbed wormhole: (a) Two defects, (b) Four defects, (c) Six defects, (d) Eight de-
fects, (e) Ten defects.

where (11, m) is the chiral vector of the connecting nanostructure. Then, regarding the form of
the spin connection and by the substitution into Eq. (15), we get the solution

v.(2)=C,D, (§(2)e" +C,,D, (i5(2))e”, (55)

iD z .
w,y(2)= Ca [azDvl (é(2) - M(l _ 1A222)]ew
E a 2
. (56)
. (‘ZDV e -5 —1522)}'”“’,
E : a 2
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where

L CaACE Ydiasj 4] dadAd’E —dias] + 4T
‘ 8a/aj T 8av/a] ’ (57)

§(2)=(-a)" [\/% + @ZJ (58)

D, (&) being the parabolic cylinder function. The functions C,,=C,,(E), C,,=C,,(E) serve as

the normalization constants. We see the graph of the local density of states in Figure 19 (left

part).

In the case of more than two defects, the value of A is not negligible, and we can get only the
numerical approximation of LDOS. The derivation of the value of the parameter A follows
from Figure 19 (right part). From this figure it follows that in the middle part, the upper branch
of the graphene sheet converges to the line z=x - tana, where we can suppose that the angle «

depends on the number of the defects N linearly, i.e,, a=7-N - ;. (In this case, =75 corre-

sponds to 0 defects and a =0 corresponds to 12 defects.) Simultaneously, from Eq. (52) follows

that asymptotically we have

R(z > 0.0) > (avazcosp.avazsing.z). (59)

Figure 19. Left: LDOS on the bridge of the graphitic perturbed wormhole. Right: Derivation of the A parameter.

from which follows
z=Xx-tana =(ax/2)7lx, (60)

SO
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1 1
A -

-2 2 '
a”tan” o Jtan2l TN " (61)
2 24

In Figure 20, we see the comparison of LDOS for different kinds of the perturbed wormhole.
From the plots it follows that the intensity is rising with the increasing number of the defects,
and it is closer and closer approaching the results in Figure 15, where the case of 12 defects is
shown.

Figure 20. Comparison of LDos for different numbers of the defects in the perturbed wormhole at different distances d
from the wormhole bridge.

Figure 21. Zero modes of the perturbed wormhole for different numbers of the defects.
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In Figure 21, LDOS of zero modes is shown for a varying distance from the wormhole bridge
in the units of the radius a of the wormhole center. It was also acquired in the numerical way.
For the unperturbed case (0 defects), the resulting plot resembles a line. In reference [27], the
exponential solution is found for this case but with a very slow increase, so this could be that
case. It is also seen from the plot that for the increasing number of the defects, the solution is
approaching expressions in Egs. (54) and (55) for the zero modes of the unperturbed wormhole.

Of course, the massive fermions could also appear in the case of the perturbed wormhole. We
will not perform a detailed derivation of the electronic structure for the case of this eventual-
ity, and we only note that the corrections to LDOS would be an analogy of the corrections
shown in Figure 17.

5. Conclusion

We performed the calculations of the electronic structure for the graphitic nanocone and the
graphene wormbhole. In the first case, our aim was to find the quadratically integrable solution
that includes the boundary effects and considers the real geometry. This goal was partially
achieved, but we need to verify the properties of the found solution close to the tip. The
precision of the calculations could be improved by the better choice of the corresponding
geometry, by the consideration of the discretion of the energetic spectrum coming from the
finite size of the nanostructure, and by the inclusion of next effects coming from the overlap
of the neighboring atomic orbitals close to the tip [2]. The localization of the electrons shown
in Figures 11 and 12, especially in the case of three defects, makes the graphitic nanocone a
possible candidate for the construction of the scanning probe in atomic force microscopy.

In the second case of the graphene wormhole, we presented the mathematical motivation for
our prediction of the effects that should appear close to the wormhole bridge. Our predic-
tions will be verified with the help of the geometric optimizations and ab initio calculations.
On this base, the most suitable candidates for the experiments will be chosen.

Author details

Jan Smotlacha? and Richard Pincak®'
*Address all correspondence to: smota@centrum.cz

1 Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, Dubna,
Moscow region, Russia

2 Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University, Breho-
va, Prague, Czech Republic

3 Institute of Experimental Physics, Slovak Academy of Sciences, Kosice, Slovak Republic



Electronic Properties of Carbon Nanostructures
http://dx.doi.org/10.5772/63633

References

(1]

[2]

(3]

(4]

(5]

(6]

(7]

(8]

(11]

(12]

[13]

Pincak R, Smotlacha J, Pudlak M. Spin-orbit interaction in the graphitic nanocone. Eur.
Phys. J. B. 2015;88:17-22. DOI: 10.1140/epjb/e2014-50413-9

Pincak R, Smotlacha ], Pudlak M. Calculation of the electronic structure near the tip of
a graphitic nanocone. Physica B. 2014;441:58-61. DOI: 10.1016/j.physb.2014.02.012

Smotlacha J, Pincak R. Boundary conditions and Green function approach of the spin-
orbit interaction in the graphitic nanocone [Internet]. 2015. Available from: http://
arxiv.org/abs/1511.03004. [Accessed: 2015-11-10]

Gonzalez ], Guinea F, Herrero J. Propagating, evanescent, and localized states in carbon
nanotube-graphene junctions. Phys. Rev. B. 2009; 79:165434. DOI: 10.1103/PhysRevB.
79.165434

Pincak R, Smotlacha J. Analogies in electronic properties of graphene wormhole and
perturbed nanocylinder. Eur. Phys. J. B. 2013;86:480-486. DOI: 10.1140/epjb/
€2013-40594-0

Pincak R, Smotlacha ]. The chiral massive fermions in the graphitic wormhole.
Quantum Matter. 2016; 5:114-124. DOI: 10.1166/qm.2016.1262

Wallace PR. The band theory of graphite. Phys. Rev. 1947;71:622-634. DOI: 10.1103/
PhysRev.71.622

Slonczewski JC, Weiss PR. Band structure of graphite. Phys. Rev. 1958;109:272-279.
DOQI: 10.1103/PhysRev.109.272

Pincak R, Smotlacha ], Osipov VA. Electronic states of zigzag graphene nanoribbons
with edges. Physica B. 2015;475:61-65. DOI: 10.1016/j.physb.2015.06.025

Wakabayashi K, Sasaki K, Nakanishi T, Enoki T. Electronic states of graphene nano-
ribbons and analytical solutions. Sci. Technol. 2010;11:054504 DOI:
10.1088/1468-6996/11/5/054504

DiVincenzo DP, Mele EJ. Self-consistent effective-mass theory for intralayer screen-
ing in graphite intercalation compounds. Phys. Rev B. 1984;29:1685-1694 DOI: 10.1103/
PhysRevB.29.1685

Callaway ]. Quantum Theory of the Solid State. New York: Academic Press;1974. 824
p. DOI: 10.1107/50567739478000662

Kochetov EA, Osipov VA, Pincak R. Electronic properties of disclinated flexible
membrane beyond the inextensional limit: application to graphene. J. Phys. Condens.
Matter. 2010;22:395502. DOI: 10.1088/0953-8984/22/39/395502

55



56 Recent Advances in Graphene Research

[14]

[18]

[19]

[24]

[25]

[26]

[27]

Smotlacha J, Pincak R, Pudlak M. Electronic structure of disclinated graphene in an
uniform magnetic field. Eur. Phys. J. B. 2011;84:255-264. DOI: 10.1140/epjb/
€2011-20384-6

Sitenko YA, Vlasii ND. Electronic properties of graphene with a topological defect.
Nucl. Phys. B. 2007;787:241-259. DOI: 10.1016/j.nuclphysb.2007.06.001

Ando T. Spin-orbit interaction in carbon nanotubes. J. Phys. Soc. Jpn. 2000;69:1757—
1763. DOLI: 10.1143/]PS].69.1757

Gonzalez ], Herrero ]. Graphene wormholes: a condensed matter illustration of Dirac
fermions in curved space. Nucl. Phys. B. 2010;825:426-443. DOI: 10.1016/j.nuclphysb.
2009.09.028

Saito R, Dresselhaus G, Dresselhaus MS. Tunneling conductance of connected carbon
nanotubes. Phys. Rev. B. 1996;53:2044-2050. DOI: 10.1103/PhysRevB.53.2044

Rostami H, Asgari R. Electronic ground-state properties of strained graphene. Phys.
Rev. B. 2012;86:155435. DOI: 10.1103/PhysRevB.86.155435

Borghi G, Polini M, Asgari R, MacDonald AH. Fermi velocity enhancement in
monolayer and bilayer graphene. Solid State Commun. 2009;149:1117-1122. DOI:
10.1016/j.s5¢.2009.02.053

Katsnelson MI, Novoselov KS, Geim AK. Chiral tunnelling and the Klein paradox in
graphene. Nature Phys. 2006;2:620-625. DOI: 10.1038/nphys384

Alhaidari AD, Jellal A, Choubabi EB, Bahlouli H. Dynamical mass generation via space
compactification in graphene. Quantum Matter. 2013;2:140-143. DOIL: 10.1166/qm.
2013.1039

Greiner W. Relativistic Quantum Mechanics: Wave Equations. 3rd ed. Berlin: Springer;
1994. 424 p. DOL: 10.1007/978-3-662-04275-5

Thaller B. The Dirac Equation. 1st ed. Springer, Berlin: Springer;1992. 357 p. DOL
10.1007/978-3-662-02753-0

Tan PH et al. The shear mode of multilayer graphene. Nature Mater. 2012;11:294-300.
DQI: 10.1038/nmat3245

Alden JS, Tsen AW, Huang PY, Hovden R, Brown L, Park J, Muller DA, McEuen PL.
Strain solitons and topological defects in bilayer graphene [Internet]. 2013. Available
from: http://arxiv.org/abs/1304.7549. [ Accessed: 2013-04-29]

Pincak R, Smotlacha J, Pudlak M. Electronic properties of disclinated nanostructured
cylinders. NanoMMTA. 2013; 2:81-95. DOI: 10.2478/nsmmt-2013-0005



Chapter 3

Electronic Structure and Topological Quantum Phase
Transitions in Strained Graphene Nanoribbons

Fanyao Qu, Ginetom S. Diniz and Marcos R. Guassi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64493

Abstract

In this chapter, we discuss the new classes of matter, such as the quantum spin Hall
(QSH) and quantum anomalous Hall (QAH) states, that have been theoretically
predicted and experimentally observed in graphene and beyond graphene systems. We
further demonstrate how to manipulate these states using mechanical strain, internal
exchange field, and spin-orbit couplings (SOC). Spin-charge transport in strained
graphene nanoribbons is also discussed assuming the system in the QAH phase,
exploring the prospects of topological devices with dissipationless edge currents. A
remarkable zero-field topological quantum phase transition between the time-reversal-
symmetry-broken QSH and quantum anomalous Hall states is predicted, which was
previously thought to take place only in the presence of external magnetic field. In our
proposal, we show as the intrinsic SOC is tuned, how it is possible to two different
helicity edge states located in the opposite edges of the graphene nanoribbons exchange
their locations. Our results indicate that the strain-induced pseudomagnetic field could
be coupled to the spin degrees of freedom through the SOC responsible for the stability
of a QSH state. The controllability of this zero-field phase transition with strength and
direction of the strain is also explored as additional phase-tuning parameter. Our results
present prospect of strain, electric and magnetic manipulation of the QSH, and QAH
effect in these novel two-dimensional (2D) materials.

Keywords: Graphene, graphene nanoribbon, quantum spin Hall, quantum anomalous
Hall, topological insulator, 2D materials, strain

1. Introduction

Starting from the work by Landau and Peierl’s work [1, 2], two-dimensional (2D) materials
were regarded as theoretical structures, thermodynamically unstable to be obtained in

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited. (e NN
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laboratory. This is because of fusion temperature decreases as function of thickness of thin
films, causing the material to segregate in islands or decomposing in typically thicknesses of
tens of atomic layers [3, 4]. In 1947, Wallace [5] demonstrated the electronic properties of what
became the first theoretical work predicting the one-atom thick of carbon atoms. Past 57 years,
his theoretical predictions were experimentally synthesized by Novoselov et al., which now
is widely known as graphene. In 2004, Geim and Novoselov [6, 7] created by mechanical
exfoliation an one-atom thick layer made of graphite, the so-called graphene. Due to their well-
succeeded experiment, many other techniques have been developed to grow graphene on
several possible substrate materials such as on hydrogenated silicon carbide, copper, cobalt,
and gold [8-16].

Before 2004, graphite systems were also widely studied [5, 17, 18], and their electronic
properties used to theoretically describe other materials based on carbon, such as fullerene [19]
and carbon nanotubes [20]. These chemical elements have attracted much attention because
of their exotic electronic and mechanical properties, such as high tensile strength and, in the
case of nanotubes, tunable electronic structure according to chirality, radius, and high thermal
conductivity. A new type of derivative of graphene arose after 2004: the graphene nanorib-
bon [21], in which some electronic properties of the graphene were modified and could be
controlled. These properties depends on the type of crop that was carried out on graphene and
can be simpler cuts, called zigzag and armchair or being modeled in a specific way, such as
triangles to form quantum dots [21-25] or even with Z formats [26].

The interest in two-dimensional materials started from the nineteenth century, mainly for its
electronic transport properties after the discovery of the Hall effect. In 1988, Haldane predict-
ed that another type of Hall effect, called anomalous quantum Hall effect, could be observed
in a two-dimensional crystal with hexagonal lattice [27]. Recently, the new classes of matter,
such as quantum Hall effect (QHE) [28, 29], quantum anomalous Hall (QAH) effect [30-32],
and quantum spin Hall (QSH) effect [33, 34], have been discovered or predicted in the
graphene, as well as other 2D materials such as topological insulators [35-37], HgTe-CdTe
quantum wells [38, 39], silicene [40], two-dimensional germanium [40], and transition metal
dichalcogenides [41]. Among these new classes of matter, the QSH and QAH states possess
topologically protected edge states at the boundary, where the electron backscattering is
forbidden, offering a potential application to electronic devices to transport current without
dissipation [24, 42]. However, the QSH state and QAH are very different states of matter. The
quantum spin Hall is characterized by a gap completely insulating the bulk, and their edge
states are helical with no gap, wherein opposite spins propagate in opposite directions on each
side of the sample and are protected by time reversal symmetry (TRS) [27, 33, 36, 38—40, 43,
44]. In the case of quantum anomalous Hall, chiral edge states takes place, also without gap,
where one spin channel is suppressed because of the TRS break [35, 37, 45]. Therefore, to
observe topological phase transitions (QPT) between quantum spin Hall and quantum
anomalous Hall states, it is necessary to apply a condition, which might break the TRS [28].
An external magnetic field is a potential solution but from applicability point of view, an
internal exchange field (EX) which takes the main spin band to be completely filled while the
minority spin band becomes empty, becomes an more attractive alternative [31, 32, 35, 46]. As
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it is known, a pseudo-magnetic field induced by strain Bs leads to Landau quantization and
edge states that circulate in opposite directions [47, 48], and the strain creates graphene pseudo-
magnetic fields. Then, without breaking the TRS, the strain may induce a gap in the bulk and
edges without helical gap. Thus, strain, EX and SOC can be used as a versatile tool for control
of topological phase transitions [32]. These facts motivated us to propose ways in which the
spin-orbit coupling, uniaxial mechanical strain and exchange (instead of an external magnet-
ic field) to be used to carry out phase transitions in graphene nanoribbons [49].

In this chapter, firstly, we make a brief description on tight-binding model. Then, we report
energy band structure of the graphene and the individual effects of the intrinsic SOC, the
Rashba SOC, and the EX. After that, we present the effects of applied uniaxial strain on both
electronic structure and transport property of the graphene. Then, we demonstrate the effects
of strain on single-particle energy and quantum transport property of graphene nanorib-
bons. Finally, we show systematically the strain-engineered QPT from the QSH to QAH states.

2. Electronic structure and transport properties of graphene

2.1. Electronic structure of graphene tight-binding approach

An isolated atom has its own electronic levels ranging and depending on its fundamental
characteristics. When two or more atoms are approximate to each other, their electronic levels
are recombined to obtain a new structure for the system as a whole. And the periodic clustering
of atoms in a structure is meant by the crystal lattice. In the case of an insulating material,
superposition of the wave functions of the valence electrons in the crystal lattice atoms is low.
In the case of a conductive material, such superposition of the wave function of the electrons
is large and acquires great mobility through the solid. Semiconductor materials have an
electronic distribution that is not very well located, because there is not a too strong electri-
cal attraction between electrons and protons on the atomic nucleus but low overlap between
the valence electrons from neighboring atoms are observed. The tight-binding method is useful
in those cases [50]. Thus, one can assume that the lattice Hamilton}\an H,,, can be approximat-
ed in the vicinity of each point of the grid system by Hamiltonian H of the atom located at that
point. However, this has some disadvantages, because this method does not allow us to include
continuous spectra and also does not have good description for levels below the valence states.

In order to apply tight-binding method to graphene, we begin with the wave function of an
electron on its lattice as a linear combination of atomic orbitals of A and B sites, the two distinct
atoms in graphene unit cell

¥y =a(k)g,,)s+ B(k)| 4,,5; (1)

where aa}) and 5(12) are coefficients, s is the spin projection, and Bloch functions are
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where C=A,B. In these functions, R, is an carbon atom position concerning the origin of

n

coordinate system, the exponential carries the periodicity of the lattice; % is the normaliza-

tion factor (N is the number of atoms in graphene).

AN AN
Lattice Hamiltonian are made up of two terms: on-site H ,, and hopping H, energy

A

H,=H, +H, ®)

latt

N
The first one, H , is

H, =60§:{| AD(A,1+1B,)(B,}; @)

with A and B representing sites, nonequivalent types of carbon atoms on the unit cell. This
energy can be set as (=0 at Fermi level and the term vanishes. Here, the spin index was
suppressed because only identical spins couple. The term H, defines the hopping of elec-

trons between nearest-neighbor atoms, since we use first-neighbors tight-binding approach.

H,==3 4, (14) (B 1+1B,)(4,1); 5)

(i)

(a) (b)

Figure 1. (a) Distance between two carbon atoms 4 and lattice constant 4. (b) Nearest-neighbors of an A site. Copy-
right (2015) by the American Physical Society [49].
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where i and j are site index and summation over (i, j)indicates only nearest neighbor atoms
are being considered. The t; is called hopping factor and gives probability amplitude of an

electron on i site hop to a j site. Its value is the same for each nearest neighbor t;=2.7¢V [51,

52]. The distance vectors from an A site to their nearest neighbors are, as one can see in Figure 1,

) and d, =—%

d=-aj, d,= +%°5¢ +

a NP

— X+— 6

; S0 ©)
A A

and B-site distance vector can be obtained in a similar way. Here, x and y are the unitary vectors

along x axis and y axis. The distance between two carbon atoms is a=0.142 nm, and 4,=4/3a is

the lattice constant.

To find energy equations for our system, we solve Schrodinger’s equation using Egs. (1) and
(5). This will give

Ea(E) =—t eikyﬂ + Zcos[kx—zao] eikyﬂ/z}ﬂ(lz), )

—ik

Ep(k)=—t|e ya+2cos[k*;°]eikyﬂ/2}a(l€)} (8)

T T T T 7T 7T 1
[P I 4 N P

Figure 2. Energy band of graphene (a) along ky =0and (b) k, =4n / 3@ directions.

In Figure 2, valence and conduction bands are shown in profile: with ky:O in (a), where

symmetric points K, K, and I are shown; and k, =47 [343 in (b), showing K point. In both
cases, no bandgap is observed in the graphene.
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Quantum anomalous Hall and quantum spin Hall effect can be induced in graphene with-
out a magnetic field if we consider Rashba and intrinsic spin-orbit coupling and also ex-
change field [53, 54]. Intrinsic spin-orbit coupling is weak on graphene [55-57], however,
graphene is easily affected by disturbance at low energies and the effects due to spin-orbit
coupling should become relevant at low temperatures [33]. Although it is challenging the
experimental envision, this type of coupling can be controlled with graphene deposition on
other materials. The exchange interaction that occurs between electron spins can be ob-
served in graphene with stabilization of a ferromagnetic phase, when it has a low doping [53,
58].

The intrinsic spin-orbit interaction evolves the next nearest-neighbors and is written as

. 2; L.
i, = T;z > S 4ns) 7y xdy) (Aps'| +hel )

(i) ss'

being A, the strength parameter, estimated up to 2.4 K [33]. Here, the s and s are the z-
components of real spin, and the summation ((i, j)) is over the next nearest-neighbors of a
carbon atom, as shown in Figure 3(a), the vectors d,,, indicate the distances between an atom
on m site and another on # site, as shown in Figure 3(b). To find energy equations for the SOC,
we solve Schrodinger’s equation using Egs. (1) and (9). It leads to

Figure 3. Next nearest-neighbors distance vectors of an A site (a). Definition of d ki and d ;k vectors used in Hamiltoni-
an 9. Figure adapted from Guassi et al. [49].

Ea(E) = —4lsua(lz)sin[kx—;°){cos(ky %aj - COS[%H S, (10)

and the negative of right side for g (l;). Clearly, Figure 4 shows that an increase in parameter
strength A_ increases the gap of graphene, which is associated with a massive term in the Dirac-
like Hamiltonian [59].
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Figure 4. Energy band along ky =0 direction of graphene with (a) A, =0, (b) A,,=0.03¢, and (c) A,,=0.06¢.

Rashba spin-orbit coupling can be induced in graphene with application of an external electric
field perpendicular to the sheet plane [60], interaction of carbon atoms with a substrate [43] or
by curving the sheet [61-63]. Its Hamiltonian reads

i =iZZ{' 4,55 (i, 7) <B]_,s'|+h.c.,} (11)

G s

where the summation (i, j)is over the nearest-neighbors of a carbon atom, f/ is the vector

whose components are the Pauli spin matrices, u;; are defined by [60]

ij

i = ExR =—2rjy R, (12)
a

with e the electron charge, m the rest mass of the electron, and v, the Fermi velocity. The vector

R; R -R, ; gives difference between two atom positions on the lattice. Observing Figure 1, the

Vector R can be renamed to d » with (1=1, 2, 3).

Using electron wave function, Eq. (1) and Hamiltonian part 11, we find four spin nondegen-
erated energy equations:

Ea(k,T) =ik, eikya+2cos(k"2ﬂ+2?ﬂ}ikya/z Bk) (13)

EB(k, N =i, eikya+2cos(%—2§je%u/2 a(k ) (14)
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Ea(k )= i1, {e"ky“ " 2cos(kx2i —%”je‘iky“} BN (15)
- . —ik a ka 27\ ik al2 -
EB(k, ) =ik, {e v +2cos("7‘)+?} Y }a(k,T) (16)

which, together with energy Egs. (7) and (8), allow one to plot energy levels in Figure 5. As
one can note, the Rashba SOC lifts the spin degeneracy, breaking the SU(2) symmetry.
However, due to time-reversal symmetry, we still have E(k, 1)=E(-k, ).

20
1.0
500
-1.0
=20

i
L
- A
1
L

T

L

T

X
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L

T

A %\
R T B8 B e |

Figure 5. Energy band along ky =0 direction of graphene with (a) Az =0, (b) Az =0.20¢, and (c) A, =0.40¢.

Calculations of ab initio have recently shown that graphene doped with Fe on its surface may
have intrinsic ferromagnetism [30]. This interaction arises when the change in the spin of an
electron changes the electrostatic repulsion between electrons near it. Its Hamiltonian includes
the coupling of orbital motion and the spin of the electrons with the exchange field. In this
paper, to simplify the calculations and not lose generality, only the portion of spin will be
considered. Now, the Hamiltonian is

H, =MZ{| C,s>y, <Cy.,s|+h.c.}, (17)

where C=A,B; strength parameter M is proportional to ];u ., where J o is the exchange
interaction and . is effective magnetic momentum of electron that associates to the ex-
change field. Thus, H,, describes the magnetic momentum response of spin of an electron to
the exchange field, like in Zeeman effect [45]. The y, is the Pauli matrix. This part of

Hamiltonian gives energies
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Ea(k,T) = Ma(k,1), (18)

Ea(k,d)=-Ma(k,); (19)

the same for (12,5). Combining with Egs. (7) and (8), we can obtain the energy dispersion. In
Figure 6, it clearly shows that the time-reversal symmetry is broken, since E(I;, ! )#E(—IQ, b).
Initially, one might think that graphene nanoribbon subject to an exchange field should not
bear the quantum spin Hall state, as this would be protected by the time-reversal symmetry
[33, 43]. But it has been found a similar state, called pseudo-Hall quantum spin state or
quantum spin Hall state with broken time-reversal symmetry [45] in which was possible to
observe the spin polarized current on the edges of nanoribbon. In addition, the exchange field
is critical to control the transition between electronic states of quantum anomalous Hall to
quantum spin Hall [49].

3,0

2,0

T T
/X (b
/N 1
o / N\ 1

1,0 f
2,0
3,0

Figure 6. Energy band along ky =0 direction of graphene with (a) M =0, (b) M =0.20¢, and (c) M =0.40¢.

2.2. Electronic structure of strained graphene

Deformation can naturally be observed when graphene is grown on top of other materials,
because of distinct atomic arrangements between the atoms of graphene and the substrate. The
application of an external tension on graphene sheet or nanoribbons can change its electron-
ic properties, as with the nanotubes [64-68]. Some calculations [69] and experiments [70] have
shown that these deformations can reach about 20% of the initial interatomic distance without
permanently deform the graphene.

Strain is calculated in graphene using the strain matrix defined in [52]:

05’0 —vsin*0  (1+v)cosOsind
c=¢ 20)

(1+v)cosfsing  sin*6 —vcos*d
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where ¢ is strain modulus, 6 is the direction of strain, 6 =0 being parallel to a zigzag chain and
v=0.165 is the Poisson ratio [71]. Therefore, matrix elements read,

€, = &[cos’0 —vsin®0] (21)
€, = &[(1+v)cosBsind] (22)
51 = E[(1+Vv)cosOsind] (23)
€, = &[sin’0 —vcos®0] (24)

The transformation of an atom position from (x, y) to the new position (x, i) after the strain

apphCathl’l W 111 be
[ ,j {( 11) 512 j( j (25)
y’ 821 ( l + 522) y

Or, in vectorial form
d=(I+e)d (26)

where d and d° are the vectors that defines the nearest-neighbor in the graphene without and
with application of the strain, I is identity matrix, and is the matrix 20.

Hopping term ¢ is also modified by strain [52]

po= ti _ tef3.37(ﬁf/a71). (27)

i,j

With these modifications, energy equations for strained graphene are calculated in the same
way as in Section 2.1 and gives

——Zt exp{E d: } (k) (28)

with summation made over the nearest-neighbors. For ﬁ(k), the expression is the complex
hermitian of a(k) Figure 7 shows the contour plot of valence band subjected to a strain with
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modulus of 15% along zigzag chains, i.e., 6=0 (a) and toward the armchair chains, i.e., 6=m/2
(b). Notice that no bandgap is opened up in both cases [52]. Nevertheless, the form of the 1st
BZ has been deformed by the strain. Therefore, the Dirac points K and K "are the strain shifted.
The new positions of the deformed Dirac cones are well determined by the following equa-
tion [72]:

- £t -t
K- ds_ s\ 3 1 2 29
( : 2) alrccos[—zlflt2 ] (29)
where K =(K,K,)
H-2.3 14,97y xd;) (4,81 +he (30)
B UGS

now, with new distances d % modified by strain. This will give us new energies expressions,
- . 2 a2 A2\
Ea(k,Ty=ii udo|e " - |ak,T) (31)
1

and nearly the same for other expressions, with
a(k, M =-a(k,d)=-pk,T) = Bk, (32)
In Eq. (31), d i2 are the vectors between the next nearest-neighbor sites and
pu=1+e,)A+e¢,)+€,6, (33)

In Figure 8, we show the effects of the combination of intrinsic SOC and uniaxial strain applied
along 6=0 direction for different strain modulus ¢ and A;=0.0. The bandgap generated by the

intrinsic SOC is still present, although as strain is increased the bandgap reduces, the energy
dispersion can also displays different features as the direction of applied strain is varied [52].
The Rashba Hamiltonian can include strain as well, and this will leave us with equations

Ea(k, M) =—ip_p(k,) (34)

Ea(k, ) =—ip p(k, 1) (35)
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EB(k, M) =ip_ a(kL) (36)
EB(k ) =ip_a(k,T) (37)
where
0, = pe " - peos(&) +\Bpysin()| e (38)
0. = 2n|pe = peost&) —Bpssin(&,) e (39)
and we defined
p=1+¢, +ie, (40)
p, =1l+¢, —ic, (41)
ka k,a
£ = ; €, + %(1 +6y,) (42)
ka k,a
S =x70(1+611)+y70621 (43)
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Figure 7. Contour plot of valence band of strained graphene with &€ =0.15 for @ =0 (a) and 77 / 2 (b).
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Figure 9. Energy band of strained graphene with A =0.20¢ and 0 =0, for £ =0.05 (a), € =0.10 (b), £=0.15 (0.

In Figure 9, we can still observe the broken spin-degeneracy, but compared with the case where
the uniaxial strain is absent, one can note that the effect of strain is to renormalize the Rashba
SOC and shifts the Dirac point relative to the original one.

2.3. Quantum anomalous Hall effect in strained graphene

In this section, we discuss the prospects of external manipulation of the quantum anomalous
Hall effect (QAHE) in graphene by strains [73-76]. We present here our results of the micro-
scopic study of the QAHE in graphene under uniaxial strains [32]. For this purpose, we have
theoretically explored the dependence of electronic structure, topological and transport
properties upon the orientation and modulus of uniaxial strain, in the presence of Rashba,
Intrinsic SO, and an exchange field interaction [32].

To identify the topological properties of the Dirac gap and study the origin of QAHE, we have
calculated the Berry curvature of the nth bands Q (k, k) using the Kubo formula:

) 20m(¥ o 1W, W, 1o 1W)
Q! (kk)=-Y y

44
n'#n (wn' - wn)z ( )
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where w,=E, [ h with E, the energy eigenvalue of the nth band and vx(y)=h']6H / Ok, is the
Fermi velocity operator. When the Fermi level lies within the bulk gap, i.e., in the insulating
regime, according to the Kubo formula, the corresponding Hall conductance is quantized as
0,,=Ce 2|h, where C is defined as the Chern number and can be calculated by [77]

_ 1 2 n
C= EZ kY, (45)

where the summation is taken over all the occupied states below the Fermi level, and the
integration is carried out over the whole first Brillouin zone.

Since the Berry curvatures are highly peaked around the Dirac points K and K’ [78], then a low
energy approximation can be used in the calculation of the Chern number [30]. This allows us
to derive an effective tight-binding Hamiltonian of the strained graphene, by expanding H (k)
at the vicinity of the strain-shifted Dirac points, i.e., k=nK+£7, where n=+1 labels the two
valleys, and [7=(qx,qy) is a small crystal momentum around 7K. The validity of the low energy
approximation requires the strain modulus to be upper limited, such that does not go beyond
the threshold of an appearance of a band gap, thus the band is still linear and gapless at the
strain-shifted Dirac points, in the absence of SOCs and exchange field interactions [79]. This
condition is fulfilled by the relation on the strain-dependent hopping parameters
lty=t,| <tz< |t +t,|, where t_,, is the hopping along each C-C bond [80]. Under this
condition, we calculate the Chern number using the following equation:

1 * n
= o Z Z Lwdqxdqygxy(qx/qy) (46)

K K'n=1/2

It is interesting to mention that in the above integral, a momentum cutoff is set around each
valley for which the Chern number calculation is guaranteed to converge.

As known, intrinsic spin-orbit (ISO) interaction respects the crystal symmetries and does not
couple states of opposite spins. But it opens up a topologically nontrivial bulk band gap at zero
magnetic field [43]. This bulk band gap hosts two counter-propagating edge modes per edge
in the graphene nanoribbon, with opposite spins: this topological phase is known as the QSH
phase and may be regarded as two opposite QH phases (i.e., each spin performs the QH effect,
with opposite chirality) [27]. Therefore, the Chern number must vanish in a system with TRS.
In contrast, the Rashba term explicitly violates the z — -z mirror symmetry. Moreover, it mixes
different spin components and depresses the ISO induced band gap [81]. When the ex-
change field is applied and only ISO is turned on, the combination of the ISO coupling and
exchange field leads to the breaking of the TRS which is preserved in the QSH phase. However,
due to the absence of spin-flip terms in the Hamiltonian, the helical edge-state structure
persists. Thus, both the Chern number and the conductance are equal to zero. Unlikely, when
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Rashba SOC s considered, in addition to ISO and exchange field, the system can be in a regime,

which depends on Ay, A, and M parameters, that may result in a phase transition from zero

so’

conductance to finite conductance [32].

Let us now calculate the Hall conductivity of the strained graphene considering both Rashba
SOC and ISO. Figure 10(a) and (b) shows the Hall conductance for A.(e=0)=0.1t and

A,,(e=0)=0.06t along 6=0 and 0=m/2, respectively. One can clearly note the two distinct

phases: Insulating (I) characterized by =0 and the QAHE phase with €=2, where © = €,
The two different phases can be accessed by appropriately tuning the exchange field M and

the strain modulus ¢. Figure 10(d) shows the dependence of the Hall conductance 7> ~ e/
on the exchange field and the strain parameters with 8= /2 for Az(e=0)=0.1¢ and Ag,(e=0)
=0.06t. We find that a finite ISO drives a phase transition from QAHE to an insulator phase [32].
We also notice that for M being smaller than 0.24t, the conductance o,, of unstrained gra-
phene is equal to zero, corresponding to an insulator phase in the graphene, also called a time-
reversal-symmetry-broken quantum spin-Hall phase [34]. At M =0.24t, an abrupt change from

0to2e2/h takes place, which indicates a quantization of the Hall conductance and an occurring
of a phase transition at M =M_. After that, it remains 2¢?/h, in which the unstrained gra-

phene stays in the phase of QAHE. Furthermore, the applied strain drives Hall conductance
curve forward to the right-hand side for strained graphene. Consequently, as the strain
modulus increases from zero, the critical exchange field M, becomes larger, such as for €=0.2,
M =0.275t with a relative change of M being approximately +14.5%. Astonishingly, in the case
of 6=0, as demonstrated in Figure 10(c), there is an increase in the exchange field with similar
behavior for the Hall conductance. However, beyond an specific value of strain modulus,
indicated by the vertical dashed line in Figure 10(e), the system presents an opposite strain-
strength dependence, i.e., an increase in the strain parameter shifts the Hall conductance curve
to the left-hand side. For instance, in the case of ¢=0.2, we have obtained M =0.1t with a relative

change of M, being equal to -58.3%.

The distinct behaviors observed along different strain directions for the QAHE phase transition
can be explained by the competition of the Rashba SOC and ISO in the bulk band gap-closing
phenomena for a given critical exchange field M, [31, 45]. In the case of 0= /2, an increase in
the strain modulus leads to an approximately linear enhancement in the ISO parameter as can
be observed in Figure 10(e), which results in an smaller bulk band gap in the presence of an
exchange field. On the other hand, the Rashba SOC is not very sensitive to the variation of
strain strength. Therefore, the variation of Hall conductance mainly reflects the dependence
of ISO on the strain strength. In contrast, for values of strain modulus larger than £=0.078 in
the case of 0=0, there is drastic reduction in the effective ISO interaction, hence Rashba becomes
dominant and the critical exchange field for the phase transition becomes smaller as one can
note in Figure 10(c) with a critical M_=0.1t for £=0.2 for the QAHE phase transition [32].
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Figure 10. Phase diagram of the QAHE for strained graphene along two distinct directions: (a) along 8=0 and (b)
along 0=t /2. The Hall conductance as a function of the exchange interaction M, for uniaxial strain direction along
0 =0 and O =7 /2 with four different strain strengths is shown in (c) and (d), respectively. The arrows in panels (c)
and (d) indicate the direction for which the strength is increased from €=0 to £=0.2. The parameters Ap(&=0)=0.1¢

and A (£=0)=0.06f have been used in panels (a)~(d). (e) Effective A, as function of strain strength along different

directions 6. The vertical dashed line in panel (e) indicates the limiting strain modulus, for which the effective 1SO
parameter changes its behavior according to the direction and modulus of strain. Reproduced with permission from
Diniz et al. [32]. Copyright (2013), AIP Publishing LLC.

3. Electronic structure and transport properties of graphene nanoribbon

A graphene nanoribbon is defined as a graphene sheet in which one of its dimensions is narrow
and the other approximately infinite. The unique properties arising due to the reduced
dimensions become very important because shape of the edges and width of nanoribbon
defines its electronic structure. The main nanoribbons classification is based on the edge
design, which can be armchair, zigzag, chiral, and bearded nanoribbons depending on the
edge terminations [82]. We will focus on the electronic dispersion of only two types: arm-
chair and zigzag.

3.1. Electronic structure of graphene nanoribbon

The electron wave function in a armchair nanoribbon is

)= ﬁze"’ém 1A 1) 47)

m,n

where
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R =mi, (48)

is a vector between the atom and its neighbors in the next unit cell with same type of site. In
armchair nanoribbons, the unit cell m and its width is defined as showed in Figure 11(a). One
can write the vectors that separate the nearest neighbors for a A site, Figure 11(b):

Figure 11. (a) Armchair unit cell #1 showing the sites A and B, distance between carbon atom 4 and lattice constant 4,

is also shown. (b) Distance vectors between two nearest neighbors sites and site index.

d =—al (49)
= a. a,»
d2:El—?0] (50)
= a. a,~
d=i+2] (51)

And similar vectors could be find for B sites. Then, Hamiltonian of armchair nanoribbon is

R N
H =- t 1A nXB, ,nl+
' <mz,;>{ ' v (52)

+t,1A,,n)B,,n—-11+t,1 A n)XB n+1l+hc}

where the summation (m,n) is over nearest neighbors; the product |am,n><Bm_1/2,n | is the
hopping of electrons between an atom in the A site at position m and n and an atom in
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neighboring site B which is at position m—% and n. Solving Schrodinger’s equation will give
energy expressions

—thaO/Z

Ea(F,n) = —t[ﬂ(E,n)e Bk 1)+ (R n— 1)} (53)

ik ay/2

Eﬂ(;z,n)=_t[a(12,n)e o +a(l€,n+1)+a(1€,n—1)] (54)

Figure 12. (a) mth unit cell of zigzag graphene ribbon, and (b) distance vectors between two nearest neighbor sites and
index of them. In (a), A and B indicate two sites, 4 is interatomic distance, and a, represents lattice constant.

Zigzag nanoribbon has unit cell m and width defined as showed in Figure 12(a). The vectors
that separate the nearest neighbors for a A site, Figure 12(b), are the same as the graphene case.
The Hamiltonian is

H= —ZN:{tl A, ,ny(B, ,n—1l+

(55)
+t, | A, (B, ml+t 1A n) (B, nl+hc)
Now, the energies are
- - k.a, - i
Ea(k,n)=—t| B(k,n)2cos X2 + f(k,n-1) (56)

EB(k,n) = - a(i?,n)zcos(%j talkn+1) (57)
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and energy dispersion for a N =24 zigzag nanoribbon can be seen in Figure 13, where the edge
states are marked blue and gray lines denotes bulk states. In Figure 14, intrinsic spin-orbit is
applied with A,,=0.05¢. The electronic density is very localized near the edges of the nanorib-
bon, Figure 14(b).
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Figure 14. (a) Energy band of zigzag nanoribbons with N =24 and A,,=0.05¢, and (b) electronic probabilities of A-
and B-edge states defined by cross points between edge states and Fermi level E =0.05t, as indicated in (a).

Electronic structure of strained graphene nanoribbon-For the case of strained graphene nanorib-
bons, we need to replace the strain-invariant hopping integrals by the strain-dependent ones
[52, 83] as described in Section 2.2. Many interesting properties are observed in the optical
conductivity [72] and electronic transport [84, 85] when the uniaxial strain is considering in
the graphene nanoribbons. In the next section, we discuss in detail the effects of uniaxial strain
in the spin-charge electronic transport and QAH effect.
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3.2. Transport properties of strained graphene nanoribbon

Here, we aim to analyze the electronic transport control in GNR with different terminations
in the QAH phase by means of uniform strain deformations [86]. The electronic transport can
be performed using a two-terminal device akin to a field electron transistor (FET). QAH phase
can be determined experimentally, by spin-resolved density of states, that can be accessed by
spatially scanning tunneling microscope (STM) or by scanning tunneling spectroscopy (STS)
[87-89]. To calculate the spin-resolved conductance, we have implemented the standard
surface Green'’s function approach [90, 91]. The GNR device is divided into three regions: left
lead, central conductor, and right lead. The uniaxial strain is applied to either the longitudi-
nal (6=0) or the transversal (6=7/2). The central conductor is the only region under the
influence of SOC effects and exchange field; it is also connected to semi-infinite leads by
nearest-neighbor hopping. To avoid surface mismatch in the case of strained GNR [85], we
have considered that the leads are also strained. Therefore, a perfect atomic matching at the
interface leads/central conductor is achieved. The Green’s function of the device (omitting the
spin indices) is then calculated by

G"(E)=(E+in-H.~%,~%,) (58)

where a/r denotes the advanced/retarded Green’s function, E is the energy (n—0) of the
injected electron (the Fermi energy at a given doping). H stands for the Hamiltonian in the

central region, and X; ; are the self-energies that describe the influence of the left/right leads,
¥,=H, g,H,, where g is the Green’s function for thel =L ,R semi-infinite lead obtained through
an iterative procedure of the tight-binding Hamiltonian [90], and H,. couples each lead to the
central region. The spin resolved conductance through the system is given by [86],

G, =G,Tr[ TG . T5G: ., |, (59)

where the trace runs through the lattice sites at the central conductor, Gy=¢?/h is the quan-
tum of conductance per spin, and I'! are the couplings for the leads, related to the spin-diagonal
self-energies by I'' =i[ £ - £"] [90].

To study the conductance characteristics in the presence of both Rashba SOC and exchange

field [86], we set the parameters A,=0.1t, M=0.2t, and A, =0t,. Notice that with these param-

eters, the system is in the QAH phase [31]. Nevertheless, if the ISO parameter is different from
zero, there is an upper-limited value of A, [31, 32], beyond which a new phase characterized

by a vanishing Chern Number C=0 can take place; this phase is the so-called TRS-broken QSH
phase [31, 32, 34]. The spin-resolved conductance G_ - is shown in Figure 15: for (a) unstrain-

ed, (b) strained along 6=0, (c) strained along 8=m/2, and (d) the total conductance Zm’Gm’
of a ZGNR. Notice that there is a suppression for both the spin conserving and the spin-flip
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conductance components for either unstrained or strained ZGNR in the energy range
considered. However, these backscattering (transmission dips) at certain precise energies at
the first plateau are different depending on the strain configuration, and a close inspection
shows that conducting channels for non-spin flip and spin-flip conductances oscillate.
Depending on the Fermi energy and set parameters, certain conductance components can even
be completely suppressed. This suppression is attributed to the appearance of quasi-local-
ized states in the device, which may produce sharp scattering resonances, also known as
resonant backscattering which is a general behavior of quasi-1D quantum systems [92]. For
higher energies, however, the large number of conducting channels leads to a nonvanishing
transmission, as the channels get mixed along the device and results in the appearance of an
interchannel backscattering leaded by interference effects. Therefore, in the QSH phase
protected by the TRS, nonmagnetic impurities do not cause backscattering on each boun-
dary, and the spin transport in the edge states is dissipationless at zero temperature.
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Figure 15. Effects of strain on spin-resolved conductance GW - of ZGNR with N , =26 (a)~(c) and AGNR with N ,=47
(e)~(g), respectively. Panels (d) and (h) show the total conductance. The parameters used in all panels are A =01t /\s0
=0, and M =0.2¢;. Reproduced with permission from Diniz et al. [86]. Copyright (2014), AIP Publishing LLC.

Inthe QAH phase, however, there is a weak scattering between forward and backward movers,
leading to a low-dissipation spin transport. At low energy, this interesting strain-controlla-
ble behavior of conducting channel suppression might be efficiently used to filter electrical
current of desired spins, in spin filtering devices [86]. In Figure 15(d), we show the total
conductance, which is nearly robust against strains, specially close to the charge neutrality
point, where the deviations due to strain are quite small. In contrast, the conductance of AGNR
shows a drastic modification as one can notice in Figure 15(e)—(h), with the development of a
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transport gap, which is insensitive to the electron spin that is injected and collected in the
device. However, this induced transport gap is dependent upon the direction of the applied
strain, with a larger conduction suppression along 0 =0 (red dashed line) with A= 0.04 £, and
A= 0.086 t, while along 6= /2, that can be observed in Figure 15(h). Also, the total conduc-
tance exhibits different plateaus: around 2G, and approximately G,in AGNR without and with

strain, respectively, which is one less quantum of conductance available for the electron to be
transmitted along the strained device for energies beyond the transport gap.
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Figure 16. (a) Conductance profiles G, and G| for 26-ZGNR (a)~(b) and 47-AGNR (c)~(d) as function of Ay subject-
ed to different configurations of strain. Panels (e) shows the band gap A 2 of an AGNR as function of strain parameter
efor0=0and O=71/2, respectively. (f) A < of an AGNR as function of the direction of strain for fixed £=0.05. Repro-
duced with permission from Diniz et al. [86]. Copyright [2014], AIP Publishing LLC.

Another remarkable phenomenon is the oscillatory dependence of the spin components of G
on the value of Ay [86], which is shown in Figure 16(a)-(d), where the curves correspond to
different topological GNRs and strain setups for E =0.05t,. The same parameters are used as

the Figure 15, except for M. To reveal the effects of Rashba SOC, we set M=0 in the calcula-
tion. Then, the system is time-reversal invariant and the conductance components G,,=G,, and

G,,=G,,. This oscillatory behavior is reminiscent of the spin field effect transistor (FET) and

has a similar source [93], as the spin precesses as it propagates in the presence of the Rashba
field, acquiring a net phase that is proportional to A;L , where L is the length of the device.



Electronic Structure and Topological Quantum Phase Transitions in Strained Graphene Nanoribbons
http://dx.doi.org/10.5772/64493

Further inspecting the strain-induced band gap in 47-AGNR in the presence of SOC and
exchange field interactions, one notices that in Figure 16(e) a similar band gap oscillation
characteristic as reported in a earlier work [84]. In the regime of small strain, the band gap
shows approximately linear response, with increasing values of strain, however, it starts to
oscillate. Further investigation shows that the amplitude and period of the gap oscillation are
tuned by direction of the strain, as shown in Figure 16(e). A specific dependence of trans-
port gap on the angle of the strain is clearly depicted in Figure 16(f). Notice that the trans-
port gap is indeed strongly tuned by strain direction. It equals approximately zero at 0.17,
while it reaches 0.086 ¢, at 0.57.

3.3. Quantum phase transitions in strained graphene nanoribbon

Quantum spin Hall and quantum anomalous Hall (QAH) states have topologically protect-
ed edge states, where the electron back scattering is forbidden, making these systems good
candidates for electronic devices with dissipationless electronic transport [33, 35, 38, 41]. The
potential possibility to explore the different Quantum Hall phases in strained graphene has
motivated us to study the strain-related physics at zero magnetic field in graphene nanorib-
bons [49].
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Figure 17. Energy band of ZGNR with intrinsic- and Rashba-SOC terms (a), intrinsic SOC and EX (b), Rashba SOC and
EX (c), and intrinsic- and Rashba-SOCs and EX (d). The Fermi level is assumed to be above zero, as indicated by the
dashed horizontal line, and thus has four intersections with the conduction bands. This gives rise to four edge currents
on the ribbon edges. The following parameters are used: (a) A,,=0.06t, Az =0.20¢; (b) A,,=0.06t, M =0.20¢; (c)
Ag=0.20t, M =0.20¢; (d) A,,=0.06t, A =0.20¢, and M =0.20¢ for the ZGNR with width W =48. The arrows

represent the major components of spin. Copyright (2015) by the American Physical Society [49].
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If the mirror symmetry about the graphene plane is preserved, then the intrinsic SOC which
opens gaps around Dirac points is the only allowed spin-dependent term in the Hamiltonian.
Otherwise, if the mirror symmetry is broken, then a Rashba term is allowed, which mixes spin-
up and spin-down states around the band crossing points. Besides, Rashba SOC pushes the
valence band up and the conduction band down, reducing the bulk gap. Following Refer-
ence [45], we present our results for the ZGNR in Figure 17, which shows the effects of intrinsic-
and Rashba-SOCs and EX upon the energy band of the ZGNR [49]. Notice in Figure 17(a) that
the interplay between intrinsic- and Rashba-SOCs partially lifts the degeneracies of both bulk-
and edge-state, breaks particle-hole symmetry and pushes the valence band up. In turn, the
presence of the EX breaks the TRS and lifts the Kramer’s degeneracy of electron spin, push-
ing the spin-up (spin-down) bands upward (downward), as shown in Figure 17(b). In strong
contrast with Figure 17(b), the presence of Rashba SOC and EX induces coupling between edge
and bulk states, which significantly modifies the group velocity of edge states, as shown in
Figure 17(c). The combined effects of intrinsic, Rashba SOCs and EX are shown in Figure 17(d),
which are in agreement with results reported in Reference [45] (see for instance Figure 2).
Notice that the Fermi level enters into the valence band and the energies of some edge modes
are smaller than the valence band maximum.

The intrinsic SOC can be strongly enhanced by impurity (adatom) coverage on the surface of
graphene, which produces strong lattice distortions [59]. In this context, one may ask how the
quantum phase transition in a graphene ribbon changes as the intrinsic SOC is tuned [49].
Following the discussion of Reference [45], the effects of strain fields are shown in Figure 18
(with a similar representation to the one introduced in Reference [45]) with parameters W=48,
Ag=0.20t, M =0.20¢, and uniaxial strain £ =0.10 along 6 =0. The left panel of Figure 18 shows the
effects of intrinsic SOC on the energy spectrum of a ZGNR. The Fermi level is set at E; =0.05¢.
The corresponding edge state probability distributions across the width of the nanoribbon, for
each of the four edge states indicated by A, B, C, and D, are shown in the middle panel.
Schematic diagrams of charge current distributions on the edges of ZGNR are illustrated in
the right panel. To determine the edge current direction, I =- | e | v, (indicated by the arrow),
the electron group velocity v, =0 E (k) / 0k, has been calculated [45]. In the case of weak intrinsic

SOC, at the ribbon boundaries, the edge states pair A and D would form a single handed
loop (in the sense that the turning point is at infinity along the ribbon length), meanwhile there
is the formation of another loop with opposite handedness, which is formed by the edge states
pair B and C. Both edge states A and B, consequently I, and I, are located at the same edge,

as indicated in Figure 18(c). Thus, the chirality of the current loop due to the A and D edge

states would produce a Chern number of @ == which is the same as that of current loop

owing to B and C edge states. Since the system is akin to two integer quantum Hall subsys-

(G =+, =+]) C=E+D+(H)=2

tems, its Chern number((€)) is equal to ie, or

GE=-D®E=-1 ith C=CD+ED=-2 Therefore, the ZGNR with a weak intrinsic SOC is in
the QAH phase. For a ZGNR with strong intrinsic SOC, however, one can notice that the edge
states pair A and C are located on the same edge, whereas the B and D edge states are in the
opposite edge, as shown in Figure 18(f). Due to the handedness of the current loop of edge
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states A and D, the Chern number would give a contribution of G= 71), and the pair B and C,

which has an opposite handedness, produces a Chern number of @ =+D _Since the ZGNR is
composed of these two integer quantum Hall subsystems, its Chern number () is obtained by

G=+DOE=-1) o €=(N+(D=0 Therefore, the GNR is in the TRS broken QSH phase.
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Figure 18. Energy spectrum of ZGNR with W =48, A =0.20t, M =0.20¢, £¢=0.10, and =0, for (a) Aso=0.035t
and (d) A,,=0.055¢, respectively. The Fermi level E =0.05¢ corresponds to four different edge states, as indicated by

A, B, C, and D. The corresponding probability distributions | Y 12 across the width of the ribbon, and diagrams of
charge current distributions are shown in the middle (b)-(e) and right panels (c)—(f), respectively. The arrows indicate
the current flux. Copyright (2015) by the American Physical Society [49].

To understand the QPT and show intuitively how it takes place [49], we follow Reference [45]
and introduce the average value of the position (y),, as a parameter to label the angular
momentum of the current [49]. It is defined as: (y), =)y | ®,(y;) | %, where n represents the
edge states at the Fermi level and i is the site index along the width of ribbon. We chose the
origin of y axis at the lower boundary of the ribbon. Figure 19(a) shows the average values
(y), of edge states as a function of A , in the ribbon with the width W =48, A, =0.20t, M =0.20¢,
£=0.10, and 6=0, where n=A,B,C, and D, respectively. The direction and magnitude of a group
velocity are indicated by the direction and length of an arrow, respectively. When the intrinsic
SOC is vanishing, the Rashba SOC and EX are dominant, A and B are on the same boundary
of the ribbon, and thus both (y), and (y); — 0. The edge states C and D also follow the same
behavior, but are localized at the other edge of the ribbon, thus (y)- and (y)p — W. The system
is in the QAH phase. When the A, increases, however, three different topological phases are

found. In the regime of small A, (0.03t <A,,<0.04t), the positions of the edge states are only very
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slightly shifted. With increasing A

the center of the ribbon from different boundaries owing to the edge- and bulk-states cou-
pling. In the regime of large A, (A,,>0.05), the locations of state A and D have been ex-

.o the states A and D become delocalized, swiftly moving to

changed. Since the group velocity of state A is opposite to D, the exchange of their locations
results in a change of chirality. Therefore, the system is in the QSH phase. It is worthy to point
out that owing to the finite-size (finite-width) effect, the edge states are not exactly localized
at the two boundaries. Remarkably, a similar behavior is also presented in Figure 19(b) in
which (y) versus strain is plotted. At first glance, it seems to be hard to understand this exotic
behavior. But, recalling the discussion of phase transition in bulk graphene, one can logical-
ly speculate that this is a manifestation of strain-induced QPT between QSH and QAH states
in the ZGNR. This strain-induced QSH state shares many emergent properties similar to the
usual zero-strain QSH effect. We notice that with realistic values for uniaxial strain the critical
value for the spin-orbit coupling is reduced by a factor between 10% and 20%. Thus, the
combination of strain and appropriate substrates shows a promising direction to realize the
phase transition in current settings.

Figure 19. (a) Average values (V) of edge states versus A, in ZGNR, subjected to a strain with ¢ =0.10 and 6=0. (b)
{Y) as a function of strain with 0=0 for A,,=0.05¢t. W =48, A;=0.20t and M =0.20¢ are used in the computa-
tions. Vertical axis is the Fermi velocity V' modulus. The arrows point in the directions of band velocities and their

lengths present the magnitudes of V.. Copyright (2015) by the American Physical Society [49].

To seek the controllable topological QPTs induced either by strain (EX), or intrinsic SOC, or
any of their combinations [49], the phase diagrams in which the phase is characterized by the
difference in the average value of position (y)- and (y),, defined as (y) - = (y)c—(y)4 are
constructed, as shown in Figure 20. Figure 20(a) and (b) plots the phase diagrams of ¢ versus
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A, for 6=0and 6=71/2, respectively. It is trivial to notice that if (y) , =0, the edge states A and
C are localized at the same boundary, corresponding to a QSH phase, as indicated by blue.
Otherwise, if (y) ,c = W, the system is in the QAH phase, as marked by red. The other values
of () 4c correspond to delocalized state A. Notice that both strength and direction of the strain
change considerably the phase diagram. In the regime of small intrinsic SOC, the GNR lies in
the QAH state. The critical A at which topological QPT depends strongly on both the strength
and direction of the strain. The larger the strain, the smaller the A is required to reach the
QSH state. In addition, the strain drives the GNR from the QAH into QSH states for a given
Ag. It is also noted that in the case of 0=71/2, when the A, changes in the boundary between

the QSH and QAH states, the correspondent critical value of ¢ varies faster than that for
6=0.
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Figure 20. Phase diagrams (strain vs. intrinsic SOC) of a ribbon with W =48, A, =0.20¢t, and M =0.20¢, character-
ized by a difference in the average value of position between mode A and C, defined as (¥} 4 ={V)¢ - (Y) 4, for =0
(a) and O =71/ 2 (b), respectively. Copyright (2015) by the American Physical Society [49].

The underlying physics of the strain tuned phase diagram is as follows. It is well established
that uniaxial mechanical strain does not break the sublattice symmetry, but rather deforms the
Brillouin zone, such as, the Dirac cones located in graphene at points K (K ') being shifted in
the opposite directions [52, 83]. This is reminiscent of the effect of pseudomagnetic field B
induced by the strain on charge carriers, i.e., accumulating charge in place where the B is
maximum. Because the B; does not break TRS, the strain will not have any direct effect on the

spin degrees of freedom of the electrons, even though it couples with sublattice pseudospin.
Therefore, at first glance, it seems that the strain only induces a renormalization of the energy
scales. Actually, this is not true for graphene with SOC. Since SOC couples the spin and the
momentum degrees of freedom of the carriers, B; could affect real spin of an electron through

the SOC. Therefore, a strong pseudomagnetic field should lead to Landau quantization and a
QSH state due to opposite signs of B for electrons in valleys K (K ). In this context, the strain
enhances the carrier localization and pushes the edge states much closer to the boundaries of
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the ribbon. Hence, the QSH state could be stabilized by the strain. Finally, it is worthwhile to
argue that since inter-valley scattering requires a large momentum transfer [94], it is strong-
ly suppressed in wide ZGNRs in which we are interested.

4. Conclusion

In summary, we have performed a systematic investigation of the effects of uniaxial strains,
exchange field, staggered sublattice potential, and SOC on the electronic and transport
properties of graphene and graphene nanoribbons. We have employed the tight-binding
approximation, and Green’s function formalism in order to fully describe the electronic and
transport properties of these interesting nanostructures.

Using an effective low energy approximation, we were able to describe the Berry curvature
and the associated Chern numbers for different orientation and uniaxial strain strength, as
function of exchange field interaction. The QSH-QAH phase transition associated to the
tunability of Chern number for the bulk graphene displays an interesting behavior accord-
ing to specific directions of strains: an increase in the critical exchange field M for the QAHE
phase transition for 6=r/2 as the strain modulus is enhanced, in contrast to the 6=0, which
shows a reduction (above a limiting strain modulus of approximately £=0.078) in the critical
exchange field M for the QAHE phase [32]. The investigated spin-resolved electronic transport
and LDOS of GNR devices have demonstrate that it is possible to achieve a total electron
transmission suppression of specific spin specie, which can be further tailored by uniaxial
tensile strain on specific directions [86]. In addition, we have implemented a formalism to
describe the zero-field topological QPT between QSH and QAH states in GNRs in the presence
of internal EX, uniaxial strain, and intrinsic and Rashba SOCs [49].

Our results demonstrated in this Chapter offer the prospect to efficiently manipulate the
electronic structure, transport properties, and consequently the QAHE by strain engineering
of the graphene. We also envision that our work can be extended to other layered materials
(for instance, transition metal dichalcogenides), with a great potential application on novel
electronic devices with the focus on dissipationless charge current.

Author details

Fanyao Qu", Ginetom S. Diniz>* and Marcos R. Guassi'

*Address all correspondence to: fanyao@unb.br

1 Institute of Physics, University of Brasilia, Brasilia, DF, Brazil

2 Institute of Physics, Federal University of Uberlandia, Uberlandia, MG, Brazil

3 Institute of Science and Technology, Federal University of Goias, Jatai, GO, Brazil



Electronic Structure and Topological Quantum Phase Transitions in Strained Graphene Nanoribbons
http://dx.doi.org/10.5772/64493

References

(1]

(2]

(3]

[4]

(5]
6]

(7]

(8]

(%]

(10]

[11]

[12]

[13]

[14]

R. E. Peierls. Quelques proprietes typiques des corpses solides. Ann. I. H. Poincare, 5:177,
1935.

L. D. Landau. Zur theorie der phasenumwandlungen ii. Phys. Z. Sowjetunion, 11:26,
1937.

J. A. Venables, G. D. T. Spiller, and M. Hanbucken. Nucleation and growth of thin films.
Rep. Prog. Phys., 47:399, 1984.

J. W. Evans, P. A. Thiel, and M. C. Bartelt. Morphological evolution during epitaxial
thin film growth: Formation of 2D islands and 3D mounds. Sur. Sci. Rep., 61:1, 2006.

P. R.Wallace. The band theory of graphite. Phys. Rev., 71:622-634, 1947.

K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, 1. V.
Grigorieva, and A. A. Firsov. Electric field effect in atomically thin carbon films.
Science, 306(5696):666—-669, 2004.

A. K. Geim and K. S. Novoselov. The rise of graphene. Nature materials, 6(3):183-191,
2007.

J. L. Tedesco, B. L. VanMil, R. L. Myers-Ward, ]. M. McCrate, S. A. Kitt, P. M. Campbell,
G. G. Jernigan, J. C. Culbertson, C. R. Eddy Jr, and D. K. Gaskill. Hall effect mobility of
epitaxial graphene grown on silicon carbide. Appl. Phys. Lett., 95(12):122102, 2009.

T. Shen, J. J. Gu, M. Xu, Y. Q. Wu, M. L. Bolen, M. A. Capano, L. W. Engel, and P. D.
Ye. Observation of quantum-hall effect in gated epitaxial graphene grown on SiC
(0001). Appl. Phys. Lett., 95(17):172105, 2009.

J. Hass, F. Varchon, J. Millan-Otoya, M. Sprinkle, N. Sharma, W. A. de Heer, C. Berger,
P. N. First, L. Magaud, and E. H. Conrad. Why multilayer graphene on 4 h-sic (000 1°)
behaves like a single sheet of graphene. Phys. Rev. Lett., 100(12):125504, 2008.

G. M. Rutter, J. N. Crain, N. P. Guisinger, T. Li, P. N. First, and J. A. Stroscio. Scatter-
ing and interference in epitaxial graphene. Science, 317(5835):219-222, 2007.

M. Sprinkle, D. Siegel, Y. Hu, J. Hicks, A. Tejeda, A. Taleb-Ibrahimi, P. Le Fevre, F.
Bertran, S. Vizzini, H. Enriquez et al. First direct observation of a nearly ideal gra-
phene band structure. Phys. Rev. Lett., 103(22):226803, 2009.

X.Li, W.Caj, J. An, S. Kim, ]. Nah, D. Yang, R. Piner, A. Velamakannj, I. Jung, E. Tutuc
et al. Large-area synthesis of high-quality and uniform graphene films on copper foils.
Science, 324(5932):1312-1314, 2009.

S. Nie, M. W. Joseph, N. C. Bartelt, O. D. Dubon, and K. F. McCarty. Origin of the
mosaicity in graphene grown on cu (111). Phys. Rev. B, 84(15):155425, 2011.

85



86 Recent Advances in Graphene Research

[15]

[16]

[17]
[18]
[19]
[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

(29]

[30]

(31]

(32]

A.Varykhalov and O.Rader. Graphene grown on co (0001) films and islands: Electronic
structure and its precise magnetization dependence. Phys. Rev. B, 80(3):035437, 2009.

T. Oznuluer, E. Pince, E. O. Polat, O. Balci, O. Salihoglu, and C. Kocabas. Synthesis of
graphene on gold. Appl. Phys. Lett., 98(18):183101, 2011.

J. W. McClure. Diamagnetism of graphite. Phys. Rev., 104:666, 1956.

J. C. Slonczewski and P. R.Weiss. Band structure of graphite. Phys. Rev., 109:272, 1958.
R. E. Smalley. Discovering the fullerenes. Rev. Mod. Phys., 69(3):723-730, 1997.

S. lijima et al. Helical microtubules of graphitic carbon. nature, 354(6348):56-58, 1991.

L. Brey and H. A. Fertig. Electronic states of graphene nanoribbons studied with the
dirac equation. Phys. Rev. B, 73:235411, 2006.

W. Héusler and R. Egger. Artificial atoms in interacting graphene quantum dots. Phys.
Rev. B, 80(16):161402, 2009.

Z.Z.Zhang, K. Chang, and F. M. Peeters. Tuning of energy levels and optical proper-
ties of graphene quantum dots. Phys. Rev. B, 77:235411, 2008.

K. Wakabayashi, Y. Takane, M. Yamamoto, and M. Sigrist. Electronic transport
properties of graphene nanoribbons. New J. Phys., 11(9):095016, 2009.

Motohiko Ezawa. Peculiar width dependence of the electronic properties of carbon
nanoribbons. Phys. Rev. B, 73:045432, 2006.

Adam Rycerz, Electron transport and quantum-dot energy levels in Z-shaped gra-
phene nanoconstriction with zigzag edges, Acta Phys. Polon. A 118, 238-243 (2010).

E. D. M. Haldane. Model for a quantum hall effect without landau levels: Condensed-
matter realization of the “parity anomaly”. Phys. Rev. Lett., 61:2015-2018, 1988.

Y. Zhang et al. Experimental observation of the quantum hall effect and berry’s phase
in graphene. Nature, 438:201, 2005.

V. P. Gusynin and S. G. Sharapov. Unconventional integer quantum hall effect in
graphene. Phys. Rev. Lett., 95:146801, 2005.

Zhenhua Qiao, Shengyuan A. Yang, Wanxiang Feng, Wang-Kong Tse, Jun Ding, Yugui
Yao, JianWang, and Qian Niu. Quantum anomalous hall effect in graphene from rashba
and exchange effects. Phys. Rev. B, 82:161414, 2010.

Z. Qiao et al. Microscopic theory of quantum anomalous hall effect in graphene. Phys.
Rev. B, 85:115439, 2012.

G. S. Diniz, M. R. Guassi, and F. Qu. Engineering the quantum anomalous hall effect
in graphene with uniaxial strains. |. Appl. Phys., 114(24), 2013.



[33]

[34]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Electronic Structure and Topological Quantum Phase Transitions in Strained Graphene Nanoribbons
http://dx.doi.org/10.5772/64493

C.L.Kane and E. J. Mele. Quantum spin hall effect in graphene. Phys. Rev. Lett., 95(22):
226801, 2005.

Yunyou Yang, Zhong Xu, L. Sheng, Baigeng Wang, D. Y. Xing, and D. N. Sheng. Time-
reversal-symmetry-broken quantum spin hall effect. Phys. Rev. Lett., 107:066602, 2011.

C. Chang, J. Zhang, X. Feng et al. Experimental observation of the quantum anoma-
lous hall effect in a magnetic topological insulator. Science, 340:167, 2013.

X. Qi and S. Zhang. Topological insulators and superconductors. Rev. Mod. Phys.,
83:1057-1110, 2011.

R. Yu, W. Zhang, H. Zhang, S. Zhang, X. Dai, and Z. Fang. Quantized anomalous hall
effect in magnetic topological insulators. Science, 329:61-4, 2010.

B. A. Bernevig, T. L. Hughes, and S. C. Zhang. Quantum spin hall effect and topologi-
cal phase transition in hgte quantum wells. Science, 314(5806):1757-1761, 2006.

M. Konig, S. Wiedmann, C. Briine, A. Roth, H. Buhmann, L. W. Molenkamp, Xiao-
Liang. Qi, and Shou-Cheng Zhang. Quantum spin hall insulator state in hgte quan-
tum wells. Science, 318(5851):766-770, 2007.

C. Liu, W. Feng, and Y. Yao. Quantum spin hall effect in silicene and two-dimension-
al germanium. Phys. Rev. Lett., 107:076802, 2011.

X. Qian, J. Liu, L. Fu, and J. Li. Quantum spin hall effect in two-dimensional transi-
tion metal dichalcogenides. Science, 346:1344, 2014.

Ferry, D. K., Goodnick, S. M., Bird, J. (2009). Transport in Nanostructures. Cambridge
University Press. DOI: 10.1017/CB0O9780511840463.

C. L. Kane and E. ]J. Mele. z, topological order and the quantum spin hall effect. Phys.
Rev. Lett., 95(14):146802, 2005.

C.Liu, T. L. Hughes, X. Qi, K.Wang, and S. Zhang. Quantum spin hall effect in inverted
type-ii semiconductors. Phys. Rev. Lett., 100:236601, 2008.

T. Chen, Z. Xiao, D. Chiou, and G. Guo. High chern number quantum anomalous hall
phases in single-layer grapheme with Haldane orbital coupling. Phys. Rev. B, 84(16):
165453, 2011.

S. Oh. The complete quantum hall trio. Science, 340(6129):153-154, 2013.

F. Guinea, M. L. Katsnelson, and A. K. Geim. Energy gaps and a zero-field quantum
hall effect in graphene by strain engineering. Nat. Phys., 6(1):30-33, 2009.

M. C. Rechtsman, J. M. Zeuner, A. Tiinnermann, S. Nolte, M. Segev, and A. Szameit.
Strain-induced pseudomagnetic field and photonic landau levels in dielectric struc-
tures. Nature Photon., 3:91, 2009.

87



88 Recent Advances in Graphene Research

[49]

[50]

[51]

[52]

[53]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

M. R. Guassi, G. S. Diniz, N. Sandler, and F. Qu. Zero-field and time-reserval-symme-
try-broken topological phase transitions in graphene. Phys. Rev. B, 92:075426, 2015.

N. W. Ashcroft and N. D. Mermin. Solid State Physics. New York: Holt, Rinehart and
Winston 1976.

A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and A. K. Geim. The
electronic properties of graphene. Rev. Mod. Phys., 81:109-162, 2009.

V.M. Pereira, A. H. Castro Neto, and N. M. R. Peres. Tight-binding approach to uniaxial
strain in graphene. Phys. Rev. B, 80(4):045401, 2009.

Zhenhua Qiao, Wei Ren, Hua Chen, L. Bellaiche, Zhenyu Zhang, A. H. MacDonald,
and Qian Niu. Quantum anomalous hall effect in graphene proximity coupled to an
antiferromagnetic insulator. Phys. Rev. Lett., 112:116404, 2014.

Adrian G. Swartz, Patrick M. Odenthal, Yufeng Hao, Rodney S. Ruoff, and Roland K.
Kawakami. Integration of the ferromagnetic insulator euo onto graphene. ACS Nano,
6(11):10063-10069, 2012.

Yugui Yao, Fei Ye, Xiao-Liang Qi, Shou-Cheng Zhang, and Zhong Fang. Spin-orbit gap
of graphene: First-principles calculations. Phys. Rev. B, 75(4):041401, 2007.

J. C. Boettger and S. B. Trickey. First-principles calculation of the spin-orbit splitting in
graphene. Phys. Rev. B, 75:121402, 2007.

H.Min, J. E. Hill, N. A. Sinitsyn, B. R. Sahu, L. Kleinman, and A. H. MacDonald. Intrinsic
and rashba spin-orbit interactions in graphene sheets. Phys. Rev. B, 74(16):165310, 2006.

N. M. R. Peres, F. Guinea, and A. H. Castro Neto. Coulomb interactions and ferromag-
netism in pure and doped graphene. Phys. Rev. B, 72(17):174406, 2005.

A. H. Castro Neto and F. Guinea. Impurity-induced spin-orbit coupling in graphene.
Phys. Rev. Lett., 103:026804, 2009.

M. Zarea and N. Sandler. Rashba spin-orbit interaction in graphene and zigzag
nanoribbons. Phys. Rev. B, 79(16):165442, 2009.

Daniel Huertas-Hernando, F. Guinea, and Arne Brataas. Spin-orbit coupling in curved
graphene, fullerenes, nanotubes, and nanotube caps. Phys. Rev. B, 74:155426, 2006.

M. P. Lopez-Sancho and M. C. Mufioz. Intrinsic spin-orbit interactions in flat and
curved graphene nanoribbons. Phys. Rev. B, 83:075406, 2011.

Yu. S. Dedkov, M. Fonin, U. Riidiger, and C. Laubschat. Rashba effect in the gra-
phene/ni(111) system. Phys. Rev. Lett., 100:107602, 2008.

A.P.M. Barboza, A. P. Gomes, B. S. Archanjo, P. T. Araujo, A. Jorio, A. S. Ferlauto, M.
S. C. Mazzoni, H. Chacham, and B. R. A. Neves. Deformation induced semiconduc-
tor-metal transition in single wall carbon nanotubes probed by electric force microsco-
py- Phys. Rev. Lett., 100:256804, 2008.



[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

(73]

[76]

[77]

[78]

Electronic Structure and Topological Quantum Phase Transitions in Strained Graphene Nanoribbons
http://dx.doi.org/10.5772/64493

Mingyuan Huang, Yang Wu, Bhupesh Chandra, Hugen Yan, Yuyao Shan, Tony F.
Heinz, and James Hone. Direct measurement of strain-induced changes in the band
structure of carbon nanotubes. Phys. Rev. Lett., 100:136803, 2008.

A. G. Souza Filho, N. Kobayashi, J. Jiang, A. Griineis, R. Saito, S. B. Cronin, J]. Mendes
Filho, Ge. G. Samsonidze, G. Dresselhaus, and M. S. Dresselhaus. Strain-induced
interference effects on the resonance raman cross section of carbon nanotubes. Phys.
Rev. Lett., 95:217403, 2005.

Liu Yang and Jie Han. Electronic structure of deformed carbon nanotubes. Phys. Rev.
Lett., 85:154-157, 2000.

Jien Cao, Qian Wang, and Hongjie Dai. Electromechanical properties of metallic,
quasimetallic, and semiconducting carbon nanotubes under stretching. Phys. Rev.
Lett., 90:157601, 2003.

Fang Liu, Pingbing Ming, and Ju Li. Ab initio calculation of ideal strength and pho-
non instability of graphene under tension. Phys. Rev. B, 76:064120, 2007.

K. S.Kim, Y. Zhao, H. Jang, S. Y. Lee, ]. M. Kim, K. S. Kim, J. H. Ahn, P. Kim, J. Choi,
and B. H. Hong. Large-scale pattern growth of graphene films for stretchable trans-
parent electrodes. Nature (London), 457:706, 2009.

L. Blakslee, D. G. Proctor, E. J. Seldin, G. B. Stence, and T. Wen. Elastic constants of
compression-annealed pyrolytic graphite. J. Appl. Phys, 41:3373, 1970.

F. M. D. Pellegrino, G. G. N. Angilella, and R. Pucci. Strain effect on the optical
conductivity of graphene. Phys. Rev. B, 81:035411, 2010.

H. Zhao, K. Min, and N. R. Aluru. Size and chirality dependent elastic properties of
graphene nanoribbons under uniaxial tension. Nano Letters, 9(8):3012-3015, 2009.

Bitan Roy and Igor F. Herbut. Topological insulators in strained graphene at weak
interaction. Phys. Rev. B, 88:045425, 2013.

Igor F. Herbut. Pseudomagnetic catalysis of the time-reversal symmetry breaking in
graphene. Phys. Rev. B, 78:205433, 2008.

D. A. Abanin and D. A. Pesin. Interaction-induced topological insulator states in
strained graphene. Phys. Rev. Lett., 109:066802, 2012.

D. J. Thouless, M. Kohmoto, M. P. Nightingale, and M. den Nijs. Quantized hall
conductance in a two-dimensional periodic potential. Phys. Rev. Lett., 49:405-408, 1982.

Jeil Jung, Zhenhua Qiao, Qian Niu, and Allan H. MacDonald. Transport properties of
graphene nanoroads in boron nitride sheets. Nano Letters, 12(6):2936-2940, 2012.

Vitor M. Pereira, A. H. Castro Neto, and N. M. R. Peres. Tight-binding approach to
uniaxial strain in graphene. Phys. Rev. B, 80:045401, 2009.

89



90 Recent Advances in Graphene Research

[80]

[81]

(82]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

Yasumasa Hasegawa, Rikio Konno, Hiroki Nakano, and Mahito Kohmoto. Zero modes
of tight-binding electrons on the honeycomb lattice. Phys. Rev. B, 74:033413, 2006.

D. Bercioux and A. De Martino. Spin-resolved scattering through spin-orbit nanostruc-
tures in graphene. Phys. Rev. B, 81:165410, 2010.

Kyoko Nakada, Mitsutaka Fujita, Gene Dresselhaus, and Mildred S. Dresselhaus. Edge
state in graphene ribbons: Nanometer size effect and edge shape dependence. Phys.
Rev. B, 54:17954, 1996.

M. Oliva-Leyva and G. G. Naumis. Understanding electron behavior in strained
graphene as a reciprocal space distortion. Phys. Rev. B, 88:085430, 2013.

Y. Luand]. Guo. Band gap of strained graphene nanoribbons. Nano Research, 3(3):189—
199, 2010.

D. A. Bahamon and Vitor M. Pereira. Conductance across strain junctions in gra-
phene nanoribbons. Phys. Rev. B, 88:195416, 2013.

Ginetom S. Diniz, Marcos R. Guassi, and Fanyao Qu. Controllable spin-charge
transport in strained graphene nanoribbon devices. Journal of Applied Physics, 116(11),
113705: 1-7, 2014.

Markus Morgenstern. Scanning tunneling microscopy and spectroscopy of graphene
on insulating substrates. physica status solidi (b), 248(11):2423-2434, 2011.

Elena Stolyarova, Kwang Taeg Rim, Sunmin Ryu, Janina Maultzsch, Philip Kim, Louis
E. Brus, Tony F. Heinz, Mark S. Hybertsen, and George W. Flynn. High-resolution
scanning tunneling microscopy imaging of mesoscopic graphene sheets on an
insulating surface. PNAS, 104(22):9209-9212, 2007.

Guohong Li, Adina Luican-Mayer, Dmitry Abanin, Leonid Levitov, and Eva Y. Andrei.
Evolution of landau levels into edge states in graphene. Nat. Commun., 4:1744, 2013.

M. B. Nardelli. Electronic transport in extended systems: Application to carbon
nanotubes. Phys. Rev. B, 60(11):7828, 1999.

M. P. Lopez Sancho, J. M. Lopez Sancho, and J. Rubio. Quick iterative scheme for the
calculation of transfer matrices: application to mo (100). Journal of Physics F: Metal
Physics, 14(5):1205, 1984.

R. Gémez-Medina, P. San José, A. Garcia-Martin, M. Lester, M. Nieto-Vesperinas, and
J. J. Sdenz. Resonant radiation pressure on neutral particles in a waveguide. Phys. Rev.
Lett., 86:4275-4277, 2001.

S. Datta and B. Das. Electronic analog of the electro-optic modulator. Appl. Phys. Lett.,
56(7):665-667, 1990.

J. Wurm, M. Wimmer, and K. Richter. Symmetries and the conductance of graphene
nanoribbons with long-range disorder. Phys. Rev. B, 85:245418, 2012.



Chapter 4

Nonstandard Transition GUE-GOE for Random Matrices
and Spectral Statistics of Graphene Nanoflakes

Adam Rycerz

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64240

Abstract

Spectral statistics of weakly disordered triangular graphene flakes with zigzag edges
are revisited. Earlier, we have found numerically that such systems may show spectral
fluctuations of Gaussian unitary ensemble (GUE), signaling the time-reversal symme-
try (TRS) breaking at zero magnetic field, accompanied by approximate twofold valley
degeneracy of each energy level. Atomic-scale disorder induces the scattering of charge
carriers between the valleys and restores the spectral fluctuations of Gaussian
orthogonal ensemble (GOE). A simplified description of such a nonstandard GUE-GOE
transition, employing the mixed ensemble of 4 x 4 real symmetric matrices was also
proposed. Here, we complement our previous study by analyzing numerically the
spectral fluctuations of large matrices belonging the same mixed ensemble. Resulting
scaling laws relate the ensemble parameter to physical size and the number of atomic-
scale defects in graphene flake. A phase diagram, indicating the regions in which the
signatures of GUE may by observable in the size-doping parameter plane, is presented.

Keywords: graphene, quantum chaos, random matrix, time-reversal symmetry, gaus-
sian ensemble

1. Introduction

The notion of emergent phenomena was coined out by Anderson in his milestone science paper
of 1979 [1]. In brief, emergence occurs when a complex system shows qualitatively different
properties then its building blocks. Numerous examples of emergent systems studied in
contemporary condensed matter physics, including high-temperature superconductors and
heavy-fermion compounds [2], are regarded as systems with spontaneous symmetry break-
ing [3]. A link between emergence and spontaneous symmetry breaking, however, does not

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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seem to have a permanent character. In a wide class of electronic systems, such as semicon-
ducting heterostructures containing a two-dimensional electron gas (2DEG), physical proper-
ties of itinerant electrons are substantially different than properties of free electrons (or electrons
in atoms composing the system), and are also highly-tunable upon variation of external
electromagnetic fields [4]. To give some illustration of this tunability, we only mention that
electronsin GaAsheterostructures canbe usually described by a standard Schrédinger equation
of quantum mechanics with the effective mass m,;=0.067m, (where m, is the free electron mass),
whereas in extreme cases of quantum states formed in quantum Hall systems, effective
quasiparticles may not even show the Fermi-Dirac statistics [5, 6].

It is rather rarely noticed that graphene, a two-dimensional form of carbon just one atom tick
[7], also belongs to the second class of emergent systems (i.e., without an apparent spontaneous
symmetry breaking) described briefly above. In a monolayer graphene, effective Hamiltonian
for low-energy excitations has a Dirac-Weyl form, namely

Her = vplp +eA(r,t)]-a+ U, t), (1)

where v;=10° m/s is the energy-independent Fermi velocity, 6 =(o,, 0,) with the Pauli matrices
o.and o, p=-ih(d,, 9,) is the in-plane momentum operator, the electron charge is —e, and the
external electromagnetic field is defined via scalar and vector potentials, U(r, t) and
A(r, t), with the in-plane position r=(x, y) and the time t.' In other words, the system build
of nonrelativistic elements (carbon atoms at normal conditions) turns out to host ultrarelativ-
istic quasiparticles, providing a beautiful example of an emergent phenomenon, which binds
together two rather distant areas of relativistic quantum mechanics and condensed matter
physics [8]. This observation applies generically to bilayer or multilayer graphenes [9], as well
as to HgTe/CdTe quantum wells [10], although microscopic models describing such other Dirac
systems are slightly different. It is also worth to mention so-called artificial graphenes, in which
waves (of different kinds) obey their effective Dirac equations [11-13].

A peculiar nature of Dirac fermions in graphene originates from the chiral structure of the
Hamiltonian J¢ ., accompanied by the fact that coupling to the external electromagnetic field
is described by additive terms, which are linear in both scalar and vector potentials. A
remarkable consequence of these facts is the quantization of the visible light absorption [14],
an unexpected macroscopic quantum effect recently found to have analogs in other Dirac
systems [15, 16], and even in a familiar graphite [17]. Another intriguing effect of this kind
appears for dc conductivity of ballistic graphene [18]. In the so-called pseudodiffusive
transport regime, the conductance of a rectangular sample (with the width W and the length
L )scales as G=0g,xW /L for W > L , where g,=(4/m)e? /I is the universal quantum value of
the conductivity [19, 20], whereas the shot-noise power and all the other charge-transfer
characteristics are indistinguishable from those of a classical diffusive conductor regardless

1Strictly speaking, J o Eq. (1) applies to quasiparticles near the K valley in the dispersion relation. To obtain the effective

Hamiltonian for other valley (K') it is sufficient to substitute 0,~ =0,
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the sample shape [21]. At high magnetic fields, the pseudo diffusive charge transport is
predicted theoretically to reappear for resonances with Landau levels in both monolayer [22]
and bilayer graphene [23]. In the presence of disorder, a fundamental property of the Hamil-
tonian—the time reversal symmetry (TRS)—starts to play a decisive role. In particular,
effective TRS in a single valley may be broken even in the absence of magnetic fields, leading
to observable (and having the universal character) consequences for the conductance and
spectral fluctuations [24, 25], as well as for the peculiar scaling behavior predicted for the
conductivity [26, 27].

Although the interest in graphene and other Dirac systems primarily focus on their potential
applications [28, 29], quite often linked to the nonstandard quantum description [8], we believe
that the fundamental perspective sketched in the above also deserves some attention. In the
remaining part of this article, we first overview basic experimental, theoretical and numerical
findings concerning signatures of quantum chaos in graphene and its nanostructures (Section
2). Next, we present our new numerical results concerning the additive random matrix model
originally proposed in Ref. [25] to describe a nonstandard GUE-GOE transition, accompanied
by lifting out the valley degeneracy (Section 3). The consequences of these findings for
prospective experiments on graphene nanoflakes, together with the phase diagram depicting
the relevant matrix ensembles in the system size-doping plane, are described in Section 4. The
concluding remarks are given in Section 5.

2. Gauge fields, fluctuations and chaos in nanoscale graphene structures

Dirac fermions confined in graphene quantum dots [30] have provided yet another surprising
situation, in which a piece of handbook knowledge needed a careful revision [31].

Quantum chaotic behavior appears generically for systems, whose classical dynamics are
chaotic, and manifest itself via the fact that energy levels show statistical fluctuations following
those of Gaussian ensembles of random matrices [32]. In particular, if such a system posses
the time-reversal symmetry (TRS), its spectral statistics follows the Gaussian orthogonal
ensemble (GOE). A system with TRS and half-integer spin has the symplectic symmetry and,
in turn, shows spectral fluctuations of the Gaussian symplectic ensemble (GSE). If TRS is
broken, as in the presence of nontrivial gauge fields, and the system has no other antiunitary
symmetry [33], spectral statistics follow the Gaussian unitary ensemble (GUE). For a particular
case of massless spin-1/2 particles, it was pointed out by Berry and Mondragon [34], that the
confinement may break TRS in a persistent manner (i.e., even in the absence of gauge fields),
leading to the spectral fluctuations of GUE.

When applying the above symmetry classification to graphene nanosystems [24, 25], one
needs, however, to take into account that Dirac fermions in graphene appear in the two valleys,
K and K , coupled by TRS. (In particular, real magnetic field breaks TRS and has the same sign
in the two valleys, whereas the strain-induced gauge field preserves TRS and has opposite
signs in the two valleys.) If the valley pseudospin is conserved, a special (symplectic) time-
reversal symmetry (STRS) becomes relevant, playing a role of an effective TRS in a single valley
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[24]. Both real magnetic and strain-induced gauge fields may break STRS leading to the spectral
fluctuations of GUE [35]. As demonstrated numerically in Ref. [25], such fluctuations also
appear for particular closed nanosystems in graphene in the presence of random scalar
potentials slowly varying on the scale of atomic separation. Such nanosystems include
equilateral triangles with zigzag or Klein edges, i.e., with terminal atoms belonging to one
sublattice. Generic graphene nanoflakes with irregular edges show spectral fluctuations of
GOE [24], as strong intervalley scattering restores TRS in the absence of gauge fields (see
Figure1). In contrast, the boundary effects are suppressed in open graphene systems, for which
signatures of the symplectic symmetry class were reported [36].

intarval ley
scattering
rate
magnatic
field

disorder
atreangth

Figure 1. Transitions between symmetry classes and random matrix ensembles relevant for closed nanosystems in gra-
phene characterized by the disorder strength, the intervalley scattering rate, and (optionally) placed in the weak mag-
netic field B. (Reprinted with permission from Ref. [25].)

It is worth mention here, that triangular graphene flakes, similar to studied theoretically in
Ref. [25], have been recently fabricated [37, 38]. However, due to the hybridization with
metallic substrates, quantum-dot energy levels in such systems are significantly broaden,
making it rather difficult to determine the symmetry class via spectral statistics.

3. Transition GUE-GOE for real symmetric matrices

3.1. Additive random-matrix models: brief overview

Additive random-matrix models are capable of reproducing the evolutions of spectral statistics
in many cases when a complex system undergoes transition to quantum chaos or transition
between symmetry classes [32, 39]. The discussion usually focus on the auxiliary random
Hamiltonian of the form
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HQ) = 122, )

where H,=(H,)! and V =V " are members of different Gaussian ensembles,” and the parameter
A €10, ].

For instance, if elements of H,, are real numbers chosen to follow a Gaussian distribution with
zero mean and the variance ((H 0)2> (1+5;) /N, where o; is the Kronecker delta and N is the

matrix size, while elements of V' are complex numbers in which real and imaginary parts are
generated independently according to Gaussian distribution with zero mean and the variance
(ReV))=(1+9, )/ 2N, ((ImV;;)*)=(1-¢, )/ 2N (respectively), the Hamiltonian H (1) (2) refers to

transition GOE-GUE. For N =2, statistical distribution of the spacing between energy levels
S=1E,~E,| canbe found analytically [40], and reads

Peos —ous 158 = |22 52 (@) exp [~ 2D erf 2], )

x

where erf(x) is the error function, i.e., erf(x)=(2 / ﬁ)jexp (~t?)dt, and

0

c() = ’”(2:/12) [1 - % (arctan (%) - f—;z)] 4)

The above follows from the normalization condition

($)= fOOOSPGOE—GUE 2;8)dS =1 for 0< A< oo, (5)
The limiting forms of the spacing distribution given by Egs. (3) and (4) are

Pgog —gug (4 = 0;8) = —5 exp ( 2) Pgog (), (6)

Pgok —gug (A = ©; §) = —5 exp ( ) Poug (5), ()

coinciding with well-known Wigner surmises for GOE and GUE, respectively [32]. For
N >1, it was also shown that actual spacing distributions obtained numerically can be

2 To describe transition to quantum chaos rather then transition between symmetry classes in a chaotic system, one can
choose H o to be a diagonal random matrix, elements of which follow a Gaussian distribution with zero mean and the

variance <(H0) > 6
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approximated (with an astonishing accuracy) by Peop_cue(Ase S), where the empirical param-

eter Ay oc AYN [39]. Similar scaling laws apply generically to all transitions between basic

symmetry classes.

Relatively recently, spectra of models employing self-dual random matrices have attracted
some attention [41]. In such models, the matrix H, in Eq. (2) is equivalent (up to a unitary

transformation) to the matrix having a block structure
~ _(C 0
A=y ) ®)

where random matrix C is an N x N member of one of Gaussian ensembles, CT denotes the
transposition of C. The matrix V in Eq. (2) is a generic 2N x2N member of the other ensemble
(hereinafter, we redefine the H(a) size as 2N). In turn, for A1=0, each eigenvalue is doubly
degenerate. For A#0, we have the degeneracy splitting accompanied by transition between
selected symmetry classes. Even in the simplest case of N =2, closed-form analyticexpressions
for level-spacing distributions corresponding to arbitrary 0<A < are missing. The approach
presented in Ref. [41] employs the relevant expressions for joint probability densities for
eigenvalues [42], allowing one to express level-spacings distribution in terms of two-dimen-
sional integrals to be evaluated numerically.

In the remaining part of section, we focus on the transition between self-dual GUE to GOE,
show that the corresponding Hamiltonian H(A), and can be represented as real-symmetric
random matrix, and present our empirical expressions approximating spacing distributions
obtained numerically.

3.2. Self-dual GUE to GOE via 4x4 real-symmetric matrices

We focus now on the situation, when the matrix C in Eq. (8) is chosen to be an N x N member
of GUE, whereas V in Eq. (2) is a 2N x2N member of GOE.

For N =2, the matrix H o can be written as

a c+id 0 0

ﬁ4x4= c—id b 0 0
0 0 0 a c—id /[ ©)

0 0 c+id b

where g and b are real random numbers following Gaussian distribution with zero mean and
the variance (a%=(b?)=1/2, whereas ¢ and d are real random numbers following Gaussian
distribution with zero mean and the variance (c?)=(d %)=1/4. Exchanging the second row with
the third row, as well as the second column with the third column, we find the matrix H §X4 is

equivalent, up to an orthogonal transformation, to
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a 0 c+id 0
~ 0 0 a 0 c—id
H4><4 )
o Cleia o b 0 (10)
0 c+id 0 b

The matrix on the right-hand side of Eq. (10) is self-dual, and can be further transformed as

a 0 c+id 0 a 0 c d
0 a 0 c—id|,;+ _[0 a —-d c
Ule—ia o b o 1V"=\ec ¢ » of (11)
0 c+id 0 b d ¢ 0 b
where
1 1 0 0
_ 1 1 1\_1f(i —-i 0 O
U—ﬁH2X2®(i —i)_ﬁ 0 0 1 1 (12)
0 0 i —i

Exchanging the second with the third row and column in the rightmost matrix in Eq. (11) we
arrive to

a ¢ 0 d
ux4 _|¢c b —-d O0O)Y_(A B
Ho™ = 0 -d a ¢ _(—B A)’ (13)
d 0 c b

where the blocks A and B are real-symmetric (A"=A) and skew-symmetric (B"=-B) random

matrices.

Spectral statistics of the Hamiltonian H (1)= (H TV 4X4) / y1+ A2, with V **being a 4x4 GOE
matrix, were thoroughly studied before [43]. Here, we revisit our findings, before discussing
spectra of larger matrices in next subsection.

The nearest-neighbor spacings distribution can be approximated by

aPgog (aS)+p (a)Pcok —cue (8 (@)S)

P(a,i;8) = > :

(14)

with (a)=a/(2a-1), P;oe(S) given by Eq. (6), Poop_cur(k; S) given by Eq. (3), and the param-

eters a and x which can be approximated by empirical functions

0.98
Q@ ~ Tyns(D) = 1118 x [{/1+ (0.60/2)3] (15)

97



98

Recent Advances in Graphene Research

and

K~ Ty (D) = \/(1+—ﬂ)0.29 L )

14(0.33)72

Egs. (15) and (16) represent simplified versions of the corresponding formulas given in Ref.
[43]. A comparison with the numerical will be given later in this section.

3.3. Self-dual GUE to GOE via 2N x2N real-symmetric matrices

We consider now the case of large random matrices (N > 1). A generalization of the reasoning
presented in previous subsection brought as to the unperturbed Hamiltonian H, with the block

structure as given by the last equality in Eq. (13), but A=ATand B=-B"arenow N x N random
matrices. The elements of each block are independently generated according to a Gaussian
distribution with zero mean and the variance Var(A;)=(1+06;) /2N and Var(B;)=(1-6;) /2N,
respectively. In turn, H,, can be unitary mapped onto the matrix H , given by Eq. (8) with C
being an N x N member of GUE. The additive random-matrix model H (1) is complemented
with the perturbation V being a 2N x2N member of GOE.

Ensembles of large pseudo-random Hamiltonians H (1) were generated and diagonalized
numerically, to check whether the standard scaling law A, ~ (2N )21 [44] applies to spacings
distribution of such matrices. Our presentation is limited to the matrix sizes 2N =200, 400, and

1000; the statistical ensemble consists of the total amount of 10°, 10, or 10* matrices (respec-
tively), same for each considered value of the parameter A. To avoid the boundary effects, we
limit our numerical study to about 30% of the energy levels such that | E | <0.5. Selected
examples are presented in Figure 2.

We find that nearest-neighbor level spacings of large matrix H(A) follow the empirical
distribution having the general form as given by Eq. (14).

PE,E(E' S) = P(EN»l(Z)vEN»l(j);S)' (17)

with the empirical relations of Egs. (15) and (16) [see blue solid lines in Figure 3] now replaced
by

0.98
Tys1 (1) = 1.114 x [3/1 + (0.60/1)3] , (18)
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Figure 2. Level-spacing distributions for 10° randomly-generated Hamiltonians H (1) with the size 2N =400 (data-
points). The scaling parameters A is varied between the panels. The least-squares fitted functions P (¢, k;S) defined
by Eq. (14) are also shown (solid lines).

and

) 1472 1%% =
i) =1 |[ams] -1 f1<027, (19)

0 if 1=0.27.
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The above formulae are marked in Figure 3 with red dashed lines. We also find that the scaling
law 1=~ (2N)2A [with A being the original parameter of H ()] is satisfied for the matrices

considered with a surprising accuracy (see Figure 4).

100 : “ 10 : ~
2= 4 O
200 =
400 o
1000 =
& _-"'
%10 - K -
1 T T 1 ﬂ' T T
0.m 0.1 1 10 1 10° 10"

C2n', 1+ 12007

Figure 3. Least-squares fitted parameters of P(a, k;S) Eq. (14) for different values of 2N as functions of the scaled
model parameter (2N )1/2)\ (datapoints). The empirical relations @,4(A) Eq. (15) and K 4,4(A) Eq. (16) valid for
2N =4 are shown with blue solid lines; the relations & y; ,1(A) Eq. (18) and & y; 5.1(A) Eq. (19) for large matrices are

shown with red dashed lines.

f”’ﬁ
1 4
L]
-
0.1 1
2N = 200 »
- 400 ©
0.01 4 S 1000 =
0.0 0.1 1 ic

[

Figure 4. Scaling law for the best fitted parameters A=Ay, in the distribution P} (A, S) Eq. (17) approximating
P(S) obtained numerically for random Hamiltonians H (1) with 2N =200, 400, and 1000. [See the main text for
details.] Blue solid line marks Ag,=A.
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4. Consequences for graphene nanoflakes

4.1. Level-spacing distributions revisited

In this section, the empirical distribution P, (4, S) (17) with least-square fitted A = Ay, is utilized
to rationalize level-spacing distributions for triangular graphene nanoflakes with zigzag
edges.

At zero magnetic field, the tight-binding Hamiltonian for weakly-disordered graphene can be
written as

Hrpa = Zapl 6 1001 +hoc ]+ i My ) + Uiy () ] 10X, (20)

where t;=~t if the orbitals |i and | j are nearest neighbors on the honeycomb lattice (with

t= %ﬁh Vg / a=3 eV, and 1=0.246 nm being the lattice spacing), otherwise t;;=0. (The symbol Zij)
denotes that each pair (jj) is counted only once.) The terms My(r;) and U, (r;) represent the
potentials abruptly and slowly varying on the scale of atomic separation (respectively). Here,
we put M, (r))=0.7 t if r; is the outermost atom position at zigzag edge, otherwise M,(r;)=0. The
random contribution U, ,,(r;) is generated in as follows: first, we randomly choose N, lattice

1mp
sites R, (n=1, ..., Ny,,) out of N,. Next, the amplitudes U, € (=6, 6) are randomly generated.
Finally, the potential is smoothed over a distance 5=«/§ a by convolution with a Gaussian,

namely

Nim _Rn 2
Unmp (1) = 2,0 Un exp (—I550), 1)

A model of substrate-induced disorder, constituted by Egs. (20) and (21), was widely used to
reproduce numerically several transport properties of disordered graphene samples [45-48].
Here, we revisit the spectra of closed graphene flakes considered in Ref. [25], within a simpli-
fied empirical model P, (A, S) (17), in order discuss the consequences for prospective

experimental observation of the zero-field time-reversal symmetry breaking in such systems.

A compact measure of the disorder strength is given by the dimensionless correlator

A 1 Nt vNoo
Ky = T2 @Zi;{ j;{<Uimp T Uimp (7)), (22)

‘.ﬂ = l \/§ N aZ . . . .
where the system area 4 tot™  and the averaging takes place over possible realizations

of the disorder in Eq. (21). For & > 4, Eq. (22) leads to

o =40 e (1 2
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For & =«/§ a, used for numerical demonstration in the remaining of this article, Eq. (23) still
provides a good approximation of the actual value of K, and can be rewritten as

Ko ~ 3647 x 3= (2) (24)
4.0 {] Nyge =0
}"!i.t = ﬂ+05ﬂ4
=) )
1':' 1 ks
E_D | }\. =0 — ‘!/‘
':I -:,_ll ""---r-n..rp-_ﬂ—rl e — - Y
@ T hese = 0.361 /ﬁ,f(d‘
NVEC - 10 . 5
T A= (60a)” 2
. .I}':hla — ﬂ.?m [120&12 N
2 3 4 10 100 e 1000
S Nvac{Nedge]

Figure 5. Left: Level-spacing distributions P (S) for triangular graphene nanoflakes with zigzag edges. The flake area is

A ~ (120 a)? the disorder strength is K;=0.125, the number of edge vacancies N
Numerical results (replotted with permission from Ref. [25]) are shown with black solid lines. The other lines corre-
spond to empirical distributions P -(A, 5) Eq. (17) with A=Ay, (red solid line), A =0 (blue dashed line) or A =0
(blue dotted line). Right: Least-squares fitted parameters for different numbers of edge vacancies 1< N <30 and the

vac 18 varied betweenthe panels.

flake areas A ~ (60 @) (open symbols) and A ~ (120 a)? (closed symbols), corresponding to the total number of
terminal atoms N

Eq. (25).

edge=270 and 540 (respectively). Solid line depicts the approximating power-law relation given by

The numerical results are presented in Figure 5, where we have fixed the remaining disor-
der parameters at 6/t=0.1 and Ny, /N,,=0.034 leading to K=0.125." Level-spacing distribu-

tions P(S) obtained numerically for triangular nanoflakes with zigzag edges [see left panels

3 The disorder parameters are actually same as in Figures 8 and 9 of Ref. [25], where we have mistakenly omitted the
factor 7T in the numerical evaluation of K.
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in Figure 5, black solid lines] are replotted with permission from Ref. [25], where we used
approximately 1500 energy levels with energies 0.1< | E | /¢<0.5 out of the total number of
N (N ,,)=32758=N,. (corresponding the flake area A = (120 @)?), with N,,. being the

number of vacancies, randomly distributed along the system boundary. Typically, best-fit-
A, §) (17) coincide with given in

vac vac

ted parameters A=A of the simplified distribution P, ;. ... (
Ref. [25] up to a second decimal place. New values of A, for 1<N , <30 and two flake sizes
N,(0)=8278 and N, (0)=32, 758 are displayed in the right panel of Figure 5. The depend-

ence of Ag on N and N, can be rationalize within a power-law

0.34

Aie = 0.103 X (Nyaeo/Negge ) (25)
where the total number of terminal sites
Negge = 34/ Niot + Nyae +3 — 3. (26)

4.2. Phase diagram for triangular flakes with zigzag edges

Eq. (25) is now employed to estimate the maximal system size N, ,, and the maximal number

of edge vacancies N, for which signatures of TRS breaking still can be identified in the

spectrum. This is possible as long as A;,<A,=0.27 (see Eq. (19)), as for any A;,>A, we have
k(Ag) =0 and level-spacing distribution simply evolves from that characterizing GOE matrix
with approximate twofold degeneracy of each level toward GOE without such a degeneracy.

For instance, we obtain

Nt S 9500 for Ny, =1, (27)
Nyt S 630 for N, = 2, (28)
Nyt S 130 for N, = 3. (29)

On the other hand, system size and the number of energy levels taken into account must be
large enough to distinguish between spectral fluctuations of GUE and spectral fluctuations of
other ensembles.

Density of states (per one direction of spin) for bulk graphene reads

A Neo
Pouk (B) = 5 |El = 75 |E. (30)

The number of energy levels N, in the interval (0, E,,,,) can be approximated by

max.
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Emax Emax 2
Niew = J;™ pouc (E)AE = 00919 X N (222", (31)
Physically, occupying N,., electronic levels above the Dirac point one produces the electric
charge Q=-2¢N,,,, resulting in a typical experimental limit of E_, =0.2-0.3 eV for graphene

nanostructures on SiO,-based substrates [49].

Level-spacing distributions P(S) are normalized such that (1) = (S) = 1. In turn, the variance

Var{S} = 0% = (§%) — 1 raises as the lowest moment allowing one to distinguish between
different distributions. In particular, we have

Var{Sop == -1~ 0273, Var(Sloyz =2 — 1~ 0.178, (32)

Var{Shio = = — 1 ~ 1.356, (33)

where Eq. (33) refers to the empirical distribution P, (4, S) givenby Eq. (17) with A — 0. Similar
calculation for arbitrary A is straightforward, but the resulting formula is too lengthy to be
presented.' When Var{S} is calculates for a large but finite collection of spacings N, .=Ny.,~1,

it becomes a random variable itself, with a variance which can be approximated by
Var{Var($}} » 7= (ks = 0%) = 37— ((S*) = 4(S%) + 8(5?) —(s7)? - 4), (34)

where 11,=(((S)-$))* denotes the fourth central moment and we have used the normalization
(§)=1. In turn, for spacings following the distribution P (4, S) (17) one can find they do not
follow GOE if

2
Nigy = 3y (u4=02);
ev ~

(35)
Var {S};—Var {S}coe

where the factor 3 in the nominator corresponds to the 3¢ level of significance. Substituting

Eq. (31) one can rewrite the above as

V@a—0a);
Emax \/ Ntot = 99t X m (36)

1
* We use the property of m-th cumulant of the distribution P(S)=7[aP;(aS)+bP,(bS)], which is equal to
(§™p=1 /2(u ("")<S m>(pl) + b(_m)<S m>(p2)).. For P;=Pqg and Py=Pcop_cup see Egs. (6) and (3), necessary
integrals for m=2, 3, 4 canbe calculated analytically.
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For A — 0, we have y,—-g*— %n 2-2n-4~2.671, leading to

2
Nt 2 223 (=) for Ny, = 0. (37)

max

VA (nm) VA {(nm)

5 10 20 40 5 10 20 40

Ernax [GV}

10° 10* 10°
Niew Niot

Figure 6. Phase diagram for triangular graphene nanoflakes with zigzag edges. Grey solid line in left panel (replotted
as a dashed line in right panel) corresponding to Eq. (37) for N, =0 splits the region where number of available en-

ergy levels is insufficient to determine the class of spectral fluctuation (below the line) and the region where one
should be able to identify the unitary class with approximate twofold degeneracy (2 x GUE). Blue solid line in right
panel is same as solid line in left panel, but for N, =1, calculated numerically from Eq. (13) for A =Ag (N, (see
Eq. (25)). Vertical red line in right panel marks the limit given by Eq. (27), above which the orthogonal class with grad-
ual degeneracy splitting (2 x GOE — GOE) appears.

Limiting values of N, and E following from Egs. (27), (36), and (37) are in depicted

Figure 6, presenting the central results of this work. In the absence of edge vacancies
(N ,ac=0), the attainable Fermi energy E . =025 eV should make it possible to detect TRS

breaking in nanoflakes containing N, 23 10* carbon atoms, corresponding to the physical

diameter of VeA ~ 15 nm, For N, =1, the limit of N, <9500 (see Eq. (27)) implies E,, 2 0.8
eV is required, slightly exceeding current experimental limits for graphene nanostructures.

max/

max

5. Concluding remarks

We have revisited level-spacing statistics of triangular graphene nanoflakes with zigzag edges,
subjected to weak substrate-induced disorder. Our previous study of the system is comple-
mented by comparing the spectral fluctuations with these of large random matrices belonging
to a mixed ensemble interpolating between GUE with self-dual symmetry and generic GOE.
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The results show that for a fixed value of maximal Fermi energy E_ . (in typical experiment,

max (

the Fermi energy is tuned in the range -E_, <E<E__ by top gate electrode), the system size

max
required to detect signatures of the time-reversal symmetry breaking at zero magnetic field is
bounded from the bottom by the condition for minimal number of quantum-dot energy levels
allowing one to distinguish between different classes of spectral fluctuations. A finite number
of vacancies at the system boundary may lead to intervalley scattering restoring TRS, resulting
in additional, upper limit for the system size.

In conclusion, we expect that triangular graphene flakes with perfect zigzag edges may show
signatures of TRS breaking starting from physical sizes exceeding 15 nm. For a finite number
of atomic-scale defects (starting from a single edge vacancy), one should search for signatures
of the unitary symmetry class in artificial graphene-like systems rather then in real graphene
nanoflakes.
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Abstract

The optimization of both the chemical vapor deposition (CVD) synthesis method to prepare
graphene and the Improved Hummers method to prepare graphite oxide is reported.
Copper and nickel were used as catalysts in the CVD-graphene synthesis, CH, and
H,being used as precursor gases. Synthesis variables were optimized according to a
thickness value, calculated using a homemade Excel-VBA application. In the case of
copper, the maximum thickness value was obtained for those samples synthesized at
1050°C, a CH,/H, flow rate ratio of 0.07 v/v, a total flow of 60 Nml/min, and a time on
stream of 10 min. In the case of nickel, a reaction temperature of 980°C, a CH,/H, flow
rate ratio of 0.07 v/v, a total flow of 80 Nml/min, and a time on stream of 1 min were
required to obtain a high thickness value. On the other hand, the Improved Hummers
method used in the synthesis of graphite oxide was optimized. The resultant product
was similar to that reported in literature in terms of quality and characteristics but both
time and cost of the synthesis procedure were considerably decreased.

Keywords: graphene, graphite oxide, CVD, Improved Hummers method, thickness
value

1. Introduction

Carbon (C) is a chemical element with atomic number 6 and solid at room temperature.
Depending on the synthesis conditions during its growth, carbon can be found in nature with

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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different allotrope forms [1]. Among them, the softer and the harder materials known in nature
areincluded: graphite (Figure 1a) and diamond (Figure 1b), respectively. Recently, new carbon
allotropes have been discovered such as fullerenes (Figure 1c), carbon nanotubes (Figure 1d),
carbon nanofibers (Figure 1e), and carbon nanospheres. To date, the last carbon allotrope that
has been appended is graphene (Figure 1f). It consists of a two-dimensional (2D) carbon atom
network with sp? hybridization and only one atom thick [2]. Each atom is bonded by a cova-
lentbond tootherthree carbonatoms. These carbonatomsare densely packaged inahoneycomb-
shapecrystallattice[3] comprising, inturn, oftwosuperimposed triangularsubnets[4]. Although
graphene has been known since 1960, it was not until 2004 when Andre Geim and Konstantin
Novoselov achieved to obtain an isolated graphene sheet using the Scotch® tape method [5].
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Figure 1. Structure of (a) graphite, (b) diamond, (c) fullerene, (d) carbon nanotube (CNT), (e) carbon nanofiber (CNF),
and (f) graphene [6].
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Figure 2. Roadmap of graphene [5, 7-21].
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1.1. Graphene chronology
Graphene is one of the most extensively researched materials and is currently regarded as a
fascinating material [2]. Figure 2 shows the chronology of graphene, from 1840 to nowadays.

1.2. Properties and applications

Since 2004, many researchers have been focused on the synthesis of high-yield and high-quality
graphene as well as on the search of an easily scalable process to manufacture it [6]. Table 1
shows the extraordinary properties of graphene related to the applications that can be derived
from them.

Property Application Ref.

¢ High-speed electron mobility Transistors, lasers, photo detectors [3,22]

* Large specific surface area Sensors [2,23]

¢ Conductance

e Linear band structure Field effect transistors [5]

(Dirac spectrum for mass less fermions)

¢ High electrical conductivity Transparent conductive film [23]

* High-speed electron mobility

* High optical transmittance

* High theoretical surface area Clean energy devices [23]

¢ Electron transfer along 2d surface

* Anomalous quantum hall effect Ballistic transistors [24]

¢ Irrelevant spin-orbit coupling Spin-Valve Devices [22]

* High conductivity Conductive materials, electrical batteries, [2]
super capacitors

¢ Easy absorption of gases Contamination control [22]

¢ Transparency (>99%) Displays, touch screens [25]

* High electronic conductivity

¢ Impermeability Coatings [26]

* High mechanical stress (hardness) Construction [3]

Table 1. Graphene properties and applications.

1.3. Graphene synthesis

Two different routes can be followed to synthesize graphene: Bottom Up and Top Down
(Figure 3). Bottom-Up route comprised those methods, which use a carbonaceous gas source
to produce graphene. The most relevant ones are epitaxial growth on Silicon Carbide (SiC) [27]
and chemical vapor deposition (CVD) [3]. Top-Down route is based on the attack of graphite (used
as raw material) to break its layers forming graphene sheets [28]. Methods such as
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micromechanical cleavage [5, 22], exfoliation of graphite intercalation compounds (GICs) [29], arc
discharge [30, 31], unzipping carbon nanotubes (CNTs) [32, 33], graphene oxide exfoliation [27] and
solvent-base exfoliation [34-37] comprise the Top-Down route.

972 ;
y fg

3077"0,1, e Top goﬂ“"

\/ Graphene sheet Graphene powder

Figure 3. Bottom-Up and Top-Down routes to synthesize graphene.

Among the different Bottom-Up synthesis methods, CVD is considered the most extensively
one used to synthesize large amounts of high-quality graphene sheets. This method is simple
and easily scalable [38]. It is important to highlight that the quality and the type of graphene
(monolayer, bilayer, few layer, or multilayer) can be varied as a function of the catalytic metal
used [3, 39, 40].

On the other hand, the simultaneous reduction and exfoliation of graphene oxide can be
considered, among the different Top-Down synthesis methods, the easiest one to synthesize
graphene-based powder materials. However, the synthesis of graphite oxide (GrO) is first
required since it is the intermediate productleading to graphene oxide from graphite. Graphite
oxide synthesis is an exothermic process that involves the use of strong acid solutions. In
addition, it can be considered as a tedious procedure because many steps are required before
the ultimate product is obtained.

Next, the most relevant results obtained in the CVD synthesis of graphene are summarized
using nickel and copper as catalytic metals, with particular emphasis on the optimization of
the main operating variables (synthesis time, temperature, and amount of gases involved
during the synthesis). Similarly, the synthesis of graphite oxide is also described. In the latter
case, the optimization study here reported pursued the reduction of the time of preparation
and the amount of chemical oxidants used during the synthesis of this intermediate product.

2. Chemical vapor deposition of graphene layers

Chemical vapor deposition (CVD) is a Bottom-Up technique, which allows to synthesize wafer-
scale graphene [41, 42]. In the CVD procedure, a metal substrate, which is used as the catalyst,
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is placed into a furnace and heated to high temperatures. The heat anneals the metal, increasing
its domain size [43]. Nitrogen, a carbon source (such as methane), and hydrogen are flowed
through the furnace during the graphene synthesis. Hydrogen catalyzes the reaction produced
between the carbon source and the metal substrate resulting in carbon atoms coming from the
carbon source decomposition, which are deposited onto the metal surface through chemical
absorption [3]. Hydrogen activates the carbon bounds of the metal surface and controls the
size and morphology of graphene domains [44]. After the reaction, the furnace is cooled to
keep the deposited carbon atom layer from aggregating into bulk graphite, which crystallizes
into a contiguous graphene layer on the metal surface [45]. This method has the advantage of
producing large size and high-quality graphene layers, and the ability to synthesize graphene
at wafer scale [41]. Moreover, it is considered a low-cost method leading to a high yield if
compared to other growth methods. However, the CVD graphene tends to wrinkle due to the
difference in thermal expansion between graphene and metal layer. This fact could be
decreased via proper annealing [43]. Nickel and copper are commonly used in the CVD method
as the metal substrate material for graphene synthesis [46]. Other transition metals such as Ru,
Co, and Pt are alternative transition metals, although they are used less frequently [47, 48].

o, (318

e

Figure 4. CVD growth-mechanism graphene on copper and nickel sheets [50].

Depending on the metal used, two different mechanisms can be differentiated in the CVD-
graphene synthesis (Figure 4). The first one, called Carbon atoms surface deposition, which is the
growth mechanism observed over copper sheets, is described like the direct deposition of
carbon atoms on the catalyst surface. In the second one, called Carbon atoms surface segrega-
tion, which is the growth mechanism observed whennickel is used as the catalyst, carbon atoms
decomposed from the carbonaceous source are diffused onto the catalyst bulk during the
annealing step at high temperatures. Then, they precipitate on the catalyst during the cooling
period [49].
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2.1. Optimization of the CVD operational parameters

Several studies have established a close correlation between the CVD growth parameters, the
quality of the graphene obtained, and the number of graphene layers, leading to the formation
of different types of graphene (named as monolayer, bilayer, few layer, and multilayer) on the
metal substrate [51-55].

Zhang et al. [51] and Nie et al. [52] found that the graphene quality improved at higher
temperatures of reaction. On the contrary, lower temperatures gave rise to graphene with a
number of defects. Rybin et al. reported that the larger the temperature of reaction, the higher
the amount of atoms dissolved into the metal layer, leading to the production of more and
more graphene layers [53].

Recent studies have showed that the concentration of hydrogen, which is obviously related
with the CH,/H, flow rate ratio and the total flow rate of CH, and H, during the reaction step,
also plays an important role in providing quality to CVD graphene. Gao et al. found for an
atmospheric pressure CVD system that high hydrogen concentrations contributes to the
degradation of the graphene quality as a result of the occurrence of defects and wrinkles [54].
In asimilar way, Vlassiouk et al. detected the presence of a critical value of the partial hydrogen
that determines the occurrence of graphene growth (<2 Torr with 30 ppm of CH,). No graphene
nucleation was observed below this value, whereas higher hydrogen concentrations caused
degradation in graphene quality [44]. Finally, several groups have shown that the growth of
bilayer and few-layer graphene depends on the concentration of active carbon species [55],
which was in turn related with the CH,/H, flow ratio and the total flow rate of CH, and H,
used during the reaction step.

On the other hand, monocrystalline metals favor the formation of superficial and uniform
monolayer, and bilayer graphene, being hindered the formation of multilayer graphene due
to graphene, is grown over smooth and free defect surfaces (Figure 4). However, the industrial
production of graphene strongly recommends to use polycrystalline metals, since it is much
lower than that of monocrystalline one [56].

Figure 5a shows the experimental installation used for CVD-graphene synthesis over poly-
crystalline metals (Ni and Cu). Figure 5b shows the stages followed during the graphene
synthesis as well the duration, temperature, and gases used in each of them.

Methane and hydrogen were actually used as precursor gases. Graphene samples were grown
by CVD at atmospheric pressure on 25-um-thick polycrystalline metal foils in a 40-inch quartz
tube heated in a furnace. Firstly, the reduction step was carried out by heating the furnace to
900°C, passing through the tube a flow of N, (400 sccm) and H, (100 sccm) to prevent metal
sheet oxidation. The annealing step was carried out by maintaining the furnace at this
temperature for 45 min. Later, the reaction step was started and carried out at different
operational conditions in order to improve the quality of the obtained graphene by decreasing
the amount of multilayer graphene formed over the metal. The temperature set point was
increased and varied in the range of 900-1050°C. A ratio of methane to hydrogen in the range
0.4-0.07 v/v was introduced into the reactor for different times (15 min to 30 s) to complete the
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reaction step. The total flow of gases involved during the reaction step ranged from 80 to 100
Nml/min. Finally, the system was cooled down (10°C min™) by flowing 400 sccm of nitrogen.
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Figure 5. (a) Experimental installation for CVD graphene synthesis. (b) Summary of the CVD-graphene synthesis steps
and conditions.

To control the graphene thickness and determine the percentage of each type of graphene
(monolayer, bilayer, few layer, and multilayer) deposited over the polycrystalline metal foils,
a homemade Excel-VBA application was designed. This software used the different colors
present in a digitalized optical microscope image to evaluate the percentage of the different
types of graphene deposited over the metal sheets. By using Raman spectroscopy, the
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relationship between the different colors present in optical images has been demonstrated with
each type of graphene [3]. For this purpose, a logarithmic scale was considered in the Excel-
VBA software design. Thus, thickness values 1, 10, 100, and 1000 were assigned when the 100%
of the sample was covered by multilayer, few-layer, bilayer, and monolayer graphene,
respectively. The thickness value was calculated as an average of the percentage obtained for
each type of graphene calculated by the Excel-VBA application.

Ferrari et al. [57] demonstrated that using the second-order 2D feature obtained in the Raman
spectra, it was possible to know the number of graphene layers. Based on that study, Malard
et al. [58] investigated the theoretical background associated with the double-resonance
Raman-scattering mechanism that gives rise to the main feature in the Raman spectra of the
different types of graphene. Thus, the deconvolution of the 2D peak, corresponding to each
type of graphene, showed that in the case of monolayer graphene the 2D peak could be fitted
with a symmetric single peak only; in the case of bilayer graphene, the 2D peak could be
deconvoluted in four different contributions; in the case of few-layer and multilayer graphene,
the 2D peak could be deconvoluted in two contributions, which is characteristic of graphite
(material consisting of many layers of graphene) (Figure 6).
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Figure 6. Relationship between optical microscope image and typical Raman spectra of monolayer [48, 59-61], bilayer
[47, 59, 60, 62], few layer [63-65], and multilayer [63, 64] graphene.

In this study, polycrystalline copper and nickel were chosen as metal catalyst in the synthesis
of CVD graphene.

Regarding polycrystalline Cu, 1050°C was required to maximize the amount of monolayer
graphene over the metal, whereas 980°C was selected as the optimum reaction temperature in
the case of using polycrystalline nickel. In the former case, the thickness value was found to be
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4.2, the proportion of each type of graphene being the following one: 81% multilayer graphene,
17% few-layer graphene, and 2% bilayer graphene; the presence of monolayer graphene was
considered negligible. In the latter case, the thickness value was found to be 397, in turn the
proportion of each type of graphene being the following one: 0.9% multilayer graphene, 40%
few-layer graphene, 22% bilayer grapheme, and 37% monolayer graphene.

Regarding the CH,/H, flow rate ratio, an optimal value of 0.07 v/v was obtained when both
metals were used as catalysts. A thickness value of 34.7 was obtained using Cu (20% multilayer
graphene, 20% few-layer graphene, and 51% bilayer graphene), whereas a thickness value of
536 was obtained using Ni (0.5% multilayer graphene, 27% few-layer graphene, 20% bilayer
graphene, and 52% monolayer graphene).

Finally, regarding the study of the influence of the total flow of gases (CH,+ H,) and reaction
time, it could be concluded that the best results in the case of using Cu as the catalyst were
obtained for a total gas flow of 60 Nml/min and a reaction time of 10 min, leading to an
increased thickness value of 60, 56 and 11% of the resulting sample being covered by bilayer
graphene and multilayer graphene, respectively. In the case of using Ni as the catalyst, the best
results were obtained for a total gas flow of 80 Nml/min and a reaction time of 1 min (thickness
value of 810). At these conditions, just 0.3% of the sample was covered by multilayer graphene,
11% by few-layer graphene, 9% by bilayer graphene, and 80% by monolayer graphene.

Variable Copper Nickel

Reaction temperature (°C) 1050 980

CH,/H, flow rate ratio (v/v) 0.07 0.07

Total gas flow (CH,+H,) during reaction step 60 80

Reaction time (min) 10 1

Graphene type .

— = e
——=m == == ===
—_—s e T eme
== =i —— ==
= S ——
e SR, oS

Thickness value 59 810

Table 2. Optimum synthesis conditions.

Summarizing, the thickness value was increasing at each stage of the optimization study
regardless of the metal used. However, it was not possible to detect monolayer graphene on
polycrystalline copper foil. In the case of using polycrystalline nickel, monolayer graphene
covered 80% of the foil for the optimal conditions of synthesis.

Table 2 shows the optimum operating conditions for each metal resulting from this study.
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Figure 7. Raman spectra corresponding to graphene samples synthesized using (a) copper and (b) nickel.

Figure 7 shows the Raman spectra corresponding to the graphene samples obtained at the
optimal conditions. D peak (1350 cm™) is related to the presence of defects in graphitic materials
[66]. G peak (~1560 cm™) denotes the symmetry of graphite band and is a way of checking the
vibration of sp*> hybridized carbon atoms in the same plane. Finally, 2D peak, visible around
2700 cm™, is the hallmark of graphene layers [67]. The relationship between the intensity of D
and G peak (Ip/Ig) is a way to check the amount of defects present in the graphene sheet. The
number of graphene layer is also related to the ratio between the intensity of 2D and G peak
(Ip/15). 2D peak position in graphene sample should be displaced to lower Raman shift values
in comparison with that of graphite. Finally, full width at hall maximum (FWHM) is related
to the lifetime of the excited states and is calculated as the Raman shift difference to the half
average height of the 2D peak [39]. For both metal catalysts, the I,/I; ratio values were low,
demonstrating that graphene samples had low amount of defects, whereas the I,,/I; ratio
values increased, as expected, from multilayer to monolayer graphene [68]. The contrary effect
could be observed for the FWHM parameter, which decreased from multilayer to monolayer
graphene. Finally, 2D peak position was, in all cases, located at around 2700 cm™, which is
characteristic of graphene materials [3, 39].
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3. Graphite oxide

Graphite oxide (GrO) can be defined as a set of functionalized graphene sheets that are mainly
composed of carbon, oxygen, and hydrogen atoms. This material is considered a precursor of
graphene itself [69]. The structure of graphite oxide is similar to that of graphite differing only
in the oxygenated groups present in GrO, which give rise to a greater distance between the
graphene layers [69]. GrO consists of a hexagonal network of sp* and sp-hybridized carbon
atoms that bear hydroxyl and epoxide functional groups on the ‘basal’ plane and carboxyl and
carbonyl groups at the edges [70].

3.1. Graphite oxide synthesis

Graphite oxide can be synthesized by the Brodie [7], Staudenmaier [8], or Hummers and
Offeman [9] methods or by variations of the latter, namely Modified Hummers method or
Improved Hummers method [71]. The main differences between the abovementioned methods
are summarized in Table 3, with particular emphasis on the nature of the oxidant, the toxicity,
and the main advantages or disadvantages of each approach.

3.2. Improved Hummers method

In 1958, Hummers reported the most popular procedure to synthesize graphite oxide, which
is based on the oxidization of graphite by using KMnO, and NaNO; in concentrated H,50, [9].
However, this method yields NO, and is dangerous itself due to the constant explosions, which
take place during the synthesis [71]. In 2010, Marcano et al. [71] reported an improved synthesis
based on the Hummers method by using graphite flakes as the raw material. Graphite oxide
synthesized from graphite flakes can be easily soaked and dispersed in water and could be
used as the precursor for different applications due to its hydrophilic character. They detected
that an improved graphite oxide with fewer defect in the basal plane can be prepared using
KMnO; as oxidation agent and a 9:1 mixture of concentrated H,SO, and H;PO, They also
reported that graphite oxide synthesized with this Improved Hummers method provided a
greater amount of hydrophilic-oxidized graphite, likewise having a more regular structure
with a greater amount of basal plane framework retained. Raman and infrared spectroscopy
results indicated that graphite oxide samples obtained through both methods were almost
similar, both of them showing the characteristics D and G peaks that confirmed the lattice
distortion in Raman spectroscopy. FTIR-ATR spectra also confirmed the presence of functional
groups. In addition, atomic force microscopy (AFM) showed that the thickness of both graphite
oxides was around 1.1 nm. They confirmed with a large variety of methods, such as thermog-
ravimetry analysis (TGA), solid-state colossal magnetoresistance (CMR), X-ray diffraction
(XRD), and X-ray photoelectron spectroscopy (XPS), that graphite oxide synthesized with the
Improved Hummers method was, if it is compared to that produced from the Hummers one, a
more oxidized material, presented a more organized structure, and contained both more
epoxide functionalities, and more regular carbon framework.
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Table 3. Synthesis methods of graphite oxide.

3.3. Optimization of the Improved Hummers method

The most remarkable results obtained in the optimization study of the synthesis of graphite
oxide based on the method proposed by Marcano et al. [71] (Improved Hummers method) are
summarized below. Thus, the objective was to reach the same quality product but using a
lesser time-consuming experimental procedure and conducting lower production costs. With
this purpose, the different stages of the Improved Hummers method used in the synthesis of
graphite oxide were optimized. The method consists of the oxidation, in the presence of
H,SO, and H;PO,, of 3 g of graphite per 9 g of KMnO, used as the oxidizing agent in 400 ml
of solution. The oxidation step is maintained at 50°C for 12 h. Later, the reaction mixture is
washed twice with 200 ml of deionized water, HCl, and ethanol. Finally, the product is
coagulated with 200 ml of dry diethyl ether and dried at 100°C [71].
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Figure 8. Differences between the Improved Hummers and Optimized Improved Hummers methods.

First, the oxidation time, which is the most time-consuming step of the whole synthesis process,
was reduced. This way, the oxidation time was reduced from 12 to 3 h, whereas the other
synthesis conditions were kept constant without affecting the quality of the final product. The
introduction of functional groups, both at the edges and in the basal plane, was achieved in 3
h instead of the 12 h required in the original method.

Second, it was demonstrated that the coagulation step used by Marcano et al. [71] did not
significantly influence over the quality and characteristic properties of the final product.
Consequently, it was removed from the synthesis procedure.

On the other hand, Marcano et al. used three different products twice during the washing step:
deionized water, which was used to reach the pH neutralization; HCI, which was required to
remove the remaining metal from the graphite oxide, and ethanol, which was used to achieve
a faster drying of the final product. We demonstrated that the quality and characteristic of the
final product were not affected at all if the treatment of the cake with these three products was
or not repeated. In addition, the elimination of H;PO, in the synthesis procedure was consid-
ered. Similarly, this action did not alter the characteristics of the final product.

Finally, a series of tests were conducted in order to increase the amount of graphite that can
be treated per batch, without altering the properties of the final product (the raw method
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considers 3 g of graphite and 9 g of KMnO, in 400 ml of solution). Here, the KMnO,/graphite
ratio (3:1) was maintained in order to not alter the degree of oxidation. This way, the amount
of these materials was progressively increased. It was observed that it was possible to use up
to 15 g of graphite (and hence 45 g of KMnO,) in 400 ml of solution without altering the
characteristics and quality of the product. Figure 8 schematically summarizes the differences
between the original method (Improved Hummers method) and the optimized one (Optimized
Improved Hummers method).

Graphite Improved Hummers Optimized Improved
method Hummers method
Raman spectroscopy Ip/Ig 0.067 0.726 0.946
L, (nm) 263 265 204
DRX L, (nm) 41 9.6 10.1
L. (nm) 20 47 49
dyy, (nm) 0.334 0.810 0.910
N, 60 5.8 5.4
Elemental C 98.04 48.8 51.4
composition o 196 482 45.1
S 0.0 0.7 2.8
cl 0 0.8 0.6
Mn 0 14 0.1
SEM
BET Surface area 17 222 28.1
(m?/g)
Total pore 0.038 0.113 0.129

volume (cm?/g)

La: crystal dimension described by layer sized; Lc: stack height; Nc: number of layers in the stacking structure; C:
carbon, O: oxygen, S: sulfur, Cl: chlorine; Mn: manganese.

Table 4. Characterization results of graphite oxide synthesized using both the Improved Hummers and Optimized
Improved Hummers methods.

Table 4 lists some properties of the graphite oxide samples synthesized by the Optimized
Improved Hummers method and those prepared from the parent one. I/ ratio, related with the
structural disorder in the graphite network and inversely proportional to the sp? cluster
average sized [72], considerably increased after graphite oxidation. Crystal dimension (La
value) decreased after the incorporation of oxygenated groups, which agree with the increase
in the structural disorder. In the same way, the number of graphene layers in the stacking



Optimization of the Synthesis Procedures of Graphene and Graphite Oxide
http://dx.doi.org/10.5772/63752

structure (Nc) decreased after the oxidation process [73]. Elemental analysis showed an
increase in the percentage of oxygen from graphite to graphite oxide due to the oxidation
process. Comparing both graphite oxides, the percentage of each compound (C, O, S, Cl, and
Mn) was quite similar [74]. In addition, scanning electron microscope (SEM) images showed
an agglomeration of the product after the oxidation process, being several microns in size.
Finally, a significant increase in the surface area was observed after graphite oxidation, because
of the expansion of graphene layers [75].

The almost similar characterization values of both samples of graphite oxide demonstrated
that the optimization process did not affect both quality and structure of the final product.
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Abstract

Epitaxial graphene is of particular interest because of its tunable electronic structure.
One important approach to tune the electronic properties of graphene relays on
intercalating atomic species between graphene and the topmost silicon carbide layer.
Here, we investigated the morphology and electronic structure of gold-intercalated
epitaxial graphene using a multitechnique approach combining spectroscopic
photoemission low-energy electron microscopy (SPELEEM) for chemical and structur-
al characterization at mesoscopic length scale and with transmission electron micro-
scopy (STEM) at the atomic level. Deposition of gold on ex situ prepared graphene on
SiC(0 0 0 1) results in the partial intercalation of Au adatoms under graphene, with the
formation of a buffer layer of variable thickness. Gold has also shown to aggregate in
nanometer-sized clusters lying on top of the same graphene film. X-ray photo-emission
electron microscopy measurements indicate that Au induces only small changes in the

doping of the graphene layer, which does not develop a quasi free-standing behavior.
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1. Introduction

Graphene is a single layer of carbon atoms arranged in a hexagonal lattice. It is one of the few
structures that are stable in two dimensions as a free-standing crystal [1, 2]. Its extraordina-
ry properties, such as unconventional two-dimensional (2D) electron gas, high carrier
mobility, half-integer quantum Hall effect at room temperature, and spin transport [1], have
made graphene a very promising candidate for the design of the new generation of devices,
such as ultrafast electronic circuits and photodetectors. Despite significant progress in its
synthesis, the development of production methods warranting fine control over film mor-
phology and thickness, which are both crucial to determine its electronic properties, re-
mains a considerable challenge.

Epitaxial graphene layers on silicon carbide (SiC) have been extensively studied due to their
potential for large-scale production with a high crystalline quality [3, 4]. It is now well
established that, in this system, the interaction between the graphene and its supporting
substrate (SiC) can affect considerably the electronic properties of graphene. Indeed, it is
known that the first carbon layer onto a SiC substrate is covalently bonded to the Si atoms of
the substrate, and this “buffer layer” does not display graphitic electronic properties [5-8].
Moreover, the remaining unsaturated Si dangling bonds, at the buffer layer/SiC interface,
induce a high intrinsic n-doping in graphene, which degrades the carrier mobility. These
drawbacks pose a major obstacle to the integration of graphene/SiC in future electronic devices.
A solution to this problem is provided by the passivation of the Si dangling bonds using
dopants and/or decoupling the graphene layer from the SiC substrate. Recently, decoupling
of graphene has been achieved by depositing molecules [9, 10] or atomic layers of Bi [11], Ge
[12], F [13], and Li [14, 15]. Furthermore, Riedl et al. [16] have shown that hydrogen intercala-
tion can induce such desired decoupling. More recently, it was demonstrated that the oxygen
can partially decouple the buffer layer from the substrate and reduce the intrinsic electron
doping [17]. Moreover, the intercalation of metal clusters or molecules between the graphene
layers may serve to functionalize graphene.

Numerous studies have been performed to understand the intercalation of transition metals
[18-20]. The study by Gierz et al. [21] claimed that the strongly interacting first carbon layer
was decoupled from the SiC(0 0 0 1) substrate via gold intercalation. The shift of Dirac points
due to gold intercalation was then theoretically studied by Chuang et al. [22]. A similar study
performed by Premlal et al. [23], using scanning tunneling microscopy and spectroscopy (STM/
STS), concluded that the intercalated gold cluster displays a new surface reconstruction and
induces a possible hole-doping effect. Nonetheless, further investigations are needed to better
clarify the effects on the electronic structure of graphene induced by intercalated Au.

In this chapter, we discuss the properties of Au-intercalated epitaxial graphene grown on 6H-
SiC(0001). Low-energy electron diffraction (LEED), low-energy electron microscopy (LEEM),
transmission electron microscopy (TEM), X-ray photoemission electron microscopy (XPEEM),
microspot angle-resolved photoemission spectroscopy (u-ARPES), and micro-Raman spec-
troscopy allowed us to study the structural and electronic properties of epitaxial graphene on
SiC. In particular, we focused on the effect of Au adsorption on the local morphology, structure,
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and electronic properties of few layers graphene on SiC(0 0 0 1); as it will be shown, our work
provides also information about the local distribution of Au at the interface.

2. Experimental details

The structural and electronic properties of the graphene/SiC interface were characterized using
the SPELEEM III (Elmitec GmbH) microscope operating at the Nanospectroscopy beamline of
the Elettra storage ring in Trieste (Italy). This instrument combines LEEM and energy-filtered
XPEEM imaging with phLEED and pARPES. The p-spot diffraction data are typically collected
from areas of diameter as small as 2 um. Such analytical methods are well-established tools
for characterizing the local morphology, thickness, corrugation, and electronic structure of
single layer graphene films [24, 25].

Semi-insulating on-axis SiC(0 0 0 1) substrates were used in this study. After polishing, the
samples were exposed to hydrogen etching at 1600°C in order to remove surface defects.
Graphene growth was carried out by annealing the substrates at 1300-1400°C under argon and
silicon fluxes. This method favors the formation of large and homogeneous domains [26, 27].
During the graphitization process, the argon partial pressure was kept below P =2 x 10 Torr.
The samples were then cooled to the room temperature and transferred ex situ to the micro-
scopes used in these studies.

Before the measurements, the graphene samples were annealed at 600°C for 30 min in ultra-
high vacuum, in order to reduce the contamination consequent to atmosphere exposure. The
Au incorporation process was carried out using a post-growth deposition method. The
samples were then further annealed at 800°C for 20 min in order to favor migration of gold.

In order to vary the amount of buffer layer on the surface prepared as above, we studied two
samples grown under the same conditions but with different level of graphitization. As shown
in the next section, sample 1 (S1) is at a later stage of graphitization in comparison with sample
2 (52). S1 is mainly covered by 1 ML graphene, with small areas that present the characteristic
of the buffer layer or bilayer graphene. On the other side, S2 presents mainly one and two
graphene layers. Both samples were fully characterized by means of LEEM, uARPES, and
ULEED, before and after Au deposition, respectively. Post-growth Au deposition on previ-
ously characterized graphene allows unraveling the effect of gold on the graphene layers. The
Au 4f, Si 2p, and C 1s core-level images were recorded using two photon energies (hv =200
and 360 eV) to tune the surface sensitivity. They were calibrated using the Au 4£7/2 component.

The TEM thin foil was prepared by focused ion beam (FIB). The surface was protected by an
amorphous layer carbon deposited before the FIB process. The thin foils were prepared
following the <1 1 -2 0> zone axis of the SiC substrate. We used a TEM/STEM microscope Jeol
2200FS working at 200 keV equipped with a spherical aberration (Cs) corrector on the STEM
probe. The probe current was 50 pA with a probe size of 0.1 nm (FWHM). The convergence
half-angle for the probe was 30 mrad, and the detection half-angles for the HAADF images
were, respectively, 100 mrad (inner) and 170 mrad (outer).
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3. Results and discussion

3.1. Growth of graphene on SiC(0 00 1)

We first address the structural properties of graphene, which was studied by low-energy
electron diffraction. The typical LEED of the graphene sample can be seen in Figure 1a. The
LEED pattern demonstrates that the graphene layer is well ordered and aligned with respect
to the substrate, such that the basal plane unit vectors of graphene and SiC subtend an angle
of 30°. The smallest hexagon is the result of a (6v3 x 6V3)R x 30° reconstruction of the interfacial
layer, as are the spots lying just inside the graphene pattern.
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Figure 1. (a) Typical LEED image of graphene on SiC(0 0 0 1) and (b) typical micro-Raman spectra of the graphene
monolayer. Contributions at the G and 2D bands are observed, together with a very low signal at the defect band D.

We further characterized our graphene by Raman spectroscopy, in Figure 1b, we present a
typical Raman spectrum, which presents the typical features of high-quality epitaxial mono-
layer graphene. Graphene contributions were identified by three main structures: (i) the D
band at 1350 cm™, (ii) the G band (symmetric E2g phonon mode) at 1592 cm™, and (iii) the 2D
band at 2704 cm™. For both samples, the D band, which corresponds to disorder, was weak in
comparison with the G and 2D bands (double resonant electron-phonon process). The low
intensity of this peak showed that there was only a small number of defect/disorder in the
graphene structure. This was an indication of the high quality of the epitaxial graphene
produced.

3.2. Au intercalation in epitaxial graphene on SiC(00 0 1)

The Au incorporation process was carried out using a post-growth deposition method. Au was
deposited at a temperature of 890°C, at a rate of 10 min/layer. A total coverage of 2 ML (1 ML)
was deposited on sample S1 (S2). The samples were then further annealed at 800°C for 20 min
in order to favor migration of gold. We now discuss the results of LEEM, uARPES, and uLEED,
characterization of both samples, before and after Au deposition.
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Before Au deposition After Au deposition

Figure 2. LEEM image of a graphene/SiC(0 0 0 1) surface, before (left) and after (right) Au deposition, with an electron
beam energy of 3.90 eV. The images for the sample 1 (2) are presented at the top (bottom) of the image.

Figure 2a—d presents LEEM images obtained on the two samples before and after Au deposi-
tion. The image contrast arises from the thickness dependent reflectivity of the film. Recent
quantum mechanical calculations of the IV reflectivity of graphene allow precise quantification
of the graphene thickness on SiC, which vary considerably depending on the presence of buffer
layers [28]. Measurement of the low energy electron reflectivity (not shown) of sample S1
before Au deposition (Figure 1a) has allowed us identifying the predominant presence of 1
monolayer (neutral gray regions) of graphene, accompanied with a small amount of the buffer
layer (dark gray) and graphene bilayer (white contrast). After the deposition of Au (Figure
2b), the three regions exhibit the same contrast, suggesting that the overall thickness distri-
bution of the sample was preserved by the Au deposition.

A notable difference between LEEM images acquired before and after Au deposition is the
presence of small dots which are uniformly distributed over both single- and bilayers gra-
phene. These structures have a maximum size of few tens of nanometers, with several of them
close to (or below) the lateral resolution of our LEEM microscope. We interpret the dots as due
to three-dimensional gold islands, as none of these features were observed on the sample
before Au deposition. We had repeated the Au experiment on the second sample S2, with less
Au (1ML instead of 2 ML), on which the graphitization was incomplete. Indeed, the reflectivity
curves confirm that the substrate was only partially covered by one and two monolayers of
graphene. The rather large light gray contrast areas in Figure 1c are attributed to the buffer
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layer, thanks to the analysis of the reflectivity curves, extracted from these areas. The corre-
sponding image recorded after Au deposition shows that the nanoclusters are once again
observed over the entire field of view. The lower concentration can be explained by the total
coverage of 1 ML of gold in comparison with 2 ML Au on S1. This set of images demonstrates
that the clusters nucleate also over the buffer layer, as well as on the one and two graphene
MLs.

Figure 3. (a) LEEM image taken with an electron energy of 3.90 eV and (b—d) its corresponding XPEEM images record-
ed at the Au 4f, C 1s, and Si 2p core levels. The field of view is 0.80 um wide. (b) Au 4f XPEEM image taken at a bind-
ing energy of 84.15 eV with hv = 200 eV. The highest (lowest) contrast is presented by the yellow (red) color. (c) C 1s
XPEEM image taken at a binding energy of 284.60 eV with hv =200 eV. The highest (lowest) contrast is presented by
the white (black) color. (d) Si 2p XPEEM image, taken at a binding energy of 101.75 eV with hv =200 eV. The highest
(lowest) contrast is presented by the white (black) color.

In the following, we focus on the sample S1, corresponding to Figure 2a and b. In order to
investigate the chemical properties of the sample after Au deposition, we have performed
XPEEM measurements [29] at the C 1s, Au 4f, and Si 2p core levels (Figure 3b-d). Figure 3a
displays a LEEM image of the sample after gold deposition, at electron energy of 3.90 eV. This
image is a zoom of Figure 2b, marked by a dashed yellow square. Figure 3cis an XPEEM image
at the C 1s core level, recorded at a binding energy (BE) of 284.60 eV. The BE is chosen to
correspond to the maximum of the C 1s core level emission from the graphene layers. There-
fore, the brightest (darkest) areas correspond to the graphene (substrate) layer. Regarding the
Si2p image, for which the maximum of intensity is attributed to the SiC contribution, recorded
at a BE of 101.75 eV (hv =200 eV), one can observe that the contrast is inverted, in comparison
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with the C 1s XPEEM image. Indeed, a lower Si signal is due to attenuation by the graphene
layers; and the corresponding zones, on the C 1s image appear bright. We verified that these
two images are in agreement with the graphene thickness, evaluated in LEEM (Figure 3a). The
shapes of the domains observed in the LEEM image can be easily recognized in the C 1s and
Si 2p maps. In addition to the C and Si distributions, Figure 2b displays an image of the Au
4f, recorded at 84.15 eV binding energy (hv =200 eV). The Au 4f signal seems to be more intense
at the buffer layer. The shape of the previous domains is not clearly recognizable anymore,
meaning that the Au can be deposited or/and intercalated independently of the surface
chemistry (substrate/graphene mono- or bilayer). The LEEM/XPEEM images do not allow a
clear discrimination between whether the Au nanoclusters are intercalated between adjacent
graphene layers or between the graphene and the buffer layer, or if they simply overlay on the
surface. The STEM data presented below will help answering this question.

Before Au deposition After Au deposition

0
]

Binding energy (eV)
1

Figure 4. Top: band dispersions as a function of k, around the K point of the first Brillouin zone, obtained by uARPES
athv =40 eV, performed before (a) and after (b) Au deposition. The Fermi level and the Dirac point are superimposed
on the images. Bottom: 2D maps as a function of k, and k,, recorded for a binding energy of 0.15 eV, that is, close to the
Fermi level, before (c) and after (d) gold deposition.

In order to investigate the effect of Au deposition on the electronic properties, we have
performed local ARPES experiments (LARPES). Figure 4 presents the tARPES maps, before
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(Figure 4a) and after (Figure 4b) Au deposition, around the K point, perpendicular to the 'KM
direction. The 2D map of the unexposed graphene surface (Figure 4a) presents a shift of the
Dirac point of 0.4 eV below the Fermi level. This energy shift (AE = Ej, — E;) is nowadays well
known in epitaxial graphene/SiC(0 0 0 1) [9, 17, 24] and is attributed to doping from the buffer
layer [6, 7]. On the 2D pARPES map, recorded after Au deposition (Figure 4b), the energy
difference between the Fermi level and the Dirac point is still 0.40 + 0.02 eV. In our data, we
do not observe a noticeable modulation of the Dirac point energy, contrary to what reported
by Gierz et al. [21]. Nevertheless, we cannot exclude that a small shift of the Dirac point (below
~20 meV) has occurred. Moreover, Au deposition on SiC(0 0 0 1) results in p- or n-doping,
depending either on the number of graphene layers, the strain at the Au/graphene or SiC/
graphene interfaces [22], or the gold coverage [21]. In our case, we average the electronic
information over the region that is slightly larger than that defined by the illumination, which
includes both single and bilayer graphene. The local doping effect can therefore be averaged
out in our data by the presence of areas with different electronic properties where Au induces
p-doping and n-doping effect, respectively. However, we reckon that these antagonistic effects
have to be insignificant for both cases as the Dirac cone does not get broader or split upon Au
deposition.

The 2D maps of the first Brillouin zone, recorded for a BE of 0.25 eV, are presented in Figure
4c and d, close to the Fermi level, obtained before and after Au deposition, respectively. In the
constant energy plots, six weak replicas of the 7t and 7* states surrounding the primary states
can be seen, as points around the upper spot (Figure 4c). Low-energy electron diffraction of
graphene layers grown on the SiC substrate (not shown) displays a nearly commensurate
superstructure with (6¥3 x 6Y3)R x 30° unit cell with respect to the substrate because of the
difference between the graphene lattice constant of 2.46 A and that of SiC, 3.07 A. The replicas
of the and mt* states are brought about by scattering off this superstructure in a fashion similar
to those in other incommensurate systems. The 2D image recorded after Au deposition (Figure
4d) shows that the superstructure around each K and K’ point persists. Even if the statistics
are not as good as the one before Au adsorption, one can still clearly observe these satellites,
which suggest that the Au deposition has not effectively decoupled the buffer layer from the
substrate. The data in Figure 4 demonstrate that the Au adsorption on this Gr/SiC(0 0 0 1)
sample neither decouples the buffer layer from the substrate, nor alters its average doping.

In order to reach an atomic level characterization of the Au distribution we have performed
sectional HR-TEM on the sample 2, after gold deposition. Figure 5 shows TEM images of two
distinct areas of the sample, recorded with a bright field (BF) and dark field mode (DF). These
STEM images, allow accessing the crystallographic information. High-angle annular dark field
(HAADF) contrast depends directly on the atomic number of the element: gold atoms appear
very bright due to their high atomic number (so-called Z-contrast’” imaging). The contrast of
the graphene layer is very weak in the HAADF-STEM images due to its low atomic number
(by comparison with the silicon). The graphene layer is easily visible in the bright field image
(contrast of diffraction), as shown in Figure 5b and e.
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Figure 5. Cross-sectional aberration-corrected STEM images recorded in the high-angle annular dark field (HAADF) (a
and d) and bright field (BF) (b and e) mode, respectively. HAADF contrast depends directly on the atomic number of
the element: gold atoms appear very bright due to their high atomic number (so-called ‘Z-contrast’ imaging). The con-
trast of the graphene layer is very weak in the HAADF-STEM images due to its low atomic number (in comparison
with the silicon). Layer graphene is easily visible in the bright field image (contrast of diffraction). The substrate, the
Au, and graphene layers can clearly be observed. A scheme of the area is also represented. (d—f) DF and BF images
with the associated scenarios, for another area of the surface. The substrate is represented by a gray square-shape. The
Au and carbon atoms are represented by yellow and gray spheres.

On the DF images (Figure 5a and d), the bright contrast corresponds to the Au atoms. More-
over, the dark line above the crystalline substrate, observed on the DF image, is assigned to a
graphene layer. For the first area (Figure 5a and b), combining the information extracted from
the DF and BF images, respectively, we demonstrate that the Au atoms are located below the
two graphene layers. These images also show that this Au insertion line stops at the step edge
of the substrate, as presented in the sketch (Figure 5c). The BF image of the second area (Figure
5d) shows that two Au layers have been intercalated under a single graphene layer. Whether
the graphene layer is continuous or not at the end of the Au step edge is not clear. One
remaining question is how the Au penetrates into the sample. The Au atoms can penetrate the
graphene layer through step edges or defects, as it has already been theoretically proposed in
the case of the Si out-diffusion, on epitaxial graphene [30].

As different Auinsertion mode have observed with the STEM with the HAADF imaging mode,
a new set of images from another area, using once again the BF and DF modes, is presented
Figure 6. The DF mode shows that two zones of the field of view contain Au atoms. The one
on the left side shows that these atoms can pass through the graphene layer, as explained for
Figure 5. However, the zone on the right side of the image presents a new scenario of Au
adsorption. The Au atoms, as presented by the black dots of the BF, have penetrated into few
layers of the substrate and a nanocluster has nucleated. The lateral size of this nanocluster can
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be estimated to be ~5 nm. By scanning several areas of the surface, all of these three scenarios
have been observed several times, confirming that the Au deposition on the graphene layer is
not a uniform process.
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Figure 6. Cross-sectional STEM images recorded in the HAADF (top) and bright field (middle) mode, respectively. The
substrate, the Au, and graphene layers can clearly be observed. A scheme of the area is also represented (bottom). The
substrate is represented by a gray square shape. The Au and carbon atoms are represented by yellow and gray
spheres.

The lateral distances between the gold atoms in the first layer are exactly the ones found for
the silicon (or carbon) atoms of the SiC substrate underneath. Indeed, the distance measured
between two adjacent Au atoms is 0.265 nm, while it is of 0.267 nm for two adjacent Si atoms
in a (0 0 0 2) plane. These distances are obtained with the same value in measurements
performed on numerous STEM images. The distance between two adjacent Au atoms in the
second layer systematically decreases to 0.236 nm. Moreover, the distance between two
adjacent gold layers is 0.255 nm, considering that the d,,, inter-reticular distance measured
in the SiC substrate close to the surface is 0.266 nm. This value has to be compared to the
experimental value of 0.252 nm [31] for the SiC bulk. Therefore, we can conclude that the strain
in the SiC substrate beneath the surface is small, even when layer or nanoclusters of gold are
observed.
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The results observed in TEM and LEEM shows two main scenarios of gold migration when
deposited on graphene/SiC(0 00 1). On the one hand, 1 or 2 ML of gold can intercalate between
the substrate and the graphene layers. On the other hand, some gold atoms migrate inside the
substrate to form nanoclusters. In the former case, this would lead to a change in the electronic
properties, while it should not in the latter case. p-ARPES measurements (Figure 4) do not
present any noticeable changes. Before and after gold deposition, the Dirac point is at 0.40 eV
below the Fermi level, for both cases. This equivalent doping can be explained by the fact that
the gold mainly clusterizes and does not intercalate homogeneously under graphene layer.
Therefore, the decoupling of the buffer layer, as observed by Gierz et al. [21], is not evidenced
in our case.

4. Conclusions

In summary, we have demonstrated that the Au deposition on graphene epitaxially grown on
SiC is an inhomogeneous process. The LEEM and XPEEM measurements have demonstrated
that the Au nanoclusters nucleate all over the surface, independently of the surface chemistry
(substrate, mono-, and bilayers of graphene). The STEM experiments have shown that the gold
can diffuse under one or more graphene layers and can spread as one or two gold layers.
Moreover, the gold mainly nucleates to form Au nanoclusters, which are spread all over the
sample, independently of the surface chemistry. Therefore, the HARPES experiments have
highlighted that the gold deposition does not induce a significant change in the electronic
properties of this material and showed that the Fermi velocity of graphene remained intact in
comparison with pristine graphene.
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Abstract

Energy transfer is one of the most fundamental processes at the nanoscale. Whenever a
donor is placed sufficiently close to an acceptor, they could couple via electrostatic
interactions and the energy is funnelled down to the acceptor. Only recently gra-
phene, a two-dimensional sp2-hybridized carbon hexagonal lattice, has emerged as
highly attractive from the point of view of potential applications in photonics and
optoelectronics, as it features uniform absorption, which extends over the whole visible
range down to the infrared. With the absence of fluorescence, it renders graphene as an
exceptional acceptor in devices that utilize energy and/or electron transfer. In this
chapter, we review recent work on the energy transfer in graphene-based assemblies
involving also graphene derivatives (graphene oxide and reduced graphene oxide), as
well as describe results of fluorescence studies focused on interactions between
graphene and photosynthetic protein—pigment complexes. While for organic dyes the
efficiency of the energy transfer is very high, in the case of the proteins, there is some
shielding of chlorophylls from graphene, partially inhibiting the energy transfer. This
allows for observing interesting effects associated with dependencies on the excitation
energy, number of graphene layers, or the substrate that graphene is placed onto.

Keywords: graphene, reduced graphene oxide, photosynthetic complex, energy trans-
fer, fluorescence microscopy, fluorescence imaging

1. Introduction

Non-radiative energy transfer (ET) is one of the most fundamental processes at the nano-
scale. It is associated with funnelling excitation energy between molecules, quantum dots or
other nanostructures [1] —in most cases —via dipole-dipole interaction. Such a scheme evolved
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for instance in natural photosynthesis [2] for efficient capturing and transport of the sun-
light energy, and has been recently implemented in artificial light-harvesting assemblies [3].
The efficiency of ET depends on the spectral properties of a donor and an acceptor, their mutual
orientation, as well as separation between them [4]. In particular, the distance dependence of
the ET efficiency, which for localized dipoles scales with d¢, has been exploited as a useful
tool to measure lengths at the nanoscale, both statically and dynamically. In particular, the
energy transfer has been considered an attractive way to control light harvesting and
bio(sensing) [5-7]. As a result, various strategies had to be devised to fabricate hybrid
nanostructures with well-defined morphology required for controlling the energy transfer
efficiency. Among the most feasible, one can find robust nanolayers, either polymer or
dielectric, deposited on a surface of nanoparticles or a substrate [8, 9], and more flexible linkers
based for instance on DNA strands or biotin-streptavidin conjugation [10, 11].

Another critical parameter that influences the interaction between two dipole moments in the
context of the energy transfer is the relation of their spectral properties. Namely, as shown in
Figure 1, the absorption of one of the molecules (acceptor) has to overlap with the emission of
the second molecule (donor). The larger the overlap, the higher the efficiency of the energy
transfer. The final parameter that has to be considered in energy transfer geometry is the
mutual orientation of the dipole moments of a donor and an acceptor. All these factors are
included in the equation shown in Figure 1. It is important to note that the equation de-
scribes the case where both donors and acceptors are classical dipole moments.
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Figure 1. Schematic representation of the energy transfer between two dipole moments of a donor (green) and acceptor
(red). The energy transfer is possible only when the emission of the donor overlaps with the absorption of the acceptor.

Optical spectroscopy, and in particular fluorescence spectroscopy, provides a variety of tools
to probe the energy transfer in hybrid nanostructures. It stems from the fact that the emer-
gence energy transfer results in the decrease of the emission intensity of a donor at the expense
emission intensity of an acceptor. This is in fact the most straightforward consequence energy
transfer between two nanostructures. In addition to the intensity flow between donors and
acceptors, another signature of the energy transfer is a shortening of the fluorescence decay
time of the donor. Indeed, the energy transfer can be considered as a new channel for non-
radiative recombination from the point of view of the donor, and as such it should result in
shortening of the lifetime.
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The purpose of this chapter is to review recent research carried out on hybrid nanostruc-
tures composed of graphene and graphene derivatives and naturally evolved photosynthet-
ic complexes. Our aim is to emphasize effects that are not readily available when studying
classical emitters, such as organic dyes or semiconductor nanocrystals, which have spectral-
ly limited absorption and emission, as in contrast to these, photosynthetic complexes feature
absorption that spans over the whole visible spectral range. They are also pigment-protein
complexes, with chlorophyll molecules protected from the environment. Thus, the interac-
tion between photosynthetic complexes and graphene is not immediate. However, before we
describe the results obtained for photosynthetic complexes coupled with graphene, we review
several key results reported for organic dyes and semiconductor nanocrystals on graphene.
This is important to illustrate basic mechanisms and processes that take part in such hybrid
architectures.

2. Overview of recent results

2.1. Graphene: basic properties

Graphene is nowadays one of the most intensively studied materials. Since 2004, when it was
for the first time obtained by mechanical exfoliation, many research groups worldwide have
focused on understanding and proving uniqueness of this one-atom thin material [12, 13]. Part
of these efforts were inspired by the combination of properties rarely met in any other material,
such as exceptionally high electronic and thermal conductivity, mechanical strength, unusu-
al electronic structure and optical transmittance, impermeability to gases and many others [14].

The key property of graphene, which impacts its electronic and optical character, and is
particularly important in the context of light-matter interactions, is an unusual zero bandg-
ap structure and linear dispersion near the Brillouin zone corners. Indeed, in the case of
graphene, the conduction and valence bands meet at Dirac points and in their vicinity the
energy depends linearly on the wavevector [15]. Consequently, both electrons and holes mimic
massless relativistic particles with effective velocity of ¢ * = 1/300 the speed of light.

Fully occupied valence band combined with an empty conduction band, and no energy gap
between them, leads to unique electronic absorption of graphene. Remarkably, it is rather high,
and for a suspended graphene monolayer is defined solely by the fine-structure constant,
which translates to 2.3% absorption of incident light (Figure 2) [16]. In addition, the absorp-
tion of graphene shows no wavelength dependence from ultraviolet to near-infrared.
Therefore, graphene sheets can be visualized using optical microscopy, as shown in Figure 2,
and the absorption of a few-layer graphene can be roughly described as a sum of non-
interacting single layers with each layer contributing 2.3% of opacity. From the point of view
of hybrid assemblies where the energy transfer is exploited, graphene can be utilized as energy
acceptor due to uniform absorption, but at the same time, it features no fluorescence emis-
sion. Consequently, any effects attributable to the energy transfer from any emitter to graphene
will have to be probed and quantified based solely on the behaviour of energy donors.
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Figure 2. (A) Photograph of a 50-mm aperture partially covered by monolayer and bilayer graphene. The line-scan
profile shows the intensity of transmitted white light along the yellow line. (Inset) Sample design. (B) Transmittance
spectrum of single-layer graphene (open circles). The red line is the transmittance expected for two-dimensional Dirac
fermions, whereas the green curve takes into account a non-linearity and triangular warping of graphene’s electronic
spectrum. (Inset) Transmittance of white light as a function of the number of graphene layers (squares). From Nair et
al. [16]. Reprinted with permission from AAAS.

2.2. Graphene: fabrication methods

There are several ways of obtaining graphene and its derivatives, with each method holding
specific advantages depending on particular application [17], but also facing limitations from
the point of view of scalability, cost, reproducibility and alike.

First experiments on graphene have been carried out for the highest-quality pristine gra-
phene obtained by mechanical exfoliation. This method, which is still arguably the leading
one, allows preparing pure hexagonal carbon lattice without defects or dopants, thus exfoli-
ated graphene has been at the centre of fundamental studies of its properties [16, 18]. It suffers,
however, from small and irregular sample sizes and shapes, low throughput and high prices.

Growing demand for larger and reproducible graphene pieces has resulted in the develop-
ment of other methods used for the production of two-dimensional (2D) carbon materials.
Epitaxial techniques, by both sublimation and chemical vapour deposition (CVD), are the most
promising due to the comparably high quality of fabricated graphene combined with high
reproducibility and scalability. The first approach involves decomposition of SiC in low
pressures (or ultra-high vacuum) and high temperatures. Addition of the annealing in argon
atmosphere significantly improves homogeneity of graphene [19]. Upon sublimation of silicon
from SiC surface, the remaining carbon atoms form graphene layers. Although the price of SiC
substrate is relatively high, it could be compensated by excellent electronic parameters of
graphene and performance of fabricated devices [13].

An alternative approach to produce graphene is CVD, which involves deposition of hydro-
carbons onto a transition metal surface, usually copper or nickel, which works as a catalyst
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[20, 21]. Due to the differences of solubility of carbon in Ni and Cu, the processes also differ
from each other. As the solubility of carbon in Cu is rather low, the formation of graphene
layers weakly depends on the actual conditions of the growth process. This allows for a better
control over graphene growth, and when the monolayer is formed the deposition process
stops. For this reason, large domains of single graphene layers are formed (>95% of the
surface) [20]. Although graphene growth on Cu displays some disadvantages, such as
wrinkles and grain boundaries, it is a relatively simple and inexpensive approach, suitable
for mass production of high-quality graphene. Importantly, graphene grown on metallic
surfaces can be transferred via polymer-assisted method on any arbitrary substrate, what is
important for constructing graphene-based devices (photovoltaic cells, transistor, etc.) [22].

For uniform graphene layers obtained using exfoliation or CVD, hybrid assemblies for
studying the energy transfer have to be constructed in a layer-by-layer geometry, where
emitters are deposited onto the graphene layer (or on a polymer/oxide layer that is sup-
posed to separate emitters from graphene).

In addition to methods that allow for growing large-area uniform graphene with well-
controlled number of layers, other approaches have also been developed, based on the concept
of liquid phase exfoliation. The approach of synthesizing two-dimensional carbon flakes in
liquid relies on the reduction of graphene oxide (GO) [23] and key advantages thereof include
solubility in aqueous and organic solvents, easy processing and surface functionalization,
cheap synthesis for scalable production and relatively mild conditions of synthesis [24].

Briefly, the process usually starts with oxidizing graphite using one of the many popular
oxidation methods: Hummers, Brodie or Staudenmaier [25, 26]. In the next step, due to the
presence of oxygen-containing functional groups (hydroxyls, carbonyls, carboxyls or oxygen
epoxides), graphite oxide can be easily exfoliated into GO via ultrasonication or mechanical
stirring. Importantly, the presence of oxygen moieties distinguishes GO from graphene, and
due to the predominance of sp* over sp*hybridized carbon atoms, GO is a fluorescent
insulator, as opposed to graphene, which is a non-emitting conductor. However, it is an ideal
precursor for the synthesis of reduced GO (rGO), also called chemical graphene. Important-
ly, by reducing GO, and thus restoring the sp>-carbon network without additional compo-
nents and residues [50, 51], it is possible to not only diminish fluorescence but also retrieve
electrical and thermal conductivity. In contrast to graphene, rGO can be dispersed in water,
and preparation of rGO flakes in solution makes it feasible to incorporate various functional
groups on the surface, as required for many applications.

Among the key challenges is the establishment of reproducible methods of fabricating large-
area rGO flakes and assuring the control of the number of layers, although these two factors
frequently compete against each other: it is difficult to fabricate large single-layer rGO. The
most commonly applied strategies are mild oxidation conditions, which promote the forma-
tion of larger flakes simply by reducing cracking of graphite flakes [27], adding a pretreat-
ment step (an incubation in sulphuric acid with gentle stirring) before oxidation [28], or even
skipping sonication to avoid breakage of flakes [29]. An important step is a separation of large
flakes from aggregates and smaller sheets, and this can be performed with a high-speed
centrifugation [27, 30, 31]. Also, GO might be deposited on a substrate using Langmuir-
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Blodgett technique or self-assembling, before subsequent reduction, either chemically or
thermally, to prevent re-aggregation of rGO flakes [29, 32].

From the point of view of the energy transfer, rGO offers important degree of freedom as
compared to epitaxial graphene, namely it is possible to prepare mixtures in solution, which
is often technically simpler and more suitable for—for instance —fluorescence-sensor design.

2.3. Graphene as energy acceptor

Constant absorption covering ultraviolet, visible and near infrared spectral regions (300-2500
nm), together with unusual electronic structure, renders graphene as an exceptional energy
acceptor. It is possible to obtain not only energy transfer from any emitter to graphene but also
the zero-energy gap of graphene implies that any interactions in graphene-based hybrid
nanostructures can be investigated exclusively by studying optical properties of a donor. These
properties result in a unique potential of graphene as a component of devices designed for
photonics, optoelectronics, as well as photodetectors and biosensors. In particular, in recent
years several studies emerged, where the energy transfer from various emitters to graphene
has been investigated.
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Figure 3. Images of the same area of the sample containing a monolayer graphene sheet (darker field on the left image)
obtained with optical microscope, fluorescence microscope, where the emission intensity of Rhodamine dyes was
measured, and fluorescence lifetime imaging microscope, where decay times of fluorescence were measured. Signifi-
cant decrease of the intensity of Rhodamine on graphene is accompanied with drastic reduction of the decay time.
From Gaudreau et al. [33]. Reprinted with permission from ACS.

One of the first hybrid structures where the energy transfer to graphene was investigated
comprised a layer of Rhodamine molecules on a graphene flake [33], as shown in Figure 3. The
position and shape of the graphene flake can be determined by optical microscopy and next
by collecting a fluorescence image of the same area, any influence of the presence of gra-
phene on the fluorescence properties of Rhodamine can be extracted. In this work [33], the
authors included also time-resolved fluorescence lifetime-imaging microscopy. In order to
study the dependence of the energy transfer on the distance between the emitters and
graphene, a layer of PMMA polymer with a thickness from 5 to 20 nm was deposited on
graphene. As can be seen in Figure 3, for molecules placed on graphene the fluorescence
intensity is significantly less as compared to the reference. This decrease of emission intensi-
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ty is accompanied with strong reduction of fluorescence lifetime. Both these spectral signa-
tures are indication of the energy transfer from Rhodamine to graphene. Estimated maximum
efficiency of the energy transfer was equal to 99% and it decreased with the spacer thickness.
It was experimentally proved that the energy transfer to graphene scales with the distance as
d*, which is different from the classic case of two interacting dipole moments. This differ-
ence is indicative of the universal value of the optical conductivity (assigned to gapless and
2D lossy media) and is in agreement with theoretical results obtained by Sebastian and
Swathi [34]. There are two major consequences of these results: high efficiencies of the energy
transfer indicate that in order to study energy transfer from a dye to graphene it might be
critical to use a spacer, as otherwise fluorescence of the emitters can be totally quenched. There
are, however, examples, where particular orientation of the molecules on a graphene surface
partially inhibited the energy transfer [35]. Furthermore, weaker relation between the decay
rate and distance can make it possible to investigate donor-acceptor interactions for distan-
ces unavailable for pairs of two classical dipoles.
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Figure 4. Optical and fluorescence images of individual nanocrystals on single-layer graphene and on the quartz sub-
strate; (b) optical reflectivity image in the emission range of nanocrystals; (d) wide-field fluorescence image of individ-
ual CdSe-ZnS nanocrystals in the region shown in panel (b). The colour scale bar indicates the number of emitted
photons (in arbitrary units) integrated over 30 s. From Chen et al. [36]. Reprinted with permission from ACS.

An important advancement into elucidating the energy transfer to graphene was experimen-
tal observation of fluorescence quenching of individual semiconductor nanocrystals [36]. For
this experiment, micrometer-size sheets of graphene monolayer were used, on which highly
diluted solution of CdSe/ZnS nanocrystals was deposited (Figure 4). By combining optical and
fluorescence imaging, it was possible to correlate the differences in fluorescence intensity of
individual nanocrystals with the locations where graphene was present. The result was
dramatic (70-fold) quenching of fluorescence intensity for nanocrystals placed on graphene.
Moreover, the quenching efficiency was found to increase with a number of graphene layers.
This observation was explained using a simple model of a few-layer graphene, in which weak
interactions between layers can be neglected, so the quenching factor is calculated for n layers
of non-interacting single graphene planes. The significance of these results is in removing any
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ensemble averaging that is always present in experiments performed on layers, as the one
described above. In addition, when layers of emitters are studied, there is always a certain
thickness of this layer, across which the strength of the interaction, in this case the energy
transfer, varies, sometimes considerably. As a result, an average effect is measured in
fluorescence microscopy experiment, similarly as in the case of plasmonic interactions
associated with metallic nanoparticles [37]. In this context, the value of single nanocrystal
experiment manifests itself in the observation of suppression of fluctuations of fluorescence
intensity of single nanocrystals upon deposition on graphene. This indicates the effect of
graphene-induced fluorescence quenching also on the photophysics of the nanocrystals.

Very recently, both concepts were combined in a single experiment, where distance depend-
ence of the energy transfer rate to a monolayer graphene was studied for individual emitters,
both zero-dimensional CdSe/CdS nanocrystals and two-dimensional CdSe/CdS/ZnS nanopla-
telets [38]. Both types of energy donors were separated from graphene with ultrasmooth
dielectric film of magnesium oxide with a thickness varied from just a few A up to several tens
of nanometers. In terms of radiative energy transfer efficiency (>95%), both structures exhibited
similar behaviour upon direct coupling to graphene. Important differences appear when
emitters are separated from graphene with a spacer. While for zero-dimensional nanocrys-
tals the energy transfer rate scales with a distance according to d*law, the energy transfer rate
of the two-dimensional platelet decays is affected to a lesser degree. This is explained by a
theoretical model, which includes the contribution of thermal distribution of free excitons in
a two-dimensional quantum well at finite temperatures. The results confirm that graphene-
nanocrystal hybrid structure, governed by both charge transfer and Forster-type resonant
energy transfer, is a suitable system to explore the influence of exciton dimensionality and
localization, as well as distance, on the energy transfer rate (Figure 5).
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Figure 5. (a) Selected luminescence decays of individual CdSe/CdS nanocrystals separated from graphene by an MgO
spacer with increasing thickness. The thin black lines are fits based on biexponential decays convoluted with the in-
strument response function. (b) Statistically averaged measured decay rate y as a function of the thickness of the MgO
spacer. (c) Statistically averaged product of the number of emitted photons per exciting laser pulse N, and the decay
rate y. From Federspiel et al. [38]. Reprinted with permission from ACS.

Very efficient energy transfer from organic dyes to graphene-based materials has also been
used to visualize the structure and determine the morphology of graphene-dye hybrids.
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Fluorescence quenching microscopy is a practical tool for detecting and mapping of gra-
phene flakes [39]. Contrary to Raman spectroscopy or optical techniques, in this case an
additional component of energy donor is necessary. This is compensated by significantly
increased contrast, as well as faster and more sensitive data recording of large areas com-
pared to optical imaging (Figure 6) and Raman spectroscopy.

/ ‘_

Figure 6. Images of mechanically exfoliated graphene on a SiO2/Si substrate taken by (a) AFM, (b) optical microscopy
and (c) FQM using PVP/fluorescein. All scale bars = 10 um. From Kim et al. [39]. Reprinted with permission from ACS.
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Similarities between graphene and rGO are also reflected in their role as energy acceptors.
However, in contrast to graphene, rGO is used most frequently as a fluorescence quencher in
solutions, instead of in layer-by-layer geometries. This method, although less ordered and less
controllable, may be advantageous for increasing energy/charge transfer efficiency in rGO-
based assemblies. Reduced graphene oxide has been studied as an efficient fluorescence
quencher of polymers [40, 41], quantum dots [42], dye-labelled aptamer [43] and also in hybrid
nanostructures involving photosynthetic complexes [44]. While graphene-based hybrid
structures are applied primarily for fundamental studies and to define parameters that
determine energy/charge transfer, in the case of rGO composites the main focus is on poten-
tial devices and applications and optimization of their performance. Such hybrid nanostruc-
tures are considered promising for easy and relatively cheap scalable mass production of
biosensors, as well as light-harvesting and optoelectronic platforms.

3. Materials and methods

In this section, we describe the structure and properties of peridinin-chlorophyll-protein
(PCP), a light-harvesting pigment-protein complex, as well as graphene-based materials that
are energy acceptors in our hybrid assemblies. Next, we present experimental techniques
employed for investigating the energy transfer, which include—in addition to standard
absorption and fluorescence spectroscopy —high-resolution confocal fluorescence microsco-
py coupled with time-resolved capability and spectrally resolved detection.

3.1. Peridinin-chlorophyll-protein

Peridinin-chlorophyllprotein complex from algae Dinoflagellates Amphidinium carterae
belongs to photosynthetic complexes that are responsible for light harvesting and transfer-
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ring the energy to reaction centres [2]. We focus here on aspects relevant for understanding
the energy transfer between pigments comprising the PCP complex and graphene/rGO.

PCP is a water-soluble protein functioning as an antenna external to the membrane. The
structure of the PCP complex, shown in Figure 7, has been determined with 1.3-A resolution
using X-ray crystallography [45]. In its native form, PCP consists of two chlorophyll a (Chl a)
and eight peridinin (Per) molecules embedded in a protein matrix. The pigments are ar-
ranged in two almost similar clusters, with the distance between Mg atoms of the two Chl 2 in
one monomer being 17.4 A. The ratio of Per to Chl a of 4:1 indicates that PCP utilizes the
carotenoids as its main light-harvesting pigments.

The absorption spectrum of the PCP complex, displayed in Figure 7, features an intense,
broadband from 400 to 550 nm that is mainly due to Per absorption. The contribution of Chl a
appears at 440 (Soret band) and 660 nm (Qy band). The fluorescence emission of the PCP
complex originates from weakly coupled Chl molecules and it appears at 673 nm with a 30%
quantum yield and a decay time constant of 4 ns, as shown by red line in Figure 7. Upon
absorption of light, peridinins in PCP transfer their electronic excitation to Chl 2 molecules.
The efficiency of this excitation energy transfer is higher than 90% as evidenced by almost ideal
correspondence between absorption and fluorescence excitation spectrum. Clearly, the
absorption spectrum of PCP enables the photosynthetic apparatus to harness the sunlight not
only in the red spectral range but extends into the blue-green spectral region. From the point
of view of the experiments described in this chapter, it is important to consider the PCP
complex as a donor that can be excited at essentially any energy from 350 to 650 nm, with this
excitation yielding emission at the same wavelength of 673 nm. This property distinguishes
PCP, and many other photosynthetic complexes, from frequently used emitters, such as
organic molecules or semiconductor quantum dots, that are much more selective in their
optical characteristics.
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Figure 7. Pigment structure of the PCP complex together with absorption (black line) and fluorescence (red line) meas-
ured in aqueous solution at room temperature.

Previous studies of PCP complexes have been carried out on the ensemble [46, 47] and single-
molecule levels [48, 49]. Transient absorption in femtosecond timescale revealed main energy
transfer pathways between pigments comprising the complex, and it also was demonstrated
that the interaction between the two Chl a molecules is relatively weak with transfer times of
the order of 10 ps [47]. These findings were also corroborated with fluorescence studies of
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individual PCP complexes: it has been shown that it is possible to distinguish emission
originating from each of the two Chl a4 molecules and using the property of sequential
photobleaching of the Chl, the energy splitting between the two molecules in the monomer
was determined [49].

The simplicity of the PCP complex, its water solubility that facilitates easy sample fabrica-
tion, its small size (~4 nm) and unique spectral properties have rendered this complex as a
model system for fabricating hybrid nanostructures for studying interactions at the nano-
scale [3]. These include in particular extensive work focused on plasmon-induced effects
associated with interactions between pigments comprising the PCP complex and metallic
nanostructures [37].

3.2. Graphene-based materials

Graphene oxide was synthesized from graphite powder using the modified Hummers and
Offeman method described elsewhere [50, 51]. Reduced graphene oxide was prepared from
graphene oxide by reduction with hydrazine. In our procedure, graphene oxide powder
(2.5 mg) was dispersed in 5 ml of distilled water and placed in an ultrasound bath for 30
min. In a separate vial, 1.55 pl of 65% hydrazine monohydrate solution was added to 1
ml of distilled water. Then, 0.5 ml of the prepared hydrazine solution was added to 0.5
mg/ml-graphene oxide solution. Finally, the mixture was transferred into a round-bot-
tomed flask, put in an oil bath, heated up and maintained at 100°C for 24 h. After this
time, a clear brown solution of graphene oxide turned into black precipitate of reduced
graphene oxide flakes. The final solution was washed five times with water and ethanol,
and then filtered. The remaining reduced graphene oxide flakes were dried, dissolved in
distilled water and left in an ultrasound bath for 1 h before further use. As estimated from
XPS measurements, C/O = 7-10 and 1.7-2 ratios were measured for rGO and GO, respec-
tively, pointing towards substantial reduction efficiency of the synthesis procedure [52].
Afterwards, rGO flakes were dispersed in distilled water, in an ultrasound bath.

Graphene substrates were purchased from Graphene Supermarket. We used 1 x 1-cm p-doped
silicon wafers with a single-layer graphene deposited using chemical vapour deposition on
a 285-nm thick silicon dioxide layer. The presence of a graphene monolayer on the sub-
strates was confirmed using Raman spectroscopy.

3.3. Sample preparation

In order to study interactions between PCP and rGO, we prepared three solutions of rGO
in water, one with the initial concentration of C, = 0.5 mg/ml, and two dilutions, 1:10 C,
and 1:100 C,. To prepare the samples, we mixed PCP complexes in 2% polyvinyl alcohol
(PVA) with these three rGO solutions in a 1:1 ratio. The final PCP concentration in each
sample was 0.2 pg/ml. In order to compare the results obtained for the rGO-containing
samples, we also prepared a reference sample, where PCP and PVA concentrations were
the same as above and with rGO replaced by distilled water. The layers were obtained by
spin-coating solutions on pure coverslips with the rotational speed of 1200 rpm for 2 min.
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For optical experiments focused on studying excitation energy dependence of the energy
transfer efficiency, we used highly diluted (optical density of 0.009 at 671 nm, concentration
less than 10 pM) aqueous solution of PCP complexes. Such a low concentration is very
important as on the one hand it strongly reduces the inner filter effect, but this also yields a
thin layer of PCP complexes on a graphene surface. As a result, we minimize the fraction of
PCP that is not coupled to graphene, thus takes no part in the energy transfer.

Finally, we fabricated structures for the evaluation of the effect of polymer layer (in our case
PVA) on both interaction with graphene and photostability. To this end, samples were
fabricated with the concentration of PVA varying between 0.2 and 0.002%. The obtained
solutions were either drop-casted or spin-coated on single-layer graphene substrates. In the
case of the latter approach, the concentration of PCP had to be adjusted to be slightly higher,
as spin coating strongly reduces the number of PCP complexes within the focal volume of the
focused laser.

3.4. Experimental techniques

The optical properties of hybrid nanostructures comprising light-harvesting complexes and
graphene-based materials were studied using absorption and fluorescence spectroscopy in the
visible spectral region. Absorption spectra were obtained using Cary 50 spectrophotometer,
while fluorescence in solution was measured using Fluorolog 3 spectrofluorometer. A Xenon
lamp with a double grating monochromator was used for excitation and the signal was
detected with a thermoelectrically cooled photomultiplier tube characterized by a dark current
of less than 100 cps.

Fluorescence intensity maps were measured with an inverted fluorescence wide-field Nikon
Eclipse Ti-U microscope equipped with an Andor iXon Du-888 EMCCD detector. For each
sample, a series of 50 images were acquired in order to allow for reliable statistics. Every image
was collected for a different sample area, which allows for minimization of any photobleach-
ing of the PCP fluorescence. Immersion objective with a magnification of 100x (Plan Apo,
Nikon) and a numerical aperture of 1.4 was used, which provides a spatial resolution of
about 300 nm. As a light source, we used LED illuminators (405, 480 and 530 nm) equipped
with appropriate bandpass filters. Excitation power was equal to 50 uW. Fluorescence of PCP
was extracted by combining a dichroic mirror (Chroma T650Ixpr) and a bandpass filter
(Thorlabs FB 670-10). Fluorescence intensity maps and kinetics were collected with the electron
multiplying gain of 300x and acquisition times of 0.25 or 0.5 s, depending on the experimen-
tal conditions. White-light transmission images were recorded with the same microscope, with
a halogen lamp V2-A LL (12 V, 100 W) as a light source.

Spectrally and time-resolved fluorescence measurements were performed using a home-built
confocal fluorescence microscope described in detail in [53]. The sample was placed on a
piezoelectric translation stage. We used pulsed laser excitation at 405, 485 and 640 nm
(repetition rate of 20 MHz, average power of 30 pW, power density of ~IMW/cm™). Impor-
tantly, PCP can be efficiently excited at 405 (Soret band), at 485 (Per) and at 640 nm (excited
states of chlorophylls). The laser beam was focused on the sample by LMPlan 50x objective
(Olympus) with a numerical aperture of 0.5. Fluorescence was first filtered by a longpass
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filter (HQ665LP Chroma) and then the spectra were detected using Andor iDus DV 420A-BV
CCD camera coupled to an Amici prism. Time-resolved measurements were performed by
time-correlated single-photon-counting technique using an SPC-150 module (Becker & Hickl)
with fast avalanche photodiode (idQuantique id100-20) as a detector. In order to select
appropriate wavelength range, we used an additional bandpass filter (FB670/10 Thorlabs).
Time resolution of the TCSPC set-up is about 100 ps.

4. Results and discussion

In this section, we describe three experiments, where interactions between the PCP com-
plexes and both rGO and epitaxial graphene were investigated. Since the PCP complexes are
soluble in water, we mixed them with rGO and investigated for the energy transfer between
the light-harvesting complexes and rGO. In the case of epitaxial graphene, we focus on two
aspects: the dependence of the energy transfer efficiency from PCP complexes to graphene on
the excitation wavelength and the influence of sample preparation on the strength of the
interactions in such hybrid nanostructures.

4.1. PCP with reduced graphene oxide

Interactions between various emitters and rGO were studied so far only in solution, where
ensemble averaging can smear out subtle effects associated with the interaction between
emitters and rGO. Our idea was to prepare mixtures with controlled concentration of both
PCP and rGO, deposit solutions on glass coverslips and image fluorescence with high spatial
resolution and high sensitivity [26]. In all experiments, the concentration of PCP was main-
tained constant.
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Figure 8. Fluorescence maps of (a) PCP-only reference sample and PCP/rGO mixture samples with varied rGO concen-
tration. The excitation wavelength was 530 nm.

In Figure 8, we show a sequence of fluorescence maps collected for PCP complexes mixed with
varied amount of rGO. The concentration of rGO was varied by orders of magnitude, so that
the influence can be seen in a pronounced way. The excitation wavelength was 530 nm, but
the results are qualitatively identical for the other two excitation wavelengths used in the
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experiment. Incorporation of rGO induces substantial changes in fluorescence images of PCP:
while for the PCP-only sample the distribution of intensity is pretty much uniform, mixing the
photosynthetic complexes with rGO leads to a pattern that features high-intensity spots on an
otherwise uniform background. Importantly, the intensity of these isolated bright spots is
approximately 10-fold enhanced as compared to the intensity measured for the reference
sample (PCP-only). At the same time, the fluorescence intensity away from the bright spots in
the PCP/rGO hybrid system is quenched compared to the reference. Furthermore, the number
of the bright spots increases with rGO concentration. We can exclude any contribution to this
emission from GO that might be present in our sample due to non-complete reduction, as the
fluorescence of GO occurs in a spectral range between 350 and 550 nm, and the emission of
the PCP complexes is strongly shifted to the red. This proves that for ensemble of PCP
complexes, both in the reference and in the hybrid structures (PCP/rGO) studied in this work,
there is no other contribution to the measured signal.
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Figure 9. Histograms for PCP and PCP mixed with rGO with indicated concentrations obtained for average fluores-
cence intensities calculated from 50 fluorescence intensity maps for each rGO concentration. The excitation wavelength
of 480 nm was used.

Statistical information about observed effects is obtained by collecting a series of more than 50
images for each sample configuration and for every excitation wavelength. In this way, we
strongly reduce any possible influence of particular sample preparation or a way the experi-
ment was carried out. Next, the fluorescence images are analysed by plotting a histogram of
all the intensities measured [26]. This procedure can be applied for any single map, but also
to all the maps measured for a given excitation wavelength and rGO concentration. The result
of this procedure carried out of the excitation wavelength of 480 nm is displayed in Figure 9.
The distribution of fluorescence intensity measured for the reference sample, containing only
PCP complexes, features Gaussian shape, indicative of statistical distribution of concentra-
tion variation across the substrate. By contrast, the results extracted for PCP complexes mixed
with GO are more complicated. Although the majority of the intensity distribution can be
approximated with Gaussian shape, similarly as in the case of the reference sample, the
maximum of this distribution shifts towards lower values with increasing rGO concentra-
tion. In addition, we find considerable contribution of isolated spots spread out randomly
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across the images, as shown in Figure 8, and this contribution is larger with increasing
concentration of rGO in the sample. Not only the shift to lower emission intensities with
incorporating rGO to the mixture as well as emergence of high-intensity spots in fluores-
cence images is systematic in nature, but both effects exhibit monotonic dependence on the
rGO concentration in the initial solution. Indeed, for the highest rGO concentration (0.25 mg/
ml), we find the largest number of bright fluorescence spots, and furthermore they exhibit the
highest intensity. The results of fluorescence imaging of PCP/rGO mixtures strongly suggest
that the incorporation of rGO yields both quenching of emission and formation of strongly
enhanced spatially localized emitting sites. The results of fluorescence imaging show thus that
the interaction between rGO and photosynthetic complexes of PCP is more complex than as
discussed in a simple image of fluorescence quenching.
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Figure 10. (Upper row) White-light transmission image of a graphene aggregate and intensity map of PCP fluores-
cence measured for 480-nm excitation for exactly the same location. (Lower row) Intensity profiles extracted along the
cross ections marked with red lines in both images.

In order to get some insight into the possible origin of this bimodal behaviour, we also imaged
a large rGO aggregate, as shown in Figure 10. The correspondence between transmission
image and fluorescence image indicates that the same object is probed in both experiments.
Even without any detailed analysis, the comparison between the two images suggests that
enhanced emission occurs for PCP complexes at the edges of the flake and perhaps on its thin
sections. By contrast, when the thickness of the aggregate is large, the fluorescence of PCP is
efficiently quenched.

The relation between transmission and fluorescence images can be quantified using for
instance Pearson correlation coefficients calculated for the two transmission-emission pair
cross sections marked with red lines in Figure 10. For one line, we obtain a negative coeffi-

165



166  Recent Advances in Graphene Research

cient of -0.55, meaning that the high intensity of fluorescence correlates with dips in trans-
mission images. A contrasting effect can be seen for the other line, where the coefficient of
approximately 0.5 was obtained. Therefore, in this case, low transmission combines with
quenched fluorescence. Both correlation and anti-correlation between profiles obtained for
transmission and fluorescence images can be readily seen in the panels in Figure 10, where
corresponding cross sections are plotted. These results may suggest that when a region outside
the flake is considered, the correlation between emission and transmission is low. For a thin
rGO flake, we find negative correlation, which could imply that PCP complexes placed at the
edges of rGO experience fluorescence enhancement. Finally, for the thickest part of the flake,
where both transmission and fluorescence exhibit strong decrease, the quenching is the
dominant effect.

The results of fluorescence imaging of PCP/rGO hybrid nanostructures show bimodal
character of the interactions. On the one hand, the fluorescence of the majority of PCP
complexes is quenched; however, there are numerous localized spots characterized with
considerably higher intensity. This effect depends on the rGO concentration, in particular the
number of these bright spots increases with rGO concentration. While the quenching of
fluorescence was observed for many graphene-based hybrid nanostructures, the enhance-
ment is far less frequent. The exact mechanism of fluorescence enhancement is not clear, but
the results show unambiguously the complexity of interactions in graphene-based photosyn-
thetic hybrid nanostructures. Future work, which includes spectrally and temporally re-
solved studies, as well as experiments on large rGO flakes are in order to answer some of these
questions.

4.2. Energy transfer from PCP to graphene: excitation wavelength dependence

The broad absorption of PCP complexes allows for investigating the dependence of the energy
transfer efficiency on the excitation wavelength [54]. The rationale behind this experiment is
that as graphene is a conductor, and contains high concentration of free carriers, it should be
possible to affect the behaviour of these electrons locally using focused laser excitation. At the
same time, with PCP as a donor, it is still possible to excite emission and probe the energy
transfer dynamics.

In this experiment, we used epitaxial monolayer graphene transferred on 285-nm SiO,
substrate. The optical properties of such a hybrid nanostructure were probed by time-resolved
fluorescence microscopy with three excitation wavelengths of 405, 485 and 640 nm. All these
wavelengths excite the emission of the PCP complexes, either via direct excitation of chloro-
phyll molecules or via intra-complex energy transfer from Per molecules.

In Figure 11, we compare fluorescence spectra measured for PCP complexes deposited on
graphene with the reference. The excitation wavelength was 405 nm. This result shows
substantial decrease of fluorescence intensity upon deposition of PCP on graphene, which can
be tentatively attributed to the energy transfer. The decrease of fluorescence intensity is the
strongest for the 405-nm excitation and the weakest for the 640-nm excitation, which again
suggests that there is indeed a dependence of the energy transfer efficiency on the excitation
wavelength. However, comparison of bare intensities of emission could be misleading as the
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values might depend on many factors that can be sometimes difficult to control experimen-
tally. However, we note that the shape of the PCP emission spectrum on graphene remains
unaffected, and is identical to previously published [37], which indicates that depositing PCP
on graphene leaves no measureable effect on the energy transfer pathways within the PCP
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Figure 11. (Left) Fluorescence spectra of the PCP complexes deposited on graphene (blue) and on a glass substrate
(black). The excitation wavelength was 405 nm. (Right) Comparison between average fluorescence transients measured
for three excitation wavelengths, as indicated.

The initial assignment of the observed reduction of the emission intensity of PCP complexes
deposited on graphene to the energy transfer from the chlorophylls in the photosynthetic
complex to graphene is confirmed by time-resolved fluorescence spectroscopy. In Figure 11,
we display average fluorescence transients measured for the excitation wavelengths of 405,
485 and 640 nm. The results are compared with the decay obtained for PCP complexes
deposited on glass, and it has been checked that the obtained transient very weakly changes
with the excitation wavelength in this case. As described in detail in [54], we find some degree
of variation of fluorescence decays measured for a given excitation wavelength. It is expect-
ed, as in this experiment, that we do not control the separation between graphene and PCP
complexes, and in turn introduce inhomogeneity of the interaction between the two struc-
tures across the substrate. Furthermore, it has been shown that for graphene deposited on
silica, the local structure of graphene is also quite inhomogeneous with islands of high and
low mobility of carriers [55]. We might therefore assume that such non-uniformity contrib-
utes to some degree to the observed spreading of fluorescence transients, although the scale
of these inhomogeneities is less than 100 nm, as compared to the resolution of our micro-
scope of about 1 um.

Nevertheless, for both excitation wavelengths (and for 485-nm excitation as well), we observe
significant shortening of fluorescence lifetime for PCP complexes deposited on graphene as
compared with the reference. In addition, the 405-nm excitation yields very fast decays, while
exciting with 640 nm results in considerably longer decays, regardless of the inhomogeneity
of the data. It is also striking that most of them exhibit almost monoexponential behaviour,
which could suggest that majority of PCP complexes within the laser spot couples to gra-
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phene with a comparable strength. In no case, however, for PCP deposited on graphene we
observe long (~4-ns) decay component attributable to PCP complexes isolated from graphene.

The key conclusion from these experiments is that the energy transfer to graphene depends
on the excitation wavelength. Indeed, shortening of the fluorescence decay, accompanied with
a decrease of the overall fluorescence intensity, observed for all used excitation wavelengths
(405, 485 and 640 nm) strongly suggests that the energy absorbed by PCP complexes is
efficiently dissipated into the graphene layer. Furthermore, much shorter fluorescence decay
times measured for 405-nm excitation prove that the energy transfer for this excitation
wavelength is more efficient compared to 640-nm excitation. The average decay times are equal
to 0.5 and 1.4 ns, respectively, what translates to the energy transfer efficiencies of 87 and 65%.
This is the first experimental observation of such an effect, which distinguishes graphene as a
totally unique acceptor of energy in such hybrid assemblies. The qualitative picture display-
ing this fact is shown in Figure 12.

Figure 12. Schematics showing the effect of the excitation wavelength on the efficiency of the energy transfer between
PCP complexes and graphene.

For molecular systems, where the energy transfer takes place between two dipole moments,
the decay of a donor is independent of the excitation wavelength. This is a reminiscence of the
fact that light has no effect on the surrounding of the molecules participating in the energy
transfer. Apparently, for PCP complexes on graphene the situation is different. Clear influ-
ence of the excitation wavelength on the energy transfer indicates that in addition to populat-
ing PCP-excited states, laser changes also the local properties of graphene. A scenario that can
explain this effect relies on the fact that focused laser excited electrons in graphene in a similar
way as in metallic nanoparticle, forcing them to oscillate in a confined space defined by a
monolayer of graphene on the one hand, and the size of the laser spot on the other. As a
consequence, electronic excitations in chlorophylls in PCP can see graphene as a metallic
nanoparticle with specific character that can influence energy dissipation.

Based on these results, we conclude that energy quenching in graphene is driven not only by
dipole-dipole interaction but also by a mechanism associated with light-induced oscillations
of electrons in graphene. Indeed, exciting electrons in graphene has an effect of its dissipa-
tive efficiency, which opens avenues in interfacing electronic and plasmonic character of
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graphene in hybrid nanostructures and controls the electronic dynamics of such systems with
light.

4.3. Energy transfer from PCP to graphene: influence of sample structure

An important aspect, frequently overlooked, in discussing the optical properties of hybrid
nanostructures, where the interactions are distance-dependent, is the design and fabrication
of layered structures. In the case of the experiment where we studied the influence of excitation
energy on the efficiency of the energy transfer from PCP complexes to graphene, we used drop-
casting to deposit the PCP solution on a graphene monolayer. Since it was aqueous solution,
once water evaporated, PCP complexes are assumed to fall down on the graphene surface.
This method, while allowing for making structures with rather well-defined geometry, results
in the pigment-protein complexes being fully exposed to ambient conditions. This in turn
speeds up degradation of the pigments, and the complexes as well. One of the most com-
mon ways to increase their protection against oxygen is to embed them in polymer matrix [56].
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Figure 13. (Left) Fluorescence intensity decays of PCP deposited on graphene, diluted beforehand in water or in PVA
aqueous solutions with varied concentrations. (Right) Corresponding kinetic curves of integrated emission intensity
spectra measured in 10 min with acquisition time of 1 s. The excitation wavelength was 485 nm.

In Figure 13, we compare fluorescence decay curves measured for PCP complexes in water
and in PVA matrix with varied concentration of the polymer, for the samples drop-casted on
a single-layer graphene. The lowest concentration of PVA gives almost identical result as pure
aqueous solution, in other words, the fluorescence decay is substantially shorter than the
reference. This, in addition with almost monoexponential character of the decay, indicates that
almost all of the PCP complexes interact with graphene, which means that the energy is
transferred from chlorophylls to graphene. As the PVA concentration increases, the charac-
ter of the decay changes dramatically. It is no longer monoexponential, and it features a long
decay tail, reminiscent of the decay characteristic for PCP complexes that are uncoupled to
graphene. This result can be understood in terms of a thicker-layer formation for a solution
with higher content of PVA polymer. Such a scenario would then lead to comparatively smaller
fraction of the PCP complexes that couple with graphene, most of them would be too far away
from the graphene layer to experience its presence at all. This interpretation is strongly
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supported by the increase of total fluorescence intensity observed with increasing concentra-
tion of PVA in solution. In fact, this increase is over an order of magnitude, although the
amount of the solution deposited on a substrate is in all cases identical.

There is also another important aspect that must be considered when fabricating graphene-
based hybrid nanostructures. An alternative approach to prepare layers of fluorophores on
graphene substrates would be through spin coating of a solution of PCP complexes in PVA
matrix. The obtained layers are much more uniform than those made by simple drop-casting,
and it shows no systematic dependence on the PVA concentration. Rough estimations, based
on the distribution of emission intensities measured as emission spectra or decay curves,
suggest that the uniformity of the layers prepared with spin coating is about a factor of two
better in terms of a standard deviation, as compared to the drop-casted samples. At the same
time, the concentration of PCP complexes within the focal volume of the laser would dimin-
ish considerably as compared with the drop-casting approach; thus, this parameter must be
carefully adjusted.

5. Summary and conclusions

Graphene and its derivative, reduced graphene oxide, are unique energy acceptors. While not
exhibiting any fluorescence, both absorb energy in the whole visible spectral region with quite
uniform efficiency. As such, graphene-based materials can be considered attractive plat-
forms for light harvesting, energy conversion and biosensing. In this chapter, we described
several experimental observations obtained for hybrid nanostructures composed of natural
photosynthetic complex PCP and either graphene or reduced graphene oxide. Each studied
structure sheds its own light on the mechanisms and processes that are taking place in such
systems. We show that by controlling the composition of the solution and sample prepara-
tion, it is possible to tune the efficiency of the energy transfer to graphene and thus deter-
mine the sensitivity of energy transfer as a probing tool for interaction with graphene. The
results obtained for PCP/rGO system indicate bimodal nature of the on-going interactions: in
addition to commonly observed fluorescence quenching, we find pronounced and frequent
events, where the emission of the PCP complexes is substantially enhanced. Last but not least,
the uniqueness of graphene as energy acceptor manifests itself in a strong dependence of the
energy transfer efficiency on the excitation wavelength. This observation allows drawing a
completely new picture of the excitation dynamics, and the energy transfer, in systems where
the properties of either acceptors or donors can be additionally and independently control-
led by light.
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Abstract

Energy is becoming a big issue in the present world due to the depletion of current
fossil fuels and also due to environmental problems such as global warming and rising
pollution levels. Hence, highly efficient and renewable energy materials are required
to produce clean electricity. The utilization of different energy sources such as solar
energy and wind energy is hampered by their fluctuation in time and non-uniform
geographical distribution which are still under nascent stage. In this regard, hydro-
gen-based renewable energy is very promising due to higher chemical energy per mass
of hydrogen (142 MJ kg™) as compared to liquid hydrocarbons (47 MJ kg™), zero
emission, and its large abundancy on earth. Therefore, electrochemical conversion of
hydrogen to electric energy using fuel cells would be the key technology in future. In
hydrogen fuel cells, the development of highly efficient electrocatalysts mainly for
sluggish cathodic oxygen reduction reaction, with inexpensive and easily available
materials, is a major issue. Recent investigations suggest that chemically modified
graphene support materials such as nitrogen-doped graphene can generate strong,
beneficial catalyst support interactions which considerably enhance the catalyst
activity and stability in fuel cells. This chapter describes the fundamental aspects of
electrochemical conversion of hydrogen to electric energy using fuel cells. The chapter
further explains the role of nitrogen-doped graphene nanomaterials and their hybrids
with transition metal and their alloy nanoparticles in fuel cell catalysis.

Keywords: graphene, nitrogen doping, hydrogen, fuel cells, alloy nanoparticles, oxy-
gen reduction reaction
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1. Introduction

In today’s world, the rapid economic progress, increase in the population, and growing human
dependence on energy appliances have led to a sharp increase in the global energy produc-
tion and consumption that mainly originate from the non-renewable fossil fuels. This growing
energy requirement imposes the urgency of newer sustainable, renewable, and environment
friendly fuels. On this basis, the research and development of renewable energy resources and
its conversion are of prime importance. The efficiency of renewable energy conversion devices
mainly depend upon the structure and property of the active materials used in these devi-
ces. Recent research developments show that nanomaterials, particularly two-dimensional
(2D) nanomaterials, such as graphene and its derivatives, can play a significant role in
efficiency enhancement and performance of energy conversion and storage devices.

1.1. Development of graphene and its analogs

Graphene is a flat single layer of carbon atoms tightly packed into a 2D honeycomb lattice.
Graphene can be considered as the fundamental building block of all graphitic materials with
different dimensions. Graphene or graphene analogues can be synthesized mainly by bottom-
up methods and top-down methods.

1.1.1. Bottom-up synthesis methods

One of the bottom-up approaches for the synthesis of single or few layer graphene is the
chemical vapor deposition (CVD) method using the catalyst metal surfaces (Cu, Nji, Ir, Ru, etc.)
and methane, acetylene, CO,, or ethylene as the carbon source in the presence of argon or
hydrogen. At high temperatures (~1000°C), pyrolysis of carbon precursor gas is taking place
over the catalyst surfaces and single layer or few layer graphene is deposited on metal surfaces
depending upon the heating rate, heating temperature, and flow rate of gases. Single-layer
graphene with high structural quality were attained by low-pressure CVD of ethylene on a
hot Ir(111) surface [1]. Recently, large single-crystalline graphene domains were grown by
CVD on Ru(0001) using ethylene [2]. Large-scale graphene films can also be synthesized by
CVD on polycrystalline nickel substrates [3]. Epitaxial growth is the other bottom-up strat-
egy whereby a silicon carbide (SiC) substrate is heated to high temperatures (>1100°C) to form
graphene [4]. In this method, growing of a single-layer graphene and achieving large gra-
phene domains with uniform thickness remains a challenge. In CVD and epitaxial growth, the
dimensions of the formed graphene mainly depend upon the size of the substrate, and at a
time, one graphene layer only can be produced. Therefore, these methods are more suitable
for microscale applications such as electronic or sensors and not suitable for applications where
large amounts of materials are required such as energy related.

1.1.2. Top-down synthesis methods

In the top-down synthesis, methods of graphene consist of different methods such mechani-
cal exfoliation of graphite, graphite intercalation methods, ultrasonic cleavage of graphite,
oxidation, and subsequent exfoliation/reduction of graphite.
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(i) Mechanical exfoliation: This is the best top-down synthesis method to get defect-free single-
layer graphene, and this method involves the peeling of the layers of graphite using a scotch
tape [5]. Different approach for the mechanical exfoliation is based on the concept of anodic
bonding. In this method, at a particular temperature and voltage, graphite is sealed to a
borosilicate glass and the subsequent peeling procedure gives a single- or few-layer gra-
phene sheet on the substrate [6]. Scalability toward mass production and transfer of gra-
phene sheets from the substrates are the major challenges in the mechanical exfoliations.

COOH COOH OH

Figure 1. Schematic representation of the structure of graphite oxide.

(ii) Graphite intercalation: In this method, initially atoms or molecules such as alkali metal
atoms (Li, Na, K, etc.) or acid (nitric acid, sulfuric acid, etc.) molecules are intercalated between
the graphitic layers [7]. That weakens the Van der Waals interactions between the layers of
graphite and facilitates the exfoliation or gives expanded graphite (EG) with partial oxidiza-
tion. Giving a thermal shock at high temperatures (~1000°C) to EG provide graphite nano-
sheets or graphite nanoplatelets that contain multiple numbers of graphene layers (~10-50
layers).

(iii) Ultrasonic cleavage method: Here, graphite is initially suspended in particular organic
solvents or surfactants (N-methyl-2-pyrroldinone,N,N-dimethylformamide, sodium dodecyl
benzene sulfonate, etc.) and then gives an ultrasonic agitation to supply the energy to cleave
the graphite [8]. The yield of getting single layer graphene at the first stages of this method is
very low (~1 wt. %) and it can be increased by repeated sediment recycling. The success of
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ultrasonic cleavage depends on the right selection of solvents and surfactants as well as the
sonication frequency, amplitude, and time.

(iv) Graphite oxide (GO)-reduction and exfoliation: GO can be synthesized by the oxidative
treatment of graphite via one of the following methods: Brodie [9], Staudenmaier [10], and
Hummers [11]. Brodie’s method was the addition of potassium chlorate (KCIO;) to the slurry
of graphite in fuming nitric acid. Staudenmaier improved Brodie’s method by adding the
chlorate in multiple aliquots over the course of reaction in place of a single addition as Brodie
had done. After that, Hummer found out an alternate oxidation method by reacting graphite
with a mixture of potassium permanganate (KMnO,) and concentrated sulfuric acid (H,SO,)
[11]. The basal planes of GO are decorated with epoxide and hydroxyl groups, while edges are
anchored with carboxyl and carbonyl groups as shown in Figure 1. Thus, GO consisting of
layered structure of “graphene oxide” sheets with an interlayer spacing of ~0.84 nm.
Completely oxidized GO is hydrophilic and an insulator due to the disruption of the sp*
bonded carbon network. While partially oxidized GO is a semiconductor.

1.1.3. Chemical modifications of graphene-related nanomaterials

Surface chemical modifications of graphene are necessary for making the composites with
metals, polymers, alloys, etc., in relation to different energy applications. Carbon nanomate-
rials can be chemically modified by different methods such as covalent functionalization, non-
covalent functionalization, and substitutional doping. In covalent functionalization, functional
groups are attached to the carbon surface by the formation of covalent bond formation. This
type of functionalization includes treating with oxidizing agents such as H,SO,, HNO,,
KMnO,, K,Cr,0,, polyphosphoric acid, and H,O, that bring about the attachment of differ-
ent oxygen functional groups such as hydroxyl (-OH), carboxyl (-COOH), and carbonyl (-
C=0) over the surface of carbon nanostructures [12, 13]. In graphene-based materials,
functionalization via acid treatments leads to the agglomeration of sheets and destruction of
its novel properties like high surface area and electrical conductivity [14]. At the same time,
non-covalent functionalization does not make any formal chemical bond formation between
the foreign molecule and carbon surface, and this includes the attaching of various species of
polymers [15], polynuclear aromatic compounds [16], surfactants [17], and biomolecules [18].
The non-covalent interaction is based on Van der Waals forces or m-m stacking interactions.
Substitutional doping introduces heteroatoms, such as nitrogen atoms or boron atoms, into
the carbon lattice of graphene, and this type of chemical modifications changes the electron-
ic properties of carbon nanostructures. When a nitrogen atom is doped into graphene, it usually
has three common bonding configurations within the carbon lattice, including quaternary N
(or graphitic N), pyridinic N, and pyrrolic N as shown in Figure 2 [19]. Pyridinic N bonds with
two C atoms gives one p electron to the 7 system of graphene lattice. Pyrrolic N attributes to
N atoms that donate two p electrons to the © system and bond with five-membered ring, like
in pyrrole. N atoms that substitute for C atoms in the hexagonal ring are quaternary N. In these
nitrogen types, pyridinic N and quaternary N are sp* hybridized, while pyrrolic N is sp?
hybridized. In addition to these three usual nitrogen types, N oxides of pyridinic N have also
been occasionally noticed in the nitrogen-doped graphene samples.
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Figure 2. Schematic diagram of a nitrogen-doped graphene.

2. 2D nanomaterials for hydrogen energy conversion

2.1. Fuel cells

Fuel cells were discovered about 170 years ago by Sir William Grove. Fuel cell is a device that
converts chemical energy into electrical energy. Usually electrochemical cells have two
conductive electrodes called anode and cathode. The anode is defined as the electrode where
oxidation occurs and the cathode is the electrode where the reduction takes place. Reactions
at the anode (negative) usually take place at lower electrode potentials than that of the
cathode (positive). Fuel cells are open systems, where the anode and cathode are just charge-
transfer media and the active masses undergoing the redox reaction are delivered from outside
the cell. To compare the power and energy densities of various electrochemical energy devices,
a Ragone plot is used. The Ragone plot as shown in Figure 3 illustrates that fuel cells can be
considered as high-energy systems, whereas supercapacitors are considered to be high-power
systems. Batteries have intermediate power and energy characteristics.

Power Density [(Wikg)

Enargy Densdty (Whikg)

Figure 3. Ragone plot for different electrochemical energy devices [20].
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2.2. Electrochemical aspects of fuel cells

The energy and power characteristics of fuel cells follow directly the thermodynamic and
kinetic formulations for chemical reactions. The basic thermodynamics for a reversible
electrochemical reaction is given by,

AG = AH —TAS 1)

Here AG is the Gibbs free energy, AH is the enthalpy, AS is the entropy, and T is the abso-
lute temperature, with TAS being the heat formed with the reaction. The terms, AG, AH, and
AS are state functions and depend only on the identity of the electrode materials and the initial
and final states of the reactions. The free energy AG represents the net useful energy availa-
ble from a given reaction, thus, the net available electrical energy from a reaction in an
electrochemical cell is given by,

AG =-nFE @)

where 1 is the number of electrons transferred per mol of reactants, F is the Faraday con-
stant (96,400 C mol™), and E is the voltage of the cell with the specific chemical reaction. Eq.
(2) represents a balance between the chemical and electric driving forces upon the ions under
open circuit conditions; hence, E refers to the open circuit potential of a cell where there is no
current flowing. Since AG =-237 k] mol™ under standard conditions for the reaction,

H2+%OZ —H,0 3)

The reversible voltage for the hydrogen-oxygen fuel cell according to Eq. (2) is E=1.23 V.

"
1

The change of free energy (AG) for a given species “i” defines the chemical potential (y;). The

"2y

chemical potential p; for species “i” is related to another thermodynamic quantity called
chemical activity (4;) by the defining relation:

4 = p’ +RTIna, 4)

"y
1

where (1 is a constant, which is the value of the chemical potential of species “i” in its standard

conditions, R is the gas constant, and T the absolute temperature.

Assume an electrochemical cell in which the activity of species “i” is distinctive in the two
electrodes: a,(-) at the negative side and a,(+) at the positive side. The difference between the

chemical potentials of positive and negative electrodes can be written as
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i(+)— (=) =RT ln{%} ©)

This chemical potential difference is balanced by the electrostatic energy from Eq. (2), then

_ O_E a,(+)
p-p KT ln[a,-(—)} ©

where E° is the voltage under standard conditions and this relation is called the Nernst
equation, which relates the measurable cell voltage to the chemical differences across an

electrochemical cell. If the activity of species “i” in one of the electrodes is a standard refer-
ence value, the Nernst equation provides the relative electrical potential of the other electrode.

Compared to the open circuit potential at equilibrium state, the voltage drops off when current
is drawn from the electrochemical cell because of irreversible losses. If more current is
withdrawn from the cell, greater the losses. Figure 4 shows a typical discharge curve of a fuel
cell. There are three major types of voltage losses in the discharge curve and that give its
characteristic shape. These voltage losses are (i) activation losses due to electrochemical
reaction kinetics (1,.), (ii) ohmic losses due to ionic and electronic resistances (fqymic), and (iii)
concentration losses due to limited mass transport (1.,,)- So, by subtracting all voltage losses
from the thermodynamically predicted voltage output, the real voltage output of a fuel cell
can be written as

V=E- Tact — T)ohmic = T)conc (7)

1/ Open circuit voltage

transport

Voltage

Activation  gpmic region
region

L

Discharge current

Figure 4. Discharge curve of a fuel cell.
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2.3. Hydrogen fuel cells: working mechanism

Fuel cells can be classified primarily by the kind of electrolyte they employ; all of them work
on the same principle. Different types of fuel cells are listed below:

* Polymer electrolyte membrane fuel cells (PEMFC)
* Alkaline fuel cells (AFC)

* Phosphoric acid fuel cells (PAFC)

* Molten carbonate fuel cells (MCFC)

* Solid oxide fuel cells (SOFC)

Among various types of fuel cell technologies, the PEMFC technology has received attention
due to its high power density and efficiency (60-80%), relatively low operating temperature
(less than 100°C), and the ability to respond quickly to the changing power demands. A
schematic diagram of a PEMFC is given in Figure 5(a). It comprises an anode, a cathode, and
a polymer membrane as the proton-conducting media which separate both the electrodes.
Hydrogen is supplied at the anode and oxygen is supplied at the cathode. Hydrogen oxida-
tion is taking place at the anode and as a result, H* ions and electrons are produced. The H*
ions are conducted through the proton exchange membrane and electrons through the external
circuit to the cathode, where oxygen reduction reaction (ORR) is taking place and water and
heat energy are produced as by-products. All the electrochemical reactions at the anode and
cathode are taking place with the help of a catalyst only.

B Blectrosatabyn

Cataly st layer B Membrane

Bipolas Plate
Anode . :.I. Cathods W Balance ol Stack
5 MEA Frame [Gaskets
Crapleted Crepleted oot

oxidant.
H.O & heat
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Gat diffusion & i shectrolyte

backing %____

Figure 5. (a) Schematic illustration of a PEMFC. (b) Cost analysis of various fuel cell components. (Analysis data based
on the US Department of Energy -Hydrogen Program Overview, 2008.)

The reactions taking place in PEMFC can be summarized as

Anode: 2H, »4H" + 4= (E"= 0.0 V vs. SHE) 8)
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Cathode: 4H' + O, + 4" —2H,0 (E" = 123 V vs. SHE) )

(SHE stands for standard hydrogen electrode)

The net reaction can be written as

H,+ % 0,->H,0 (E, = 123V) (10)

2.4. Role of electrocatalysts in hydrogen fuel cells

For a wide-scale commercialization, the PEMFCs should overcome several challenges
including two critical barriers, namely cost and durability. At present, platinum (Pt) is the best
electrocatalyst in PEMFCs in light of the fact that it is adequately reactive at low tempera-
tures for bonding with hydrogen and oxygen intermediates and catalyzes the electrode
reactions to form the final products. Nevertheless, the high cost and insufficiency of Pt limit
the practical implementations of PEMFC for static and automobile applications. Figure 5(b)
shows the cost (in percentage) of different components within PEMFC. To date, 78% of the
total cost of a fuel cell is due to the membrane electrode assembly of which 47% is contribut-
ed by the catalysts alone. At present, with the help of modern technology and nano materi-
als, a PEMFC performance with maximum power densities of 1 W cm™ at the cell voltage of
=(0.65 V has been achieved using the Pt loading (anode and cathode) of 0.4-0.5 mgp, cm™ [21,
22]. This PEMFC performance equals to fivefold reduction in the amount of Pt was used in the
early of 2000. At present, the research world is looking for to reduce the Pt-specific power
density lesser than that of 0.2 g, kW™ at the cell voltages of 20.65 V. According to the US
department of energy (DOE), the key target is to reduce the fuel cell cost to $30/kW with 5000
h minimum durability. For reducing the PEMFC cost, the following approaches are imple-
mented such as (i) alloying of Pt catalyst with 3d-transition metals (TM) to enhance the catalytic
activity, (i) maximum utilization of Pt by reducing the particle size and usage of proper
catalyst support materials, and (iii) considerable reduction of mass-transport-induced voltage
losses at high current densities with proper engineering of electrodes, diffusion media, and
flow fields [21].

In PEMFC, sluggish kinetics of ORR causes a large over-potential at cathode side in low
temperatures. Therefore, development of highly active cathode electrocatalysts is essential.
Alloying Pt with 3d transition metals (TM), especially Co, Fe, Ni, and Cr, has been demon-
strated to increase the ORR activity [23]. In particular, Pt-Co alloys have been found to exhibit
enhanced catalytic activity toward the ORR [23-27]. The modified electronic structure of the
Pt-TM alloy composite affects the Pt-Pt bond distance resulting in strong adsorption of the
oxygen molecules and weak adsorption of ORR blocking OH" radicals over these alloy catalyst
nanoparticles [23, 28]. In addition, it is essential to have a uniform dispersion and control over
the size of catalyst particles for high activity [21, 29]. Metal catalyst nanoparticles have a very
high tendency to agglomerate due to large metal-metal cohesion energy and which in turn
leads to a decrease in the electrochemical surface area (ECSA). To sort out this issue, it is
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important to search for a right catalyst supporting material that has a high surface area,
excellent electronic conductivity, and strong affinity toward catalyst particles, on which a
uniform dispersion of Pt NPs can be accomplished. Catalyst supports also take a role in altering
the geometry and electronic properties of the catalysts particles during their growth. A highly
conductive support can enable effective electron collection and their transfer to the collector
electrode. It is required to have a good porosity in support materials for better mass transpor-
tation of the fuel and oxidant to the densely scattered triple phase boundaries. Carbon supports
in presently using commercial platinum electrocatalysts (Pt/C) have a tendency of electro-
chemical oxidation during long-time operations in acidic environment, which leads to Pt
nanoparticles agglomeration or detachment from the support material leading to the degra-
dation of fuel cell performance [30].

2.5. Graphene-based fuel cell electrocatalysts

Since graphene is a two-dimensional planar sheet with open structure, there is the possibili-
ty of both sides of graphene being utilized for supporting the catalyst nanoparticles and which
is expected to be a promising catalyst support material in the future. Graphite oxide is
commonly used as the starting material for the bulk preparation of graphene-based fuel cell
electrocatalysts. The various oxy functional groups over the surface of graphite oxide help for
its dissolution in various solvents and serve as the anchors or nucleating centers for the
controlled growth of catalyst nanoparticles on it. Different techniques have been reported for
the decoration of platinum nanoparticles (Pt NPs) on graphene for fuel cell applications. Jafri
et al. have synthesized graphene nanoplatelet-supported Pt NPs by reducing platinum
chloride with NaBH, on thermally exfoliated graphene nanoplatelets [31]. Pt-graphene was
also synthesized by in situ reduction of graphite oxide and platinum chloride using different
polyol methods and NaBH, methods [32, 33]. In various synthesis methods of Pt-graphene,
the dispersed nanoparticles exhibit a wide size range, a non-uniform spatial distribution, and
the synthesis method does not provide significant control over the metal loading. This shows
that the decoration of Pt NPs on graphene is a challenge in terms of controlling the particle
size, distribution, and keeping the inherent properties of graphene such as high surface area
and electronic conductivity intact. Therefore, the objectives of devising a synthesis method for
Pt-graphene are related to fuel cell applications, which (a) yields high performance, (b) incurs
low cost, (c) requires minimum resources, and (d) has optimum-sized catalyst particles (~3-5
nm) dispersed uniformly while preserving the inherent properties of graphene is of prime
concern. Different graphene-based hybrid electrocatalyst materials such as graphene/Pt metal,
graphene/Pt alloys, graphene/metal oxides, and heteroatom-doped graphene, etc. are effective
in maximizing the ORR performance of PEMFC and have been illustrated in Figure 6.

The early reports of the PEMFC performance using Pt-graphene as ORR catalysts were not
competitive with the commercial Pt/Vulcan carbon electrocatalysts. In the early studies, Seger
et al. reported a maximum power density value of ~160 mW cm™ for Pt-graphene electroca-
talyst as synthesized by NaBH, reduction method [32]. A fuel cell performance of ~350 mA cm
2at 0.6 V was shown by Si et al. for Pt-graphene cathode electrocatalyst [34]. The main reason
for this comparatively lower performance is the decrease in the surface area due to restack-
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ing of graphene sheets and poor electronic conductivity because of the inappropriate synthe-
sis procedures.

Figure 6. Various graphene-based nanomaterials as catalysts for ORR. (Reprinted from ref. [35] with permission of The
Royal Society of Chemistry).

Figure 7. TEM image of Pt;Co/nitrogen-doped graphene (Pt;,Co/NG), Pt,Co/nitrogen-doped (graphene-MWNT) hybrid
structure (Pt;Co/N-(G-MWNT)) [25, 26].

To overcome the problem of restacking, incorporation of metal nanoparticles and nanotubes
was used during the synthesis of graphene itself and these nanoparticles/nanotubes act as the
spacers in between the graphene layers, which prevent further agglomeration of the sheets [36,
37]. Further to enhance the electrical conductivity and electrochemical activity of graphene,
heteroatom doping (N, B, S, or P) is a very promising method [38—42].
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Figure 8. Polarization curves of cathode electrocatalysts (a) Pt/N-G, and (b) P;Co/N-G, (c) Pt/N-(G-MWNT), and (d)
Pt;Co/N-(G-MWNT) with Pt/C as anode electrocatalyst at three different temperatures (40, 50, 60°C) without any back
pressure [25, 26].
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Figure 9. (a-b) Stability of PEMFC with (a) Pt/N-G, and (b) P;Co/N-G, (c) Pt/N-(G-MWNT), and (d) Pt;Co/N-(G-
MWNT) as cathode electrocatalysts and Pt/C anode electrocatalyst at 0.5V in 60°C temperature with no back pressure
[25, 26].

Figure 7 illustrates the uniform distribution of Pt;Co alloy nanoparticles over the surface of
nitrogen-doped graphene and graphene-multiwalled carbon nanotubes (MWNT) hybrid
structures. The PEMFC performance polarization curves for Pt or Pt;Co alloy catalysts
nanoparticle dispersed nitrogen-doped graphene (NG) and nitrogen-doped (graphene-
MWNT) hybrid catalysts have been shown in Figure 8. The corresponding performance values
of the electrocatalysts are summarized in Table 1. The commercial Pt/C was used as the anode
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catalysts for all cathode catalysts. A catalyst loading of 0.25 and 0.4 mg,, cm™ were sustained
at the anode and the cathode, respectively. Figure 9(a) and (b) compares the stability of the
above electrocatalysts for 100 h at 0.5 V in 60°C temperature with no back pressure.

Cathode electrocatalyst ECSA (m? g™) Temperature = 60°C

Current density at 0.6 V (mA cm™?) Maximum power density (mW cm™)

Pt/N-G 57.9 665 512
Pt,Co/N-G 48.5 1110 805
Pt/N-(G-MWNT) 79.2 804 783
Pt,Co/N-(G-MWNT) 98.5 1344 935

Table 1. PEMFC performance of Pt and Pt,Co alloy catalysts using nitrogen doped graphene.

The superior PEMFC performance exhibited by Pt;Co/nitrogen-doped nano-carbon cathode
electrocatalysts (Pt;Co/N-G and Pt;Co/N-(G-MWNT)) can be viewed from two perspectives
as shown in Figure 10, that is (i) the catalytic activity of Pt,Co alloy nanoparticles and (ii) the
role played by nitrogen doping in carbon support nanomaterials.

0, +4H" + 4¢° =) 2H,0

Pt.Co alloy nanoparticle dispersed N doped graphene

Figure 10. ORR in Pt;Co alloy nanoparticle dispersed nitrogen-doped graphene.

In ORR electrocatalysts, two opposing effects should counter balance each other such as
comparatively strong adsorption energy of oxygen and ORR reaction intermediates (O, , O,%)
and at the same time, low adsorption of ORR blocking species such as OH™ anions and
oxides [21]. For Pt metal surfaces the d-band center is closer to the Fermi level and they firmly
adsorb both oxygen and ORR-blocking OH™ species and that restricts the availability of free
Pt sites for ORR [43]. There is a shift in Pt d-band center from Fermi level and a reduction of
Pt-Pt bond distance can be created as a result of the alloying of Pt with transition metals [44].
Despite the fact that more shifts in d-band center from Fermi level makes a less adsorption of
OH-species and at the same time the ORR rate is less because of the feeble adsorption of oxygen.
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Consequently, the movement in d-band center ought to be ideal in a manner that to balance
the solid adsorption of oxygen and weak adsorption by OH™ blocking species. The shift in d-
band center is optimum for Pt;TM (TM = Fe, Co, Ni) electrocatalysts in such a way that to give
high ORR activity as compared to other Pt-TM alloys or pure Pt [45]. Also the uniform
dispersion of catalyst particles with appropriate particle size (~3-5 nm) again enhances the
ORR activity of the electrocatalysts.

The formation of an atomic charge density and asymmetry in spin density on nitrogen-doped
graphene system encourages the charge exchange from the carbon support to the adsorbing
oxygen molecule and results in the creation of an superoxide ion (O,*) [25, 46]. This debili-
tates the O-O bond and helps for its easy dissociation. In other words nitrogen doping helps
for the 4e transfer reaction rather than 2e™ transfer reaction in ORR reaction [38]. Moreover,
the doping of nitrogen atoms into the graphene lattice reinforces the bonding between the
catalysts nanoparticles and the support that not just aides in a uniform dispersion of catalyst
particles on the carbon support additionally prevents their self-agglomeration during long
PEMFC operation [47]. In nitrogen-doped (graphene-MWNT) hybrid structures, the nitro-
gen doping also increases the electrical conductivity of graphene support materials along with
highly conductive carbon nanotubes [25].

3. Future outlook and challenges

The gathering of many unique properties of graphene-related 2D nanomaterials such as large
surface area, excellent conductivity, good mechanical, and chemical stability along with low
cost and accessibility for mass production has opened up a new research area in the field of
materials science. Chemical modification of graphene-related materials especially by nitro-
gen doping and incorporation of Pt and Pt alloys can significantly increase the catalytic activity
and durability toward oxygen electro-reduction. Even though the following things need to be
investigated in depth for future studies such as (a) the exact nature of electrocatalytically active
sites facilitating the ORR in N-doped graphene and origin of their catalytic reactivity, (b) design
of facile and large-scale synthesis approaches, for N-doped graphene and their hybrids with
metals and alloy nanoparticles. With respect to N-doped graphene synthesis, the technique
should be capable of the large incorporation of electrochemically active N functional groups
to the support. Regarding N-doped graphene hybrids, the method should ensure the precise
tuning of the size, morphology and compositions of electrocatalyst particles for getting high
ORR catalytic activity and strong bonding between N-doped support and catalyst nanoparti-
cles for long-term durability, and (c) investigation of alloying effect of Pt with 3d transition
metals (Co, Fe, Ni, Cu, etc.) supported on N-doped graphene towards ORR by DFT model-
ing and electrochemical experiments.
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Abstract

Porous graphene materials possess a unique structure with interconnected networks,
high surface area, and high pore volume. Because of the combination of its remarka-
ble architecture and intrinsic properties, such as high mechanical strength, excellent
electrical conductivity, and good thermal stability, porous graphene has attracted
tremendous attention in many fields, such as nanocomposites, lithium batteries,
supercapacitors, and dye-sensitized solar cells. This chapter reviews synthesis methods,
properties, and several key applications of porous graphene materials.

Keywords: porous graphene, synthesis, surface area, Li batteries, supercapacitors

1. Introduction

Porous materials are generally referred to materials containing pores or voids with different
shapes and sizes. These porous structures have demonstrated unique properties and emerged
as attractive candidates for a wide range of applications in medicine, catalysis, sensors,
adsorbents, and energy storage and conversion [1-10]. Particularly, porous carbon is an
exceptional material with a low density and high specific strength. It is also capable of bond-
ing withotheratomsthroughitssp, sp? and sp*hybrid orbitals. Among various carbonmaterials,
graphene has received enormous attention because of its high surface area (2630 m?/g),
exceptional thermal conductivity (5000 W/m.K), high Young’s modulus (1.0 TPa), and chemi-
cal stability. Studies have shown that it has a high intrinsic carrier mobility of 2 x 10° cm?/V..s
and an excellent electrical conductivity of 10° S/cm at room temperature [11-13]. Graphene is a
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two-dimensional hexagonal lattice of sp* hybridized carbon atoms and since its discovery in
2004, significant efforts have been put in exploring its potential applications. Various synthe-
sis methods have been developed to produce graphene including epitaxial growth of gra-
phene on metal or SiC substrates [14, 15], chemical vapor deposition (CVD) [16-18], chemical
reduction[19, 20], thermal reduction [21, 22], electrochemical synthesis [23, 24], and liquid phase
exfoliation [25, 26]. However, because of the strong 7t-m stacking and van der Waals interac-
tions between graphene sheets, the experimentally obtainable surface area is far below the
theoretical value. To overcome this problem, increasing effort has been put to transforming
graphene into porous structures to achieve higher surface area [27-29]. Along with the inherent
properties of graphene, porous graphene has a clear edge over other porous carbon materials.
For example, the excellent electrical conductivity can be used as a perfect current collector for
the rapid diffusion of electrons/ions while its high mechanical strength provides mechanical
stability to the porous framework. These unique properties make porous graphene a highly
promising material for energy storage and conversion applications like lithium-ion batteries
(LIBs), lithium-sulfur (Li-S) batteries, supercapacitors, the dye-sensitized solar cells (DSSCs),
and fuel cells.

2. Synthesis of porous graphene

According to the standard specified by the International Union of Pure and Applied Chemistry
(IUPAC), microporous materials have pore diameters of less than 2 nm, mesoporous materials
have pore diameters between 2 and 50 nm, and macroporous materials have pore diameters
of greater than 50 nm. There are basically two main methods, which can be used to fabricate
porous graphene materials. These are the template and template-free methods, which will be
described in greater details below.

2.1. Template approach

Template synthesis is an effective method for the transformation of graphene into porous
graphene. It uses various inorganic and organic structures as templates for the transformation.
Depending on the required size and morphology of pores, the appropriate template could be
selected. This method can be divided into two categories: (1) soft-template method and (2)
hard-template method.

2.1.1. Soft-template methods

Different kinds of amphiphilic molecules, such as surfactants and copolymers are used as
structure directing agents under mild operating conditions in the soft-template methods. A
bottom-up approach has been used for the preparation of mesoporous materials with two-
dimensional (2D) sandwich structure consisting of graphene layers and mesoporous silica with
the use of cationic surfactant, cetyltrimethyl ammonium bromide (CTAB) [30]. The presence
of oxygen functionalized groups makes graphene oxide (GO) sheets negatively charged. CTAB
has the capability of electrostatically adsorbing and self-assembling onto the surface of
negatively charged GO in alkaline solution. The GO-based silica hybrid is formed after the
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hydrolysis of silicon precursor, tetraethylorthosilicate (TEOS), and removal of CTAB. Thermal
annealing at high temperature gives graphene-based silica sheets. The adsorption data have
indicated a high specific area of 980 m*/g. In another method, mesostructured graphene-based
S5nO, composite is prepared by hydrothermally treating a suspension of GO, CTAB, and
SnCl, [31].

Two-dimensional ordered mesoporous carbon nanosheets have been prepared by low
molecular weight phenolic resols on graphene sheets using a triblock copolymer called
Pluronic F-127 as the structure-directing agent [32]. After mixing an aqueous GO dispersion
with the above prepolymer, hydrothermal treatment and further thermal annealing were
carried out to prepare mesoporous carbon/graphene composite. It was reported that, Bruna-
uer-Emmett-Teller (BET) surface area decreases with increase in the GO ratio in the composite.
In another case, the same hydrothermally driven low-concentration micelle assembly ap-
proach was used with the help of anodic aluminum oxide (AAO) membranes to provide a
large surface area [33]. After the hydrothermal treatment, AAO membrane was carbonized at
400-500°C for 2 h in argon atmosphere, followed by further carbonization at 700°C for 2 h in
the same environment. Finally, mesoporous graphene sheets were obtained by dissolving the
AAQ substrate (Figure 1). The TEM images suggest that these nanosheets displayed ordered
mesostructures, having an average pore size of 9 nm and wall thickness of 4 nm. Wen et al. [34]
used a dual template method with Pluronic F-127 as the soft template and SiO, as the hard
template to fabricate three-dimensional graphene-based hierarchically porous carbon
(3DGHPC). Carbonization was carried out to convert the layer of coated polymers on SiO,
spheres to carbon phase and simultaneously reduce GO. Finally, the 3DGHPC was obtained
by treating as-prepared composite with 10% HCI to remove the SiO, template followed by
plenty of washing with Deionized (DI) water and drying at 50°C for 24 h. The as-prepared
3DGHPC displayed a specific area of 384.4 m?/g with a pore volume of 0.73 cm®/g.
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Figure 1. Schematic representation of the formation of ordered mesoporous graphene nanosheets [33]. Reprinted with
the permission of the American Chemical Society.

2.1.2. Hard-template methods

When preparing porous graphene by hard template method, the template should initially be
prepared. This includes the preparation of hard template itself and functionalization of its
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surface to get the required properties. Then, depending on the requirement, the template
should be coated with graphene or GO. The final step is the selective removal of the template
without destroying its structure.

Huang et al. [35] used methyl group grafted silica spheres as a hard template to prepare
nanoporous graphene foams. These graphene foams had pore sizes of 30-120 nm and ultrahigh
pore volumes of 4.3 cm®/g. The surface area was reported to be 851 m?/g. Hydrophobic surface
of methyl group grafted silica spheres interacts with the hydrophobic basal planes of GO to
induce self-assembled lamellar like structures. Choi et al. [36] were able to use polystyrene
(PS) colloidal particles as sacrificial templates to synthesize macroporous embossed chemically
modified graphene (CMG) sheets with an average pore size of 2 um. Initially, free-standing
PS/CMG film was made by vacuum filtration of a mixed suspension of CMG and PS. PS
particles were then removed to generate 3D macropores. Three-dimensional macroscopic
graphene foams (GFs) were made by the chemical vapor deposition (CVD) method using
nickel (Ni) foam as the 3D scaffold template followed by the removal of the template by hot
HCl[37-43]. In 2011, Cheng et al. [44] reported a flexible 3D GF using template directed CVD.
The as-prepared GF had a specific surface area, up to 850 m%g, corresponding to an average
number of layers of ~3. Poly methyl methacrylate (PMMA) can be used as a hard template to
prepare macroporous graphene materials. Chen et al. [45] fabricated macroporous bubble
graphene film by PMMA directed ordered assembly method. GO was mixed with the PMMA
suspension and vacuum filtration was conducted to make a sandwich type assembly of the
PMMA spheres and GO. Composite film was then peeled off from the filter, air dried and
calcinated at 800°C to remove the template and reduce GO. As-prepared macroporous
graphene film has a specific surface area of 128.2 m?/g with an average pore diameter of 107.3
nm.

2.2. Template-free approach

In the template-free approach, defects are introduced in the graphene basal planes by different
methods. Chemical etching or chemical activation is one such method which had been used
extensively to prepare porous carbon materials. It is an effective and relatively easy method
to fabricate porous graphene sheets without using any template.

Zhu et al. [46] produced porous carbon by a simple activation with KOH of microwave
exfoliated GO (MEGO) and thermally exfoliated GO (TEGO). A mixture of the MEGO and
KOH was thermally treated for 1 h at 800°C in a tube furnace in argon atmosphere at a pressure
of 400 torr. Pores ranging from ~1 to ~10 nm were generated in the carbon matrix by the
activation with KOH. The activation of carbon with KOH proceeds as, 6KOH + C — 2K +
3H, +2K,CO;, followed by the decomposition of K,CO; and reaction of K/K,CO,/CO, with
carbon [46, 47].

Porous graphene hybrids can also be produced by thermally treating a mixture of graphene
and porous components [48-55]. Rui et al. [48] produced a V,05;/rGO composite by thermal
pyrolysis of a hybrid of vanadium oxide (VO) and rGO at the temperature of 350°C for 30 min
under a heating rate of 10°C/min in air. In the thermal pyrolysis process, reduced VO (rVO) is
converted into polycrystalline V,0; porous spheres ranging from 200 to 800 nm.
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Apart from using organic and inorganic species to carry out the template-free approaches to
produce porous graphene, the amphiphilic nature of GO itself can also be used to fabricate
foam-like structures of macroscopic graphene. The pore sizes of these 3D macroscopic
structures are in the range of submicrometer to several micrometers. Because of macroscopic
nature, they possess high mechanical strength, compressibility, excellent conductivity, and
adsorption characteristics [56-59]. Xu et al. [60] prepared a self-assembled graphene hydrogel
(SGH) by heating the GO dispersion sealed in a Teflon-lined autoclave at 180°C for 12 h. The
hydrothermally reduced GO had a well-defined 3D interconnected porous network (Figure
2). The framework of SGH was assembled on partial overlapping of flexible graphene sheets
because of m-m stacking interactions. The as-prepared SGH showed excellent mechanical
strength and a good electrical conductivity of 5 x 10° S/cm. Later, the same research group
reported a highly conductive graphene hydrogel which was reduced by hydrazine hydrate or
hydrogen iodide to improve the conductivity by further removing its residual oxygenated
groups [61].

=
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Figure 2. (a) Photographs of a 2 mg/ml homogeneous GO aqueous dispersion before and after hydrothermal reduction
at 180°C for 12 h; (b) photographs of a strong SGH allowing easy handling and supporting weight; (c-e) SEM images
with different magnifications of the SGH interior microstructures; (f) room temperature I-V curve of the SGH exhibit-
ing Ohmic characteristic, inset shows the two-probe method for the conductivity measurements [60]. Reprinted with
the permission of the American Chemical Society.

3. Applications of porous graphene materials

Unique porous structure of graphene along with its superior properties makes graphene a
potential candidate for energy storage and conversion applications. The following sections
review several key applications of porous graphene in LIBs, Li-S batteries, supercapacitors,
and the dye-sensitized solar cells.

199



200 Recent Advances in Graphene Research

3.1. Lithium-ion batteries

Lithium-ion battery has a widespread increasing demand because of its high energy density,
flexibility, low maintenance, and longer lifespan compared with other battery technologies
[62]. To further increase the energy density, charging efficiency, and cycle life of lithium-ion
batteries, it is essential to look at new electrode materials that have good lithium storage
capability. Porous graphene with exceptional properties holds a great potential as an electrode
material for the lithium-ion battery. The high surface area of graphene can significantly
increase the diffusion of lithium ions and electrons. Furthermore, the superior electrical
conductivity provides a good conductive network within the electrodes. Graphene can
construct a 3D framework with a strong tolerance to the volume change of electrochemically
active materials during charge-discharge cycles [63].

An anode material for Li-ion battery was made by hierarchical mesoporous and macroporous
carbon using the spinodal decomposition of a mesophase pitch (MP) carbon precursor and
polystyrene as a soft template [64]. Scanning Electron Microscope (SEM) images of this
structure revealed a 3D bicontinuous network of macropores and according to Hg porosimetry
the average macropore size was recorded as 100 um. The first reversible capacity of 470 mAh/
g was recorded at a discharge-charge rate of C/5. When discharge-charge rates were increased
toland 5 C, reversible capacities of 320 and 200 mAh/g were obtained. Yang et al. [30] managed
to synthesize a graphene-based mesoporous carbon anode which performed better than
previous graphitic anode. Two-dimensional sandwich like graphene structure increases the
surface area while each nanosheet acts as a mini-current collector. They facilitate the rapid
transportation of electrons during charge-discharge cycles. At the rate of C/5, its reversible
capacity stabilized at 770 mAh/g. When the discharge-charge rates were increased to 1 and 5
C, the reversible capacities recorded 540 and 370 mAh/g, respectively.

Graphene materials loaded with macroporous structures have shown positive results as anode
materials for the Li-ion batteries. Mn;O,-graphene [65], Co;O,-graphene [66], and Fe;O,-
graphene [67-69] have been studied extensively as potential anode materials for Li-ion
materials. Chen et al. [69] reported a 3D graphene-Fe,O, hybrid prepared by chemical
reduction of the GO in the presence of Fe;O, nanoparticles. The as-prepared hybrid was tested
as an anode material for LiBs and exhibited capacities of 990 and 730 mAh/g at current densities
of 800 and 1600 mA/g, respectively.

3.2. Li-sulfur batteries

For more than 20 years, the Li-ion battery has dominated the rechargeable battery market for
portable devices and it is still the best choice for electric vehicles. But, when it comes to the
electrical performance, a significant improvement is less likely as the performance of the Li-
ion battery has almost reached its theoretical limits [70, 71]. Therefore, Li-S battery is consid-
ered as one of the potential candidates to replace the Li-ion battery as the next generation
rechargeable battery. Sulfur is considered as the 10th most abundant element in the Earth.
When employed as a cathode, it has a high specific capacity of 1675 mAh/g and it can deliver
a specific energy of 2600 Wh/kg. However, several key issues have prevented the practical
applications of Li-S batteries so far. The issues which need to be addressed are (i) poor electrical
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conductivity of sulfur and its final discharge products (Li,S/Li,S,); (ii) large volume change of
sulfur electrode during electrochemical cycling; and (iii) dissolution of polysulfides, inter-
mediate reactant products in the organic electrolyte leading to deposition of Li,S,/Li,S at the
electrode interface. To overcome these drawbacks, extensive researches have been carried out
to use graphene materials as scaffolds for cathodes in Li-S batteries [72-76].

For the first time, Wang et al. [77] synthesized a sulfur-graphene (5-GNS) composite by heating
a mixture of graphene nanosheets and elemental sulfur. The electrochemical performance of
the battery was unsatisfactory as S-GNS electrode contained only 17.6 wt% sulfur. Wang et al.
[78] improved the performance of this cathode by increasing the sulfur content up to 44.5 wt
% using the same synthesis method. The reversible capacities of the electrode were recorded
as 662 mAh/g at 1 C and 391 mAh/g at 2 C after 100 cycles.

Kim et al. [79] produced mesoporous graphene-silica composite (m-GS) as a cathode structure
to host sulfur for Li-S batteries. With the help of the ternary cooperative assembly of triblock
copolymer (P123), silica precursor and graphene, porous silica structure was made parallel to
graphene sheets. Sulfur was infiltrated into the mesoporus structure by melt diffusion at 155°C
for 12 h. S intercalated graphite oxide cathode was made by in situ sulfur reduction and
intercalation of graphite oxide [80]. By heating a mixture of S5 and graphite oxide at 600°C
under vacuum, would break large molecules of Sy into S, and in the meantime reduce graphite
oxide to graphene. Interplanar distance of the carbon matrix allows S, to intercalate into GO.
To minimize the capacity decay, surface S5 could be removed by CS,. This specified cathode
was able to maintain a reversible capacity of 880 mAh/g after 200 cycles.

To obtain better electrochemical performance, Zhang et al. [81] created dense nanopores on
the surface of graphene nanosheets by chemically activating hydrothermally reduced gra-
phene oxide (rGO). Sulfur was infiltrated into the KOH-activated graphene hydrogels by the
melt diffusion method (Figure 3). The rGO hydrogel served as a trap for soluble polysulfides.
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Figure 3. (a) Schematic representation of the preparation route of activated graphene nanosheets through self-assem-
bly of GO, ion diffusion and chemical activation strategy. (b) Proposed scheme for the constrained electrochemical re-
action process of the graphene/sulfur composite. (c) Cycling performances of graphene/sulfur composite electrode at
0.5 Cand 1 C [81]. Reprinted with the permission of the Royal Society of Chemistry.
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According to results from nitrogen sorption measurements, the surface area of the mesoporous
system was 2313 m?/g and the mean value of nanopores was 3.8 nm. At 0.5 C and 1 C, the
graphene/sulfur composite electrode delivered high reversible capacities of 1143 and 927 mAh/
g, respectively.

Evers and Nazar [82] prepared a graphene-sulfur cathode material with a sulfur loading of 87
wt% by a simple one pot method. A mixture of GO and soluble polysulfide was oxidized in
situ as a one pot reaction. Because of the formation of insulating Li,S layer, the initial discharge
capacity of 705 mAh/g at 0.2 C decreased drastically after 50 cycles. S/rGO composite material
for Li-S battery cathode was made by concurrently oxidizing sulfide and reducing GO [83]. In
this method, Na,S and Na,SO; were mixed with the GO solution. The composite material is
obtained by the reduction of GO by Na,S. The composite with a sulfur loading of 63.6 wt%
delivered a reversible capacity of 804 mAh/g after 80 cycles at 0.186 C and 440 mAh/g after 500
cycles at 0.75 C. Gao et al. [84] prepared a sulfur cathode composed of sulfur nanoparticles
wrapped in graphene by using Na,5,0; as a precursor of sulfur. In acidic medium, Na,5,0;
can also serve as a reducing agent of GO. Polyvinylpyrrolidone (PVP) was used to prevent the
S particles from aggregation and to keep the sulfur particles at submicrometer range. By using
(NH,),S,0; as a sulfur precursor, Xu et al. made a graphene-encapsulated sulfur composite. In
this synthesis method, a mild reducing agent, urea, was used to reduce GO.

3.3. Supercapacitors

Supercapacitor is another major alternative solution for the energy storage applications.
Supercapacitors have higher power densities than batteries and also higher energy densities
than dielectric capacitors [46, 85-88]. The first attempt to use graphene as a supercapacitor was
done by Roulff et al. [89] in 2008. In that method, GO was reduced by using hydrazine hydrate
and the surface area as measured by BET method was 705 m?/g. Specific capacitances of 135
and 99 F/g were obtained in aqueous and organic electrolytes, respectively. However, strong
1i-7t stacking and van der Waals attractions among inter layers cause irreversible agglomera-
tion to form graphite, resulting a decrease in surface area which may hinder the diffusion of
the electrolyte. Therefore, making graphene in to a highly open porous structure is an effective
way to increase the accessible surface area and the specific capacitance.

Zhu et al. [46] were able to make a carbon based supercapacitor by chemically activating the
microwave exfoliated GO (MEGO) and thermally exfoliated GO (TEGO) using the KOH to
obtain surface area values up to 3100 m?/g and a high electrical conductivity of 500 S/m with
a C/O atomic ratio of 35 . The specific capacitance values calculated from the charge-discharge
curves were 165, 166, and 166 F/g at current densities of 1.4, 2.8, and 5.7 A/g, respectively.

Chen et al. [90] discovered a route to convert noncovalent functionalized graphene to a
graphene-activated carbon composite by chemically activating with the KOH, which consisted
of a specific surface area of 798 m*/g. Stable graphene colloids absorbed by oligomers of p-
phenylene diamne (PPD) were converted to a graphene-activated carbon composite by the
KOH activation annealing method. The KOH activation created micro/mesopores in the
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activated carbon covered on graphene whereas pores in activated carbon also contributed the
high surface area of the composite. The as-prepared graphene composite exhibited a specific
capacitance of 122 F/g and energy density of 6.1 Wh/kg in aqueous electrolyte. Maximum
energy density values of 52.2 and 99.2 Wh/kg were obtained in 1-ethyl-3-methylimidazolium
tetrafluoroborate (EMIMBE,) electrolyte at room temperature and 80°C, respectively.

Zhang et al. [91] introduced a method to produce porous 3D graphene-based bulk materials
with ultrahigh specific area of 3523 m?/g and excellent bulk conductivity (up to 303 S/m) by
in-situ hydrothermal polymerization/carbonization of a mixture of industry carbon sources
and the GO followed by KOH activation (Figure 4). The carbon sources used in this method
were biomass, phenol-formaldehyde (PF), polyvinyl alcohol (PVA), sucrose, cellulose, and
lignin. Graphene-PF composite material gave the highest specific capacitance values of 202 F/
gin 1M TEABF,/AN and 231 F/g in neat EMIMBF, electrolyte systems, respectively.
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Figure 4. (a) Schematic representation of the synthesis procedure of the porous three-dimensional graphene-based ma-
terials. Galvanostatic charge/discharge test results of supercapacitors based on the optimized porous 3D graphene-
based materials in (b) 1 M TEABF,/AN and (c) neat EMIMBF, electrolytes under different current densities. CV curves
of PF16G-HA based supercapacitor under different scan rates in (d) 1 MTEABF,/AN and (e) neat EMIMBE, electrolyte.
Reproduced with permission [91], Copyright 2013 NPG.

The electrochemical performance of carbon based materials can be enhanced by doping carbon
network with nitrogen and boron [92-95]. Nitrogen and boron co-doped 3D graphene aerogel
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(BN-GA) was fabricated by using the GO and ammonia boron trifluoride (NH;BF;) [96]. The
interconnected framework of graphene nanosheets had a surface area of 249 m?g with a
macroporous structure. BN-GAs were directly processed into thin electrodes without destroy-
ing the 3D continuous frameworks and used in all-solid-state supercapacitors (ASSSs). Because
of the unique structure and strong synergetic effects of nitrogen and boron co-doping, a specific
capacitance of 62 F/g and energy density of 8.65 Wh/kg were obtained. 3D graphene aerogels
with mesoporous silica frameworks (GA-SiO,) were fabricated by the hydrolysis of TEOS with
graphene aerogel and CTAB as the soft template [97]. Graphene aerogel-mesoporous carbon
(GA-MC) with a surface area of 295 m?/g was generated by infiltrating a sucrose solution into
the GA-5iO, followed by carbonization at 700°C for 3 h in argon. The as-prepared GA-MC
exhibited a specific capacitance of 226 F/g when it was used as a supercapacitor.

3.4. Dye-sensitized solar cells

The dye-sensitized solar cells are among third generation photovoltaic devices that are cost-
effective and highly efficient. It consists of a mesoporous TiO, photoanode with a dye to
increase light absorption, a counter electrode (CE), and electrolyte. The CE should reduce redox
species, which are used to regenerate the sensitizer after electron ejection. To increase the
efficiency of DSSC, it is essential to select a CE material with low sheet resistance, high catalytic
activity for the reduction of redox species, excellent chemical stability, and low cost. Recently,
graphene-based CEs have been studied extensively as a potential cost-effective replacement
for platinum based CEs.

Compared with other graphene-based materials, functionalized or doped graphene exhibits
exceptional electocatalytic activity. In 2012, Xu et al. prepared Hemin, an iron-containing
porphyrin functionalized rGO by microwave irradiation [98]. The Hemin-rGO hybrid
exhibited a power conversion efficiency (PCE) value of 2.45 %. Yen et al. [99] reported a
nitrogen-doped graphene prepared using a hydrothermal method. The nitrogen-doped
domains on the graphene surface act as electroactive sites, which have selectivity for redox
species in the reduction reaction. The as-prepared nitrogen-doped graphene CE exhibited the
PCE value of 4.75%. Xue et al. [100] managed to prepare 3D nitrogen-doped graphene foams
with a nitrogen content of 7.6% freeze drying the GO foams followed by annealing at 800°C
in ammonia/argon mixture for 1 h. Because of the high content of nitrogen, the PCE value of
7.07% was obtained.

4. Conclusion

In conclusion, owing to its high surface area, unique pore structure, and remarkable electro-
chemical performances, porous graphene has attracted great attention in the fields of energy
storage and conversion. However, there are several key issues, which need to be addressed.
The precise control of pore size, pore morphology, and wall thickness is necessary for the
assembly of hierarchically structured porous graphene materials. Introduction of different
sizes of pores into graphene matrix is essential to produce porous graphene materials to obtain



synergic effects of different pores. With increasing research efforts in the field, we believe that
there would be significant advances in the synthesis and application of porous graphene in
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the near future, benefiting development of high performance energy conversion and storage
devices. This research was partially supported under the Australian Research Council
Discovery Project (DP150101717). Kimal Chandula Wasalathilake acknowledges the QUTPRA
scholarship from the Queensland University of Technology.
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Abstract

The experimental realization of graphene along with its unique properties in 2004
triggered huge scientific researches in the field of graphene and other two-dimension-
al (2D) materials. The experimental preparation processes of these materials are prone
to defect formation. These defects affect the properties of the pristine system, which can
be beneficial or detrimental from the application point of view. In this book chapter, we
discuss a few cases of defects in 2D materials such as graphene and its derivatives and
their roles in applications.

Keywords: defects in graphene and its derivatives, graphene defects, hybrid materi-
als, gas sensing, ab initio theory, magnetism

1. Introduction

The (re)discovery [1, 2] of graphene —a single layer of carbon atoms arranged in a honeycomb
lattice—in 2004 by Novoselov et al. has triggered a new aspect of research in two-dimensional
(2D) materials [3, 4]. Although the existence of materials with their properties governed by their
2D units was well known for quite some time [5, 6], it is the experimental realization of a single
layer graphene has showed that it is possible to exfoliate stable 2D materials from the 3D solids
exhibiting various fascinating properties.

A huge number of crystalline solid-state materials having different mechanical, electronic, and
transport properties exist from which stable 2D materials can be created due to the presence
of weak interaction between the layers [7]. 2D allotropes (e.g., silicene, graphyne, germa-
nene), compounds (e.g., graphane, hexagonal boron nitride, transition metal di-chalcoge-
nides) are the few examples of 2D materials. These 2D materials have the potential for a wide
range of applications due to the interesting electronic and structural properties [2, 8-12].
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To exploit these various properties, the samples have to be made in a scalable way. Chemi-
cal vapor deposition (CVD) has become a very common method for large-scale fabrication.
Nonetheless, the CVD samples inevitably contain defects, for example, edges, hetero struc-
tures, grain boundaries, vacancies, and interstitial impurities [13-15]. These defects can be seen
very easily in transmission electron microscopy (TEM) experiments [16] or scanning tunnel-
ling microscopy (STM) experiments [17]. Figure 1a, b shows experimental STM and TEM
images of an isolated single vacancy in graphene. In the STM image, the single vacancy can be
seen as a blob because of increased local density of states. These states appear due to the
presence of dangling bonds around the single vacancy.

Figure 1. (a) Experimental STM image of single isolated vacancy in graphene. Reprinted with permission from Ugeda
et al. [17], copyright (2010) by the American Physical Society. (b) Experimental TEM image of reconstructed single
vacancy with atomic configurations. Reprinted (adapted) with permission from Meyer et al. [16], copyright (2008) by
the American Chemical Society.

In general, these defects manipulate the properties of the materials and hence their avoid-
ance or deliberate engineering requires a thorough understanding. In one hand, defects can
be detrimental to device properties [13], but on the other hand, especially at the nanoscale,
defects can bring new functionalities which could be utilized for applications [18, 19].

In this book chapter, we address a few cases of defects in 2D materials such as graphene and
its derivatives. We show how one can tune the various properties of the pristine materials with
the control insertion of defects in these systems and use them in various applications.

2. Theoretical methods

We have mainly used ab initio density functional theory-based methods to calculate various
properties of defected 2D materials such as graphene and its derivatives in general. In this
section, we will provide a brief introduction to the theoretical methods used.

2.1. Density functional theory

Various different properties of these many-body systems are described by the wave func-
tions associated with it. These wave functions are governed by the time-dependent Schro-
dinger equation
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where H is the Hamiltonian of the many-body systems and represents the energy operator,
and E is the total energy of the system. However, one needs various approximations to solve
the Schrodinger equation for all kinds of systems.

In density functional theory (DFT), the electron density n(r) is used to obtain the solution of
the Schrodinger equation. The core concept of the DFT is given by two theorems of Hohen-
berg and Kohn [20], where they showed that the properties of interacting systems can be
obtained exactly by the ground state electron density, n,(r). Following the two theorems, the

total energy of the system can be written as follows:

E[n(F)]= F[n(r)]+ IV, (F)n(F) dF @)

Where functional F represents kinetic energy and all electron-electron interactions. Function-
al F does not depend on the external potential, and hence, it is same for all the systems.
However, Hohenberg-Kohn theorem does not provide any solution toward the exact form of
the functional F.

Kohn and Sham [21] gave a way around to obtain the functional F by replacing the interact-
ing many-body system with a non-interacting system consisting of a set of one electron
functions (orbitals) while keeping the same ground state. According to the Kohn-Sham
formalism, the total energy functional can be written as follows:

E[n()]= T[n(r)] ¢ IV, (F)(r) a1 U—”(ﬁ)”ﬁrz)dadg B [n(7)] )

‘71 -n

Where T; is the kinetic energy term of the non-interacting electrons, and V,,, is the external
potential. The third term in the above equation is the Hartree term representing the classical
Coulomb interactions between electrons, and the last term is known as exchange-correlation
energy (Exc), which contains all the many-body effects. The formalism of Kohn-Sham is an
exact theory. If the form of the Eyis exactly known, then using this formalism, one can calculate
the exact ground state of the interacting many-body system.

In reality, the exact form of the exchange-correlation is not trivial, and hence, it is necessary to
model the form of the exchange-correlation. Different forms of exchange-correlation can be
constructed depending upon various level of approximation, for example, local density
approximation (LDA) [20, 22, 23], generalized gradient approximation (GGA) [24-26], hybrid
functionals (a mixture of Hartree-Fock and DFT functionals) etc. It is also important to
remember that the implementation of single-particle Kohn-Sham equation is not trivial due to
the complex behavior of wave functions in different spatial region, for example, in the core
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and in the valence region. To describe this complex wave function, a complete basis function
is needed which can be of different form, for example, plane waves, localized atomic-like
orbitals, Gaussian functions etc.

3. Manipulation of properties of graphene with defects

As mentioned in the introduction, an immense amount of scientific activities is going on in the
field of graphene research because of its special properties [27, 28]. However, the lack of band
gap limits the usage of graphene in electronic device applications. Therefore, the modifica-
tion and tuning of graphene properties to open up an energy gap have become a cutting edge
research interest among the scientific community. In this section, we show a few examples of
manipulating the properties of graphene and hybrid systems with graphene.

3.1. Magnetic impurities in graphene/graphane interface

Graphane—another 2D material—is hydrogenated graphene, where each carbon atom is
attached with a hydrogen atom. Unlike graphene, this material is an insulating system with
sp® hybridization resulting in a large band gap. It is one of the materials, which was first
predicted by ab initio theory [29] and then latter synthesized in the experiments [30]. Depending
upon the concentration of hydrogenation in graphene, semimetal to metal to insulator
transition is observed [31]. It has been shown that patterning graphene with partial hydroge-
nation leads to modification of graphene properties, for example, conducting channels, band
gap opening, quantum dots, and magnetically coupled interfaces [31-36]. As a potential
material for spintronic applications, graphene/graphane interfaces are of particular interest as
these interfaces can mimic the edge properties that can be seen in zigzag or armchair gra-
phene nanoribbons [37-41]. Hence, it will be interesting to study the effect of Fe adatom, as a
representative of magnetic impurities, in these hybrid 2D superlattice structures [42].

Figure 2 shows the two different graphene-graphane superlattice structures considered in our
calculation. The hydrogen atoms are removed along the diagonal (edge) of the graphane to
create armchair (zigzag) graphene-graphane superlattices. We have considered three, five, and
seven rows of channel widths for both configurations. In order to find out the stable adsorp-
tion site in the graphene channel, we have placed Fe adatom in different places. The analysis
of formation energy indicates that the preferred adsorption site for Fe in armchair channel is
at the hollow site of graphene channel equidistant from the interface. However, for the zigzag
channel, the Fe adatom prefers to bind at a hollow site closer to the interface. Further analy-
sis of energetics as a function of channel width shows that with increasing channel width, the
binding energy remains almost constant in the zigzag channel and it decreases in the arm-
chair channel. The calculated value of total magnetic moments for all the systems are ~2.0
which is similar to the value of total magnetic moment of Fe adatom substitutionaly placed in
graphene [43]. However, the value of onsite local moments is different in both channels and
is ~0.5 pghigher in the zigzag channel. Our result shows that the binding energy of Fe adatom
in the zigzag channels is higher than the binding energy of Fe adatom on pristine graphene
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by ~0.2 eV. Hence, we can conclude that the mixed sp’-sp® character of graphene-graphane
superlattice helps a strong binding of Fe adatom.

{a) armchair

Figure 2. Representative decorations of (a) armchair and (b) zigzag channel in graphane. Reprinted with permission
from Haldar et al. [42], copyright (2012) American Physical Society.

Figure 3 shows the total density of states for a single Fe adatom placed on a three-row armchair
channel. The analysis of site projected DOS shows that the Fe d spin-down electrons induce
states below the Fermi energy and reduces the gap quite significantly. Similar features can be
observed in the higher row channels although the value of the gap depends on the width.

DOS (StatesfaV)
(=]

-20r 5 | T — L
E-E (eV)

Figure 3. Total DOS of Fe adatom in three-row armchair channel (blue solid line). Total DOS for pristine channel is
shown in red dashed line. Reprinted with permission from Haldar et al. [42], copyright (2012) American Physical
Society.

The spin density plot of Fe adatom adsorbed in three-row armchair and zigzag channels is
shown in Figure 4. For armchair channel, it is quite evident from the figure that most of the
spin-up density is localized on Fe. The interaction of Fe d orbitals with the p, orbitals of the
surrounding C atoms induces polarization in the surrounding C ring, and it induces nega-
tive moment on the C atoms. However, in the zigzag channel, the spin density is delocalized
and the effect of Fe adatoms can be seen up to fourth nearest neighbor along the interface. The
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absorption of Fe adatom in this case reduces the onsite magnetic moments of the edge C atoms.
The maximum reduction of this onsite moments can be seen on the nearest site and it can be
upto ~15%. In the zigzag channel, the Fe adatom surrounding C atoms ring is not antiferro-
magnetically ordered and only three C atoms from the same sublattice show significant spin-
down densities.

a)

Figure 4. The spin density plot for Fe adatom adsorbed on the three row-armchair and zigzag channel. Reprinted with
permission from Haldar et al. [42], copyright (2012) American Physical Society.

We have also calculated the magnetic interactions of two Fe adatoms in these channels. Our
result indicates that two Fe adatoms in the armchair channel interact very weakly and hence
the exchange energy is also very small favoring an antiferromagnetic interaction. In contrast
to the armchair channel, the two Fe adatoms in the zigzag channel interact strongly. A very
strong ferromagnetic coupling can be observed in this case between the Fe adatoms, and
consequently, they have significantly higher exchange energy compared to the armchair
channel.

3.2. Improvement in gas sensing activities

Graphene has also potential application toward the gas sensing properties. This is mainly due
to two of the following facts

1. The two-dimensional nature of graphene that consists of only surface and no volume. This
feature of graphene enhances the effects of surface dopants.

2. Graphene has a very high conductivity and electrical noise, which enables to detect very
small signal changes due to gas molecule absorptions.

Experiments have demonstrated the application of graphene as a solid-state gas sensing device
and especially in the detection of single gas molecule, for example, NO, [44]. Gaseous
molecules act as electron donors or acceptors and modify the carrier density of graphene.
Hence, it changes electrical resistance of graphene. Therefore, by measuring the electrical
resistance changes, graphene can be used as a gas sensing device [44, 45]. On a pristine
graphene lattice, NO, molecules are physisorbed. However, chemisorption affects the
conduction electron much more than the physisorption. Pristine graphene surface does not
have dangling bonds that can chemisorb the gas molecules. However, the presence of defects
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can make chemisorption stronger. Hence, in order to increase the gas sensing properties of
graphene, one needs to understand the reaction of gas molecules with defected graphene. In
this work, we have created defects in graphene using ion beams and studied the gas-sensing
properties using current-time measurements, Raman spectroscopy, and gated conductivity
characterization [46].

In this study, the graphene flakes were created using the mechanical exfoliation technique on
heavily doped Si substrates containing 300 nm SiO, top layer. Electron beam lithography was
used to fabricate the electrical contacts on device. The defects were created in the pristine
graphene by irradiation with 30 keV Ga*ions in a vacuum chamber under ~107° mbar pressure.
We have irradiated 20 x 20 pm? area and one single irradiation consists of an ion dose of
~10"? jons cm™ We have used a mixture of N, and 100-ppm NO, gasses as target gas and N,
gas as a purging gas.

We have used Raman spectroscopy (514 nm wavelength) and atomic force microscopy
experiments to determine the thickness of the graphene flakes. From the shape of 2D peak, one
can determine the number of layers. Figure 5 shows the evolution of the Raman spectra with
respect to the ion irradiation of graphene. For comparison, the Raman spectrum of the pristine
graphene is also shown. Our analysis shows that the graphene flake in this study has a bilayer
structure. The D-peak appears at 1352 cm™, which indicates the formation of defects in
graphene. The breathing modes of sp” rings cause the appearance of D-peak and only the
presence of defects activates it. The intensity of D-peak increases further after the second
irradiation and also D’-peak appears at 1626 cm™ which suggest an increase of defects in

graphene.
G peak =Pristine 2D peak
D peak ~First irradiation
. Second irradiation
- D' peak
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Figure 5. Evolution of Raman spectra with respect to ion irradiation of graphene. Reprinted with permission from
Hajati et al. [46], copyright (2012) IOP Publishing.

We have performed gated conductivity experiments to measure the gas sensing properties.
Figure 6 shows the normalized conductance (G/G) responses during the exposure of 100 ppm
NO, in N, at room temperature. The conductance of graphene before the exposure is denot-
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ed by G,. The exposure of NO, increases the conductance. In pristine graphene, the electrons
are transferred from graphene to NO, molecules thus increasing the hole density in gra-
phene. A faster response in changing conductance can be observed when the defected
graphene (after first irradiation) is exposed to NO, gas. These show higher sensitivity to NO,
gas when compared to the pristine graphene. However, the gas sensing properties decrease
after the second irradiation due to the increase of defects, which increases the number of
scattering states. Hence, it reduces the conductance.

159 —Pristine —First irradiation —Second irradiation
Lk NO2
s\
@ 3
© 1.2 4
N2
1.1 -/
_
1.“' T T T T \r 1
0 500 1000 1500 2000 2500 3000
Time(s)

Figure 6. Normalized conductance (G/G,) response of the graphene gas sensor. The exposure of the NO, gas started
after 110 s in all three cases. The average rise times for pristine, first, and second defected graphene (during NO, expo-
sure) are 500, 328, and 420 s respectively. Reprinted with permission from Hajati et al. [46], copyright (2012) IOP
Publishing.

We have also performed ab initio density functional calculations in order to understand the
interactions between NO, and defected graphene. We have used a monolayer graphene for
our calculation as most of the defects are same in both monolayer and bilayer graphene. We
have studied the binding of NO, gas with graphene with different defects, for example,
monovacancy, divacancy (585 defect), 686 structure [47], and Stone-Wales (SW) defect. Our
analysis shows that the SW vacancy has the highest binding energy with NO, molecule (0.72
eV) when compared to the other defects where binding energies are ~0.3 eV.

In Figure 7, we have shown the total and molecular NO, spin polarized DOS, inverse
participation ratio (IPR) [48] for the electronic states of SW + NO,. The calculated DOS shows
that the spin-polarized molecular levels of NO, molecules appear near the Fermi energy. These
cause 1 up/unit cell magnetic moments. We have also calculated the IPR, which is inversely
proportional to the number of atoms contributing to a particular molecular orbital, and hence,
IPR gives a quantitative characterization of localization of molecular orbitals. In Figure 7, the
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calculated IPR has very small values near the Fermi energy, which shows conducting character
of the states.

NO, x5 | (a)

= 05 | — Towl | ) =
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Figure 7. (a) Total and molecular NO, spin polarized DOS. (b) Inverse participation ratio (IPR) for the electronic states
of SW + NO,. (b) Optimized geometry of NO, at SW-defect site in the graphene lattice is shown as top and side views.
Reprinted with permission from Hajati et al. [46]. Copyright (2012) IOP Publishing.

3.3. Fluorination of graphene using defect insertion

Functionalization of graphene has attracted significant attention as it has the potential to make
graphene useful for applications. Functionalization of graphene by fluorination is one of the
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Figure 8. Characterization of pristine graphene, defected graphene (DG) and fluorinated graphene (FG). (a) Scanning
electron microscope (SEM) image of local functionalization of graphene (100 um x 100 um) with ion doses of 10"
ions/cm? and simultaneous 167 s gas exposure. (b) Scanning tunneling microscopy image of DG under the same ion
dosage. (c) X-ray photoelectron spectroscopy spectra of F 1 s peak of pristine graphene, DG and FG. FG reveals a dis-
tinguished F 1 s peak, and the F 1 s spectrum of pristine graphene as well as DG is given as a reference. (d) Raman
comparison of pristine graphene, DG and FG. Lower ID/IG in FG in contrast to DG indicates lower degree of defects
density and larger crystalline size. Reprinted with permission from Li et al. [49].
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ways. In general, the functionalization of graphene is a challenging process. Local functional-
ization is a promising tool to keep the desired properties of graphene intact after the modifi-
cation. In this section, we discuss an interesting technique, which allows precise site-selective
fluorination [49].

We have used a focused ion beam irradiation under XeF, environment in high vacuum to
design the site-selective fluorination. In this method, the graphene surface is locally radical-
ized using high-energy ion irradiation under fluorine contained precursor molecule environ-
ment. We have used X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, scanning
tunnelling microscopy (STM), and density functional theory (DFT) calculations to verify the
fluorination process and explain the mechanism.

The defected structures shown in Figure 8a, b are obtained by irradiating graphene locally
with high-energy (30 kV) Ga*ions with an irradiation dose of 10** ions cm™. Under this amount
of irradiation dose, graphene retains most of its lattice structure. However, the damaged part
shows significant defect formations, which are mainly vacancies. The formation of fluorinat-
ed graphene can be seen from Figure 8c, where XPS shows a clear signal of F 1 s peak. We have
also used Raman spectroscopy to find out the structural information. From the Raman
spectroscopy figure (Figure 8d), we can see that the intensity of the D-peak (at 1350 cm™)
increases after irradiation and the intensity of the 2D-peak decreases sharply. It means that the
translational symmetry of sp? bond is broken. Compared to the defected graphene, in fluori-
nated graphene, the ratio of D and G peak (Ip/I) is lower. This implies that fluorinated
graphene contains less structural disorder.

Figure 9. STM images of fluorinated graphene. (a) 20 x 20 nm? area. (b) Zoom in image of a hole defect showing stand-
ing waves pattern. (c) Other area 15 x 15 nm? showing bright feature decorating holes (blue arrows) attributed to fluo-
rine atoms. (d) FFT of (a). It reveals the first Brillouin zone with hexagonal lattice and K points (red arrows) associated
to the standing waves pattern due to intervalley scattering. Reprinted with permission from Li et al. [49].

STM experiments were carried out on the fluorinated graphene for a better understanding of
structures. Figure 9 shows these images, which are taken at low bias voltage of <75 mV at Fermi
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level. In Figure 9a, a 20 x 20 nm? area of fluorinated graphene is shown. The surface is covered
by various defects, corrugations, etc. Standing waves with different structures near the defect
area form these corrugations. The Fast Fourier transformation of Figure 9a is shown in
Figure 9d, which clearly shows the first Brillouin zone of the hexagonal lattice and the K points.
These K points are related to the standing waves pattern from the intervalley scattering [50].
All the defects in the surface are connected with the standing waves. Larger defects (zoomed
in Figure 9b) show standing waves as straight lines similar to as observed in step edges. Thus,
it can be concluded that the fluorinated graphene remains metallic [51]. In Figure 9¢, the bright
features are associated with the fluorine atoms. Combining the observation of standing waves
related to delocalized electron at the conjugated sp? bonds from Figure 9b, it could be
concluded that the fluorination happens near the defect sites created by the ion irradiation.

iA)

(B)

Figure 10. Ab initio density functional theory (DFT) calculation models of fluorinated graphene. Di-vacancy model (a)
and hole-defect model (b), 0.95 nm in length, are based on the STM observation. Binding energies are shown in Table
1.

Structure E.s (eV) Hybridization
Pristine -1.91 sp®
Di-vacancy at site A -2.86 sp®
Di-vacancy at site B -2.25 sp®
Hole-defect site C -5.64 sp?
Hole-defect site D -2.18 sp®

Reprinted with permission from Li et al. [49].

Table 1. Adsorption energies of fluorine adatom on pristine graphene as well as the edge carbon atoms surrounding
the two defects.

We have also performed ab initio density functional-based calculations to find out fluorine
adsorption characteristics on defected graphene. We have used two models of defected
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graphene for our calculations as shown in Figure 10. These models are: (i) divacancy model
and (ii) hole-defect model. These are the two types of models that can be seen in the STM
images. In these two types of defects, there are only four possible places for single fluorine
adatoms to be adsorbed. These four places are marked as site A-D. In Table 1, we have
tabulated the energetics. Our calculations show that the adsorption energy of the fluorine
adatom on pristine graphene is very high compared to the di-vacancy and the hole defects. It
implies that the fluorine atoms are prone to react with the carbon atom surrounding the defect
sites. At site C, the carbon atom is radicalized due to the presence of dangling bonds and hence
has very low adsorption energy for fluorine adsorption. In this case, the C-F bond is planar
with a bond length of 0.136 nm, typical for sp? hybridization. The C-F bonds in other sites are
all out of plane (perpendicular to the graphene lattice) and have sp® hybridization. This strong
bond between dangling bond and fluorine atoms implies that different gases could be utilized
to functionalize graphene.

In conclusion, we have showed an experimental technique to design site-selective local
fluorination using high kinetic energy ion irradiation and simultaneous XeF, gas injection. Our
method opens up a possibility of functionalize graphene locally with a wide range of other
functional materials.

4. Conclusion

From the discussions of Fe adatom adsorption at the partially hydrogenated channels, we
conclude that the magnetic adatoms in the zigzag channel interact quite substantially as
compared to the armchair channel. The response of the two channels in the presence of
magnetic impurities is quite different, viz., localized (delocalized) in the armchair (zigzag)
channel. In the semiconducting armchair channel, the magnetic coupling is weakly antiferro-
magnetic. However, in the delocalized zigzag channel, a relatively stronger ferromagnetic
coupling can be observed. Hence, it may be possible to design magnetic graphene lattice by
depositing suitable magnetic impurities by means of scanning tunneling microscopy tips,
which can lead to the possibility of designing ultrathin magnetic devices.

We have also studied how defects in graphene affect the gas sensing properties. The defects
are created using the Ga* ion irradiation. The defected graphene shows higher conductivity
changes in the presence of NO, gas when compared to the pristine graphene. Hence, one can
conclude that the defected graphene has higher sensitivity in gas detection. The NO, gas
molecules bind strongly with SW defects in graphene, which changes the local electronic
structure and enhance the transport properties.

We have also demonstrated how defects in graphene can be used for various important
applications, for example, spintronics and gas sensing. The presence of defects modifies the
structural and electronic properties of the 2D material as well as the binding entities. The
understanding of these phenomena can be achieved by materials specific theoretical meth-
ods. From the experimental side, the controlled nanoengineering of defects may lead to novel
applications and should be pursued seriously in near future.
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Abstract

In this chapter, we focus on the development on tunable terahertz/infrared metama-
terials enabled with plasmonic excitations in graphene micro-/nanostructures. We
aimed the issue that high loss in the plasmonic excitations of graphene limits the
performance of graphene’s ability in manipulating light. We show the enhancement of
light-graphene interactions by employing plasmonic metamaterial design for proper
plasmonic excitations, and coherent modulation on optical fields to further increase
the bonding of light field for boosted plasmonic excitations. The enhanced plasmonic
excitations in graphene provide the possibility of practical applications for terahertz
and infrared band graphene photonics and optoelectronics.

Keywords: graphene, plasmonics excitations, tunable metamaterials, terahertz, infra-
red, surface conductivity

1. Introduction

There have been numerous reports on scientific advances in graphene, a first realistic two-
dimensional (2D) material with carbon atoms arranged in a hexagonal lattice. Since its first
exfoliation from graphite by Geim and Novoselov [1, 2], graphene stimulated and led the
research upsurge in two-dimensional materials [3, 4]. It is attractive for myriad applications
that profits from its high electronic mobility (25,000 cm?*/V" s?) [5], exceptional mechanical
strength (~1.0 TPa) [6], and thermal conductivity [7]. It has also been widely investigated for
potential applications in photonics and optoelectronics [8-10]. Graphene exhibits much
stronger binding of surface plasmon polaritons [11-16], and the Dirac fermions in graphene
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provide ultra wideband tunability in optical response through electrostatic field, magnetic
field, or chemical doping [15-20]. All these are good for dynamical control on optical signals.
However, there are still some challenges in developing graphene photonics for practical
applications. One of them is that graphene is almost transparent to optical waves due to the
relatively low carrier concentrations in the monolayer atomic sheet; this might be useful for
some cases, for example, for the transparent electrodes, but strong light-matter interactions is
the most crucial part for practical optical applications. Boosting the light-matter interaction in
graphene is one important issue to address to take further advantage of graphene in optical
devices or systems, for example, to realize functionality such as optical insulator similar to
gapped graphene [21-23] for nanoelectronics, which is essential for myriad applications in all-
optical systems and components of much miniaturized optical circuits [24-26]. It is impor-
tant to take effectual strategies to improve the light-graphene interactions.

1.1. Plasmonic metamaterials

Artificially engineered microstructures, that is, the plasmonic metamaterial and photonic
crystals, are well-known platforms for the enhancement of light-matter interactions [27-29].
Optical absorption enhancement in graphene had been demonstrated in a photonic crystal
nanocavity for high-contrast electro-optic modulation, at the regime of critical coupling with
photonic crystal-guided resonance, and in photonic crystals for broadband response [30-34].
And in the meanwhile, plasmonic metamaterials [35-42] with even miniaturized elements are
promising for the manipulation of light at the deep subwavelength scale by making use of the
plasmonic excitations. Especially a kind of metamaterials with a single 2D function layer,
named as metasurface [43-49], has been intensively studied in recent years for various
possibilities to manipulate light peculiarly. The metasurface is naturally connected to the 2D
graphene for the following: (i) changing conversional plasmonic material-metal with gra-
phene will provide frequency-agile responses and make the metasurface even more subwa-
velength and (ii) the light-graphene interactions can be significantly enhanced in an atomically
thin graphene metasurface. Optical absorption enhancement has been studied in graphene
nanodisks, in which periodic graphene disks are placed on a substrate or a dielectric layer with
metallic ground, the plasmonic excitations in the structure resulting in the complete absorp-
tion of incident light. Graphene micro-/nanoribbons, split ring resonators, mantles, nano-
crosses, and photonic crystals have also been exploited for controlling terahertz and infrared
light.

1.2. Coherently modulated light-matter interactions

Another strategy that was proposed recently to remarkably improve the light-matter interac-
tion is the coherent modulation technique, which is based on the coherence of optical fields.
The coherence of laser made it unique in modern optics and photonics. A coherent perfect
absorber (CPA), also called anti-laser, was recently proposed [50] and demonstrated [51] in a
Si-resonator. The coherent absorption comes from the phase modulation on light fields. Since
the first proposal, relevant coherent modulation-assisted processes have attracted considera-
ble research interests with various photonic structures [52-58], for example, laser absorber and
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symmetry breaking in PT-symmetric optical potentials and strongly scattering systems,
unidirectional invisibility in PT-symmetric periodic structures, and perfect mode (polariza-
tion or morphology) conversions. It has been proven that coherently modulated optical field
provides additional localization of the light within artificially engineered microstructures,
including both the photonic crystals and plasmonic metamaterials, to further boost light-
matter interactions.

In this chapter, we summarize our recent studies on the excitation of electric/magnetic
plasmonic modes in graphene structures [59, 60], and their synergic action with the coherent-
ly modulated optical fields that provide strong interaction between graphene and light for
practical and tunable terahertz/infrared metamaterials or metasurfaces [61, 62].

2. Tunable plasmonic excitations in graphene metamaterials

2.1. Optical conductivity of graphene
The optical response of a monolayer graphene can be described with the complex surface

conductivity in the local-random phase approximation (RPA) approximation as

2°T i
Th w+ir”
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+ :_h H(w/2) +41_a)J-:—H(g) ~H(0/2) de}},

o(w)=

log [2 cosh(E, / 2kBT)]

1
pa ®* —4g?

sinh(fie [ kgT
with H(e)= 7 kBT( E /Cogh()m 75y @ is the angular frequency of the incoming light wave, e is

the electron charge, 7 is the reduced Planck constant, kj is the Boltzmann constant, and T is

the temperature. 7 is a phenomenological relaxation time representing the scatterings in
graphene or the quality of graphene sample, E; is the Fermi energy away from the Fermi

surface.

Figure 1 shows the surface conductivity of a monolayer graphene (Fermi level: 0.1 eV) at 0 K.
We can see that the total conductivity of the graphene includes two parts: (i) contribution from
the intraband transition (blue), the response is similar to Drude dispersive metals; and (ii)
contribution from the interband transition (green), with near nondispersive real conductivi-
ty at frequencies higher than double Fermi level. For that graphene is interesting for dynam-
ically controlled photonic applications, we plot the surface conductivities under different
Fermi levels (from 0.06 to 0.14 eV) in Figure 2; we can see from the figure that the conductiv-
ity of graphene can be s-tuned by changing the Fermi level, especially the low-frequency
Drude-like response. The tunable Drude-like metallic behavior has received intensive
attention in the past years, and this chapter focuses on the tunable plasmonic excitations in
graphene at terahertz/infrared frequencies.
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Figure 1. Complex surface conductivity of a monolayer graphene (Fermi level: 0.1 eV) at 0 K.
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Figure 2. Tunable surface conductivity of a monolayer graphene (Fermi level: from 0.06 to 0.14 eV) at 0 K.

2.2. A comparative study on the plasmonic excitations in graphene split ring resonators

(SRRs)

We proposed to enhance infrared extinction and absorption in a monolayer graphene sheet by
patterning split ring resonators, a kind of basic structure in the design of plasmonic metama-
terials. By introducing asymmetric split ring resonators (ASRRs) into the monolayer gra-
phene sheet, we excited both fundamental magnetic mode and electric mode, and the
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contributions on the enhancement of infrared extinction and the absorption of these two modes
are comparatively studied. The designed periodic SRR-patterned graphene metamaterial is
shown in Figure 3, the rings are with width 2=2.5 um and the lattice constant of the square
lattice is P=3.0 um, the gap size of SRR is g=0.6 um. We note that the line width w of the ring
and the gap center position (dwith respect to the center of the ring) are parameters that can
significantly influence absorption/extinction properties of the graphene metamaterial.

Figure 3. (a) Schematic of the SRR-patterned monolayer graphene sheet and corresponding electromagnetic excitation
configuration (the polarization direction is along the x-axis). (b) A unit cell of the SRR-patterned graphene sheet.
Geometric parameters are denoted by black letters.

In calculations, the graphene sheet was approximately treated as optical interface with
complex surface conductivity, since a one-atom-thick graphene sheet is sufficiently thin
compared with the concerned wavelength; the complex surface conductivity can be well
described by a Drude model as 0 =¢2E, [ (nh?) x i [ (w +it ™), especially at low frequencies and
heavily doped region, where E;=0.5¢€V is the Fermi energy away from Dirac point, and
t=uEy [ev} is the relaxation rate with p=10*cm?V's™! and v~10°m/sbeing the mobility and
Fermi velocity, respectively. The Fermi level can be easily controlled by electrostatic doping
via tuning charge-carrier density.

First, we set 0 =0.45 um#0, which introduces symmetry breaking in SRRs. It is known that both
the electric mode and the fundamental magnetic mode can be excited for normal incidence in
the ASRR metamaterial [63-65]. It can be seen from Figure 4 that there are two transmission
dips on the curve. The transmission and reflection coefficients of the electric-field magnitude

of the x-polarized incident wave are defined as t =|E™[EM|(i=x, y), and

ro= | ERf[Ee |y, in which E[™ is the field of incident wave, and E,”™ and E**f are the field

of transmitted or reflected waves. We confirmed that (through numerical simulation) these
two dips correspond to fundamental plasmonic resonances: magnetic mode and electric mode.
The electric resonant mode at 3.96 THz is well excited. The magnetic mode at 1.99 THz is with
avery shallow dip in the transmission curve, which indicates that the graphene ASRR is weakly
excited. When comparing the resonant strength with resonant dips, it is clear that the electric
resonant mode is stronger in responding the incident field, and it shows better extinction and
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absorption compared with the magnetic mode. We believe that this is because the graphene’s
low-carrier concentration leads to the weak capturing on optical fields. The electric dipolar
mode is easier to excite, because to excite the electric mode capturing the incident field into a
current loop is not required. We also notice that the polarization transformation ¢, =r, #0,
which is the radiation from the induced surface current on the graphene ASRRs. This
polarization conversion will also influence the optical extinction and absorption of the x-
polarized incident waves. The optical extinction and absorption with respect to x-polarized
incident wave are defined as E=1-1t, 12 and A=1-1lt |2=1lr|2=1t 12=1r  |?for

considering the polarization conversion.

100

Frequency (THz)

Figure 4. Transmission () and reflection (r) coefficients with respect to the x-polarized incident wave of ASRRs-pat-
terned graphene sheet (gap position 6=0.45 um and line width of graphene ASRR w=0.5 pum).

We investigate the influences of geometric parameters on the optical extinction and absorp-
tion of the ASRR graphene metamaterial. Figure 5 shows resonant frequencies of the electric
mode and the magnetic mode, and the extinction and absorption at resonant frequencies for
graphene metamaterial with different line widths. The extinction on the resonance for both
the electric mode and the magnetic mode rises as the line width becomes wider, and the
extinction of the electric resonance is nearly one order higher than that of the magnetic
resonance. We can see that the extinction can be efficiently boosted at the frequency of electric
resonance, for example, the optical extinction of about 87% at a wavelength of 58.5 um is
achieved.

Then, we investigate the influence of symmetry (of the SRR structure) on the optical extinc-
tion and absorption. We find that the resonant frequency of the electric mode almost did not
shift when changing the asymmetric parameter, and the enhanced extinction and absorption
of the symmetric SRR (E =81%, A=49%) is higher than that of the ASRR (E=75%, A=43%).
Then, we study comparatively the extinction and absorption in symmetric (6=0) and asym-
metric (6=0.45 pm) graphene SRRs. We find that the symmetric SRR is better than ASRR for



Harvesting Plasmonic Excitations in Graphene for Tunable Terahertz/Infrared Metamaterials
http://dx.doi.org/10.5772/64361

the enhancement of extinction and absorption in a monolayer of graphene. A maximum
extinction of about 90% (w=0.8 um) and a maximum absorption of 50% (w=0.4 pm) can be
achieved in a symmetric SRR graphene metamaterial. Since only an electric resonance is excited
in the symmetric SRR structure, and there exists no polarization conversion, the enhance-
ment on the extinction and absorption can be understood simply as follows: First, the SRRs
trap optical field that shines on graphene according to their receiving ability. Then, the trapped
field is redistributed through an absorbing channel and a radiating channel (including both
the forward and backward radiation). We note that the receiving or radiating ability of the
graphene SRRs and trapped ratio with respect to the incoming energy are two key charac-
ters in this process, and these two aspects are both strongly connected to the line width of the
graphene SRRs. On the one hand, the radiating property can be significantly influenced by
changing the line width since we know that a thin dipole possesses better radiation. On the
other hand, the line width determines directly the graphene area ratio to the whole unit cell
and thus remarkably modulates the trapped ratio to the incident light as well as the absorp-
tion in the graphene metamaterial. The electric resonance and dissipation of the graphene will
compete for an optimized absorption, while for the extinction the incident light is more likely
to be scattered for SRRs with wider line widths, which contributes to an incremental optical
extinction.
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Figure 5. Resonant frequency (blue sphere), extinction (red square), and absorption (olive diamond) at resonant fre-
quencies of the ASRR (with 6=0.45 um)-patterned monolayer graphene sheet with respect to different line width w
for electric mode (solid) (a) and magnetic mode (dashed) (b).
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2.3. Electric plasmonic excitation in graphene cut-wires and physics of a maximum 50%
absorption in graphene metamaterials

We have found that the electric dipolar mode is stronger in enhancing light-graphene
interactions at terahertz frequencies compared to the magnetic mode and other higher-order
modes. As the simplest structure that supports electric dipolar excitation, cut-wire is essen-
tial in designing plasmonic metamaterials. It has been widely adopted for exploring funda-
mental physics as well as novel functionalities, such as plasmon-induced transparency,
polarization manipulations, and optical antennas. We suggested a tunable metasurface by
exploiting a monolayer graphene patterned in a cut-wire array. We mainly focused on the
strengthening of graphene’s terahertz response by the electric dipolar excitation of the basic
cut-wire structure and the influences of the graphene qualities. A 50% maximum absorption
at the electric dipolar mode is confirmed by the extraction of effective surface conductivities
of a cut-wire array of the theoretical and experimental graphene. Systematic investigations to
the graphene metasurface by changing values of graphene sample between two sets of well-
known experimental data, that is, Li et al. data [18] and Yan et al. data [10], respectively, show
that optical response of the graphene cut-wire-based metasurface can be tuned substantially
in terahertz frequencies.

Figure 6. Schematic of the single-layer graphene cut-wire structure together with the corresponding excitation configu-
ration: x-polarized incident light is propagating along the z-axis. Geometric parameters are denoted by black letters.

Figure 6 shows the schematic of the proposed tunable graphene metasurface. The meta-atoms,
that is, graphene cut-wires, are periodically arranged in xy-plane with lattice constants
P,=6 um and P, =3 pm. The length and width of the cut-wire meta-atoms are ! and w, respec-
tively. In the setup, the THz beam, with electric field polarized along the x-direction, normal-
ly illuminates graphene metasurface along the z-axis.

We first took E. =0.5 eV for the graphene, and the width of the wire w=0.7 um. The changes of
the resonant frequency and the peak absorption for the fundamental resonance caused by the
increase of the cut-wire length (I) are plotted in the inset of Figure 7(a). We see that the resonant
frequency dropped dramatically to a lower frequency while the peak absorption found its
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maximum of 50% around 5.0 um. Figure 7(a) presents the spectra of transmission (T),
reflection (R), and absorption (A) spectra for the case of graphene cut-wire metasurface with
the length of the wire /=5.0 um. We can see an obvious resonance around 3.30 THz. From our
investigation on the local field and current distributions, the resonance was confirmed to be
an electric dipolar mode. It is well known that the resonance frequency of cut-wires changes
with the length of the corresponding meta-atom. However, it is found that the width of cut-
wires also plays an important role in determining the electromagnetic (EM) properties of
graphene metasurface. Then, we specifically focus on studying the influence of w to the optical
response of the cut-wire-array metasurface, by setting the length I at a constant value 5.0 pm.
The absorption spectra of cut-wires with different line width show the influence of line width
to the terahertz performance of graphene cut-wire array; we find that the resonant frequen-
cy of the electric mode shows a monotonous blue shift as we increase the line width w. On the
other hand, we also notice that there exists an inflection for the absorption enhancement, which
runs up to the maximum under w=0.7 um at around 3.30 THz. The simple cut-wire structure
confirms that the 50% maximum absorption enhancement still holds for the excitation of
electric dipolar mode in a graphene sheet [59].

T/R/A (%)
lz"_uimanba.u

Absorption (%)

Frequency (THz)

Figure 7. (a) Transmission, reflection, and the absorption of a graphene cut-wire array; the inset shows resonant fre-
quencies and the peak absorptions for cut-wires with different lengths. (b) The absorption spectra for graphene cut-
wire arrays with different cut-wire widths: the resonant spectra show a blue shift (from red to blue) regarding the
increase of the widths.

Actually, the 50% maximum absorption of graphene metasurface can be understood simply
with a transfer matrix study on a conductive sheet: since the graphene cut-wires are of deep
subwavelength, we can neglect high-order scatterings of graphene metasurface, for that the
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unit cells of graphene metasurface are all of deep subwavelength, then we have the absorp-
tion (A) of a free-standing metasurface (described as a conductive sheet with effective complex
conductivity o)

A=1=|f |

1_| Gl |2_| 2 |2
|2+o770| |2+o770|
4 2)

([4+(om) ] o)+ om + 4
1
2

where 7, represents the characteristic impedance of vacuum, r and ¢ are the complex scatter-
ing coefficients, and o, and o, are the real and imaginary parts of ¢, respectively. We can find

that the absorption receives the maximum, that is, 50%, when ¢,7,=2 and ¢,=0 (or simply
01,=2).

The retrieval method [66, 67] for the calculation of effective EM parameters from measured r
and ¢ coefficients provides a very intuitive route to understand the EM properties of metama-
terials. Here, we applied a recently proposed retrieval method for sheet materials [68] to
understand the THz response of the metamaterial designs; the sheet retrieval method is
suitable for our 2D graphene structure. The effective electric surface conductivity o/ can be

obtained from the complex scattering coefficients

@_g(l—r—tj 3
G”_g“ 1+7r+t ®)

with C representing the wave impedance. The extracted complex surface conductivity of the
graphene metasurface for the case of w=0.7 um is shown in Figure 8. The resonant response
around 3.30 THz can be seen on the effective electric conductivity spectrum, which is the proof
of the excitation of electric dipolar mode. So far, we have investigated the graphene metasur-
face with the theoretical data, that is, the Drude weight and the collision frequency are
@=58.86 GHz/ (2 and y=2 THz. We then consider the metasurface with graphene data from
experimental measurements, that is, the Yan et al. graphene with a=76.0 GHz/Q and
y=9.8 THz THz. The same procedure for studying the influence of w was performed and the
50% maximum absorption occurs when w=2.6 pm. The retrieved electric conductivity for Yan
et al. graphene metasurface is presented in Figure 8, the electric resonance is shifted to 5.06
THz for this case. It is interesting that the amplitudes of the effective conductivity of the
metasurfaces are nearly the same (as indicated in Figure 8). We also see from the figure that
o1y=2 is almost fulfilled for the maximum 50% absorption at the resonant frequencies.
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Figure 8. Extracted effective surface conductivities for graphene cut-wire arrays with theoretical graphene data and
Yan et al. graphene data, respectively. Lorentzian fittings of the resonant conductivity responses are plotted on the
extracted curves.

Since the effective electric surface conductivity of the graphene metasurface shows a Lorentz
response, we used a Lorentzian function to fit the conductivity for quantitative descriptions
of the electric resonances

. iKf2

o) = el - —ipf

4)

where f, is the frequency of resonance, I' represents the damping, « is a constant measuring
coupling, and p characterizes the background polarization. The fitted Lorentz factors of the
theoretical graphene data case are f,=3.30 THz, ['=315.0 GHz, and « =606.4 GHz, while for the
Yan et al. graphene data case these parameters are f,=5.06THz, I'=1554.0 GHz, and
«=3048.1 GHz. We found two connections from the fitted Lorentz parameters: I,/ I; =y, /y; and
k; /17, /I, (in which subscripts 1 and 2 denote the cases with theoretical and Yan et al.
graphene data). These two relations imply the following: (i) the damping factor of plasmonic
excitation of the graphene metasurface is determined by the collision frequency in graphene;
and (ii) graphene metasurfaces with the same absorption (50% maximum absorption in our
study) have nearly the same resonant amplitudes—« /T.

To further investigate the graphene metasurface with different surface conductivities, we
comparatively studied the graphene metasurface by changing the values of @ and y between
that of the two sets of well-known experimental data, thatis, Li et al. graphene (#=19.9 GHz/ Q,
y=29.4THz) and Yan et al. graphene. The line width of cut-wires w is set as 2.6 um for the
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discussions in this section. The false-color maps of the extracted electric surface conductivity
are plotted in Figure 9(a) and (b), respectively. We change the parameters of graphene from
the Li et al. data (denoted as 1) to the Yan et al. data (denoted as 3) in two steps: decreasing
collision frequency and increasing Drude weight (2 represents a hypothetic graphene data
with @=19.9 GHz/Q and y=9.8 THz). From 1-3, it can be seen that the electric dipolar
resonance changed considerably as we improved the quality of graphene (from the Li et al.
data in 2008 to Yan et al. data in 2012), which can be confirmed quantitatively from Figure
9(c), in which we plotted the fitted resonant frequencies and Q-factors (f,/I') of the studied
graphene metamaterial: (i) the resonant frequency maintains nearly the same when decreas-
ing the collision frequency; however, the changing of the damping frequency makes the Q-
factor to increase linearly; (ii) the damping frequency maintains when increasing the Drude
weight; however, the blue shift of the resonant frequency makes the Q-factor to increase
continuously during the increase in the Drude weight.

Frequency (THz)
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Figure 9. Spectra of imaginary (a) and real (b) parts of extracted effective surface conductivities as a function of the
graphene Drude weight @ and the collision frequency ). (c) Q-factors and resonant frequencies of graphene cut-wire
arrays with different Drude weights and collision frequencies.
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3. Graphene plasmonic excitations in coherently modulated optical fields

3.1. A monolayer graphene as a tunable terahertz CPA

We suggest enhancing the terahertz absorption with the technique of coherent modulation in
an unstructured and nonresonant monolayer graphene. We found that the quasi-CPA
frequency, at which the formation condition of CPA is fulfilled, does exist in the terahertz band
for suspending graphene. The scattering of coherent beams can be perfectly suppressed with
proper coherent modulation on the input beams. In our theoretical study, a layer of gra-
phene is free standing in vacuum, and it is illuminated by two counter-propagating and
coherently modulated input beams (I,), O, are the respective output magnitudes.

In the monolayer graphene system, the complex scattering coefficients (O,) can be related to
the two input beams (1,) through a scattering matrix, S,, which is defined as

0, 1, t, )\ Ie”
o+ T ®

where t,/r, are the scattering elements of the forward (I,) and backward (I_) beams; the
scattering matrix can be simplified for that the system is of reciprocity and spatial symmetry.
We consider only phase modulation on the coherent input beams for simplicity, then the two
input beams are of equal amplitude I; the amplitude of the output beams would be

|O+| = |07| = |tlei¢* + rle'* (6)

In a terahertz coherent perfect absorber, the coherent modulation of the input beams perform-
ance is required to inhibit the scatterings and thus stimulate the complete absorption of
(P ?

coherent terahertz beams, which requires tI e P =rle’

acquiring CPA performance: It 1=1r1.

-, we get the necessary condition for

In calculations, the graphene sheet can be considered as an optical interface described by
complex surface conductivity (¢). Reflection and transmission coefficients of forward- and
backward-propagating light through the graphene can be driven with the assistance of Ohm’s
law. The scattering elements ¢ and r at the normal incidence are given by

2
1= ’ @)
2+ o7,
Ol
reg o ®)

2+om,’
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where 1;is the wave impedance of free space. From these equations, we can give the condi-

tion for coherent perfect absorption:
|om,| =2 ©)

In the work, we also found that the CPA based on a monolayer graphene is of angularly
sensitivity, which is good for wide angular tunability. For oblique incidence, we should
consider both s- and p-polarized modes; it is found with a transfer matrix formalism that the
quasi-CPA frequency splits into two frequency branches for the two polarizations: the CPA of
s-polarization has a blue shift compared to the normal incident case, while the CPA of p-
polarization has a red shift compared to the normal incident situation. The two bands together
covered a wide frequency range.

The charge-carrier density and thus the Fermi level can be easily changed through electro-
static doping, which makes graphene promising for wide-tunable and broadband optoelec-
tronic and photonic applications. With the increase in the electrostatic doping, we get higher
charge-carrier concentration and thus higher Fermi energies, and we found a blue shift of the
quasi-CPA frequency. This process can be understood as follows: the Drude weight of
graphene (with higher carrier concentration) becomes higher, or we can say the graphene is
with reenforced metallicity, which will have more scattering, then the reflection will be

increased and the transmission will be decreased, and the quasi-CPA point will show a blue
shift.

3.2. Graphene metamaterial interaction with coherent-modulated optical field as a tunable
infrared CPA

The discussed suspending monolayer graphene CPA is physically based on the intrinsic Drude
response of graphene, which is realizable only in the few-terahertz range with achievable
graphene samples. And then we exploited the possibility of coherent perfect absorption at
infrared frequencies. We designed a graphene nanoribbon-based metasurface and found that
quasi-CPA frequencies, which is the necessary formation condition of coherent absorption, do
exist in the mid-infrared regime for properly designed graphene nanoribbon arrays. The
scattering of coherent beams can be perfectly suppressed at the quasi-CPA frequencies with
proper phase modulations on the input beams. For the case with two crosses on the transmis-
sion and reflection spectra, we can achieve coherent perfect absorption at the two quasi-CPA
frequencies, simultaneously. The flexible tunabilities of the graphene metasurface-based CPA
are of interests for tunable infrared detections and signal modulations.

Figure 10 shows the schematic of the proposed graphene nanoribbons-based metasurface and
the corresponding excitation configuration with two counter-propagating and coherently
modulated optical beams (I,), O, being the respective output magnitudes; the graphene sheet
is illuminated with perpendicularly polarized light. Both lattice constant and width of the
graphene nanoribbon meta-atoms play important roles in determining the optical resonant
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behaviors of graphene metasurface, the lattice constant is set to be P=0.7 um for the study of
CPA in the mid-infrared regime.

We took E.=0.5eV for the graphene. Figure 11(a) presents the spectra of the reflection

coefficients (r) and transmission coefficients (t) for the case of graphene nanoribbon metasur-
face with the width of w=0.33 um. We can see an obvious resonance around 23.0 THz. The
resonance was confirmed to be electric dipolar mode (which will be verified from the effective
surface conductivity below), similar to the low-frequency resonance of split ring resonators as
that in reference [59]. The excitation of electric dipolar mode leads to the enhancement of
absorption in the graphene sheet; however, the maximum limit is 50%.

— yﬂdgu contact

Figure 10. Schematic of a graphene ribbon metasurface illustrated by two counter-propagating and coherently modu-
lated input beams.

Since the high-order scatterings of the deep subwavelength graphene nanoribbons are
negligible, the graphene metasurface can be formalized with effective surface conductivities,
then its interactions with the coherent modulated optical fields are the same as previously
discussed suspending graphene case. The scatterings of the input beams are required to be
inhibited to demonstrate a CPA, the necessary condition for CPA performanceis It 1=1r1.

It can be seen from Figure 11(a) that there exists two frequencies (22.65 and 23.33 THz), which
we call quasi-CPA points, which implies the necessary condition for suppressing the scatter-
ing fields to completely absorb coherent input beams of equal intensity. In the view of
experiments, graphene generally needs to be transferred onto some substrate; we studied the
scattering responses of a nanoribbon array (with the same geometry as that in Figure 11(a))
sandwiched in between two 45-nm-thick hexagonal boron nitride (h-BN) substrates, which
was suggested as an exceptionally clean environment for achieving high confinement and low
levels of plasmon damping in graphene [69] and is suitable for the one-dimensional high-
quality electrical contact [70] (see the illustration in Figure 10). The dielectric function was
taken from experimental studies [69, 71]. As can be seen from the inset of Figure 11(a), the
resonant frequency shifts to lower frequency as expected because of the introduction of the
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substrate, and there exist two quasi-CPA frequencies. For simplicity and without loss of
generality, we will consider free-standing graphene metasurfaces.
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Figure 11. (a) Spectra of the reflection and transmission coefficients of a graphene nanoribbon metasurface; the quasi-
CPA points at the crosses of the scattering spectra are indicated with arrows. (b) Absolute values, real and imaginary
parts of the effective surface conductivities of the corresponding graphene nanoribbon metasurface.

Equation (9) gives the formation condition for CPA in an effective medium scheme. To verify
this, we used a recently proposed sheet retrieval method (see Eq. (3)) to extract the effective
surface conductivity ojof the graphene nanoribbon metasurface. Figure 11(b) shows the
absolute, real, and imaginary parts of the effective surface conductivities corresponding to
Figure 11(a). It is obvious that there is a Lorentz resonance around 23.0 THz on the effective
electric conductivity spectrum, which confirms the excitation of electric dipolar mode. The
extracted magnetic conductivity does not show any resonant feature around this electric
resonance, so we have not included the corresponding result here. And it is also seen that the
condition | aiimo | =2 is fulfilled at the two quasi-CPA frequencies, which indicate the validity

of describing the graphene nanoribbon metasurface with the effective surface conductivity.

To implement the perfect absorption with the graphene metasurface, we set a chirped phase
modulation Ap(f)=¢,~p_=¢,+kf on the beams I, with f being the frequency, and
k=-1.87x10""?r being the chirped factor to compensate the frequency dispersion. The plotted
false-color map of the normalized spectra of total absorptions in Figure 12(a) shows the
detailed dependence on ¢,. We see that a proper phase modulation (¢,=1.03m) of the input
coherent beams leads to significant suppression of the scattering outputs at the quasi-CPA
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frequencies. The normalized total absorption as a function of the frequency for the phase
modulation ¢,=1.03m is plotted in Figure 12(b). We can see total absorption at both the two
quasi-CPA frequencies. The significant boosting of the absorption implies destructive
interference, which prevents the coherent beams from escaping the absorbing channel of the
graphene metasurface, demonstrating completely absorption of the coherent input beams.
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Figure 12. A two-dimensional false-color plot of the normalized total absorptions as a function of frequency and phase
modulation, the exact CPA points are denoted with green arrows. (b) Normalized total absorption as a function of
frequency for the phase modulation (py=1.037.

The metasurface structures together with the electrically controlled graphene will provide
more wide tunable space for the design of mid-infrared CPA; we first consider the geomet-
ric tunability of the graphene nanoribbon-based CPA. Figure 13 shows the dependence of the
difference (|7 | = It I') of the scattering coefficients of the graphene metasurface on the widths
of nanoribbons. We can see that the resonant frequency of the electric dipolar mode shows a
monotonous red shift with the increase of w, which is similar to the cut-wire case [60] (actually,
the ribbon structure is the special situation of cut-wire with graphene covering all the lattice
range along the x-axis). Increasing the width or the graphene-filling factor in the unit cell of
the metasurface leads to stronger light-graphene interaction, that is, high resonant strength of
the electric dipolar resonance, and thus higher r and lower ¢ around the resonance that
introduce a regime where |r |- 1t1=0 starting from w=0.138 um, which has its boundary
(as the solid line indicated) being the quasi-CPA points. The discrete spheres on top of the solid
curve, representing the extracted surface conductivities with | o | =2, also imply that the
formation condition of CPA is fulfilled at the boundary. At these quasi-CPA points, we can
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completely suppress the scatterings of the graphene metasurface with proper phase modula-
tions as that shown in Figure 12.
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Figure 13. Geometric tunability of the graphene metasurface CPA.
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Figure 14. Electric tunability of the graphene metasurface CPA.

On the other hand, the graphene metasurface is also expected to have higher resonant strength
for graphene with larger Fermi level. The dependence on Fermi energy of the difference of the
scattering coefficients is plotted in Figure 14 (the width of the graphene nanoribbon was set
tobe 0.138 um, the left edge of the solid boundary in Figure 13); it can be seen that the resonant
frequency shifts to higher frequencies and the resonant strength becomes higher while the
Fermi level changes from0.25 to 0.85 eV. Similar to the influence of the width of nanoribbons,
the light-graphene interaction is enhanced for better resonant behaviors, and thus a regime
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starting from 0.5 eV where with its boundary It 1 -7 | =0 being the quasi-CPA frequencies.
Combining the two functional bands for CPA, we see that it is free to achieve CPA at de-
sired frequency in an ultra-wide range by merging the geometric and electrical tunabilities.
And the discrete spheres representing the extracted surface conductivities in Figure 14 again
confirm that |a‘f170| =2 is equivalent to the quasi-CPA condition |t !=1r| for graphene
nanoribbons-based metasurface.

4. Conclusion

In summary, this chapter summarized the recent progresses in the subfield of graphene
plasmonics. Aimed to the issue in practical applications based on graphene: high loss in the
plasmonic excitations of graphene limits the performance of graphene’s ability in manipulat-
ing light. We show some reported results on the enhancement of light-graphene interactions
by employing the new strategies including plasmonic metamaterial design and coherent
modulation on optical fields. We found that the terahertz/ infrared extinction and absorp-
tion can be enhanced in a single graphene sheet by patterning plasmonic metamaterial
structures, such as SRRs and cut-wires. It is found that we can significantly control the
plasmonic excitations by manipulating geometric symmetry. It is shown that the electric
plasmonic mode is stronger in enhancing infrared extinction and absorption compared to the
magnetic mode and higher-order modes. We prove that the condition for maximum 50%
absorption is 0,1,=2. It is also found that graphene metamaterials interacting with coherent-
modulated optical fields can be employed to further take advantages from plasmonic
excitations in infrared frequencies to perfectly suppress scattering for CPA. We prove that the
necessary condition for realizing CPA for both suspending graphene and graphene metama-
terial cases is | o7, | =2. Furthermore, the CPA can be tuned in an ultra-wide frequency band
by considering both the geometric tunability and electrically controlled charge-carrier density
in graphene. Our results on enhancing optical response in graphene with plasmonic metama-
terial design, coherent modulations, and synergic action of them have potential applications
for terahertz and infrared band graphene photonics and optoelectronics. We also expect
potential applications of plasmonic metamaterial design and coherent modulations in two-
dimensional materials beyond graphene.
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Abstract

The use of 2D nanocarbon materials as scaffolds for the functionalization with different
molecules has been rising as a result of their outstanding properties. This chapter
describes the synthesis of graphene and its derivatives, particularly graphene oxide
(GO) and reduced graphene oxide (rGO). Both GO and rGO represent a tunable
alternative for applications with biomolecules due to the oxygenated moieties, which
allow interactions in a either covalent or non-covalent way. From here, other dis-
cussed topics are the biofunctionalization with keratin (KE) and chitosan (CS). The non-
covalent functionalization is based primarily on secondary interactions such as van der
Waals forces, electrostatics interactions, or —m stacking formed between KE or CS with
graphenic materials. On the other hand, covalent functionalization with KE and CS is
mainly based on the reaction among the functional groups present in those biomole-
cules and the graphenic materials. As a result of the functionalization, different
applications have been proposed for these novel materials, which are reviewed in order
to offer an overview about the possible fields of application of 2D nanocarbon materials.
In a nutshell, the objective of this work is as follows: first, overhaul different aspects
about the synthesis of graphene chemically obtained, and second, make a review of
different approaches in the functionalization of 2D carbon materials with specific
biomolecules.

Keywords: graphene oxide, reduced graphene oxide, reduction, functionalization, co-
valent, non-covalent, chitosan, keratin
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1. Introduction

Carbon is one of the most interesting elements of nature and is one of the primary constitu-
ents for the formation of all organic matter. Its capacity to bind to itself in different ways makes
carbon a very versatile element, giving rise to a series of structures called allotropes. Some of
these carbon forms have attracted great interest in the past few decades due to their small size,
in the scale of nanometers, and their very particular shape or dimensionality, which directly
affect their chemical and physical properties. Among these carbon nanostructures, graphene
(GE) has become an outstanding material presenting a unique set of “superlative” properties
such as mechanical, electrical, thermal and electronic characteristics, enlisted in many reports
[1-4].

Graphene is the name of a single layer of carbon atoms arranged in a two-dimensional (2D)
crystalline hexagonal lattice, due to the sp? hybridization of carbon. Thus, graphene has strong
in-plane o bonds, responsible for its high mechanical strength and flexibility, and it also has
weak out-of-plane  bonds responsible for its thermal carrying, electrical charge, and trans-
parency, and graphene is also impermeable. Nevertheless, all these properties are only
observed in a single defect-free graphene layer, which is costly to produce in a scalable degree.
Alternatively, there are other ways to produce graphene with relative ease, such as the
chemical phase exfoliation of graphite oxide. This method yields the synthesis of graphene
oxide (GO), a highly oxidized version of graphene. The subsequent reduction in the oxygen
content brings a partial restoration to graphenic state, producing reduced graphene oxide
(rGO) or chemically converted graphene (CCG) (Figure 1a). These graphene-based materials

Graphene oxide Reduced graphene oxide
a Graphena (G0) {rGO)

Figure 1. (a) Schematic chemical structures of graphene, graphene oxide, and reduced graphene oxide. (b) Route of
graphite to reduce graphene oxide.
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are considered as a functionalization of a graphene sheet, because of the presence of oxygen
species [5].

Even when GO and rGO have a lower set of properties compared with those of GE, they can
be improved through an additional functionalization among others with organic and different
bio-molecules. Since the presence of oxygen groups is greater in GO, its reactivity is higher
compared with rGO, and thus, graphene oxide is more suitable to be functionalized through
covalent interactions. On the other hand, even when rGO retain some oxygen sites, its partial
graphitic surface makes it adequate for a non-covalent functionalization. In this manner,
tailored-made properties can be successfully achieved giving rise to a wide range of potential
applications.

In this manner, GO and rGO have been modified with all kind of biomolecule groups, such as
nucleic acids, proteins and peptides, antibodies, enzymes, polysaccharides and amino acids,
for applications related to biological/biomedical fields which require a good degree of
compatibility, adherence, or biocide characteristics. Long-chain biopolymers containing amino
groups, such as keratin (a protein) and chitosan (a polysaccharide), show an excellent covalent
linkage with GO, and a good adsorption on rGO (keratin), and they could function either
increasing the bacterial adhesion or inhibiting the bacterial growth. This chapter focuses in the
study and insight of the interactions between amine-containing biopolymers through covalent
and non-covalent interactions with GO and rGO. The details of synthesis of graphene oxide
and reduction are reviewed and discussed; a brief discussion involving the different types of
functionalization is mentioned; finally, some researches related to functionalization of
biomolecules on graphenic materials along with their diverse potential uses is also discussed.

2. Graphene oxide and reduced graphene oxide

As aresult of the exceptional properties of graphene, different efforts have been made in order
to scale up its mass production. In a brief historically account, one of the first approaches were
conducted by Lang in 1975, where few layer graphite was obtained by chemical deposition
method. Nevertheless, in those days, the characterization techniques were unable to show
what Lang has achieved. More recently in 1999, was reported the mechanical cleavage of highly
ordered pyrolytic graphite (HOPG) with atomic force microscopy (AFM) tips, in an attempt
to exfoliate a single layer of graphene [1]. Finally, in 2004, Novoselov reported the isolate one
layer of graphene through “peeling” many times natural graphite with “Scotch” tape. In this
method, the graphite layers are sliced down by mechanical exfoliation until one layer is
deposited in a substrate [2]. Despite the effectiveness of this method and the high-quality
obtained graphene, this process requires a great deal of time and the amount of the as-produced
graphene is not enough for practical applications [3, 4].

A possible solution, in order to obtain graphenic materials in larger amounts, has been found
on the graphite oxide route, starting from the modified Hummers method [6], which is based
on the introduction of functional groups in graphite layers using a mixture of sulfuric acid and
potassium permanganate. The versatility of the method, the excellent dispersion acquired in
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different solvents [5], and the possibility of a high yield production, makes the graphite oxide
route one of the most promising scalable methods. This process mainly consists of three stages
(Figure 1b).

First, it is necessary to produce graphite oxide by the oxidative intercalation reaction. In this
step, the sp? carbon arrangement is disrupted by the introduction of oxygenated functional
groups, such as hydroxyl and epoxy in the basal plane and carbonyl and carboxyl at the edges
(surroundings). During this process, interlaminar space between graphene sheets is increased
two or three times than that of pristine graphite, from 3.34 A to 5.62 A [1, 7]. Second, graphene
oxide (GO) is produced through exfoliation and dispersion of oxidized graphite. It has been
reported that cavitation produced by ultrasonic waves within a fluid (commonly distilled
water) produces hot spots with temperatures approximately to 5000°C, high local pressures
about 500 atm and rates of heating—cooling of 10° K/s [8]. Therefore, water molecules (or polar
solvents) can be intercalated in graphite oxide, producing an interlaminar spacing of roughly
1.2nm [9]. Finally, the third stage consists on reducing or diminishing the oxidation degree of
GO, in other words the production of reduced graphene oxide. In terms of recovery thermal,
electrical, and mechanical properties, GO has been subjected to a variety of treatments to
diminish the oxidized state or the number of oxidized moieties on it. Treatments such as
chemical, thermal, UV radiation, and electrochemical reduction have been applied in either
individual or multi-steps, partially recovering the sp? arrangement found in pristine graphene
[6, 7].

2.1. Synthesis of graphene oxide

GO is a covalent carbon structure where at least 60% of its atoms show sp® hybridization
connected by o bonds to oxygen atoms, whereas the structure of basal plane is preserved even
though it has substantial deformations. Therefore, GO is a hybrid material considered as an
insulator exhibiting a resistance about 10> Q/sq depending on sp? and sp® formed during
oxidation [10]. GO thickness is theoretically within 0.7-0.8 nm because of the oxygenated
moieties present on its surface, that is, roughly twice as the thickness of single layer of pristine
graphene; however, GO could be larger considering that the occasional presence of bulkier
functionalities, organic adsorbates, even some contaminants and so on [11].

Inasmuch as GO is not an stoichiometric material, its structure depends on the oxidizing
process, this produces an aromatic disrupted lattice rich in functional groups maintaining
arranged zones sp? (2-3 nm) within a matrix C-O sp?® [12], and, for this reason, its chemical
structure is difficult to determine. Lerf-Klinowski model based on the evidence obtained
through nuclear magnetic resonance (NMR) of graphite oxide describes this material such as
randomized of oxidized areas. As a result of oxidation sp?/sp® regions are conformed of
aromatic or aliphatic six-membered rings [13]. This model is one of the most accepted in order
to describe GO structure. From Lerf-Klinowski model, Gao et al. [14], proposed a new model
including the presence of lactole rings of five and six members on the edges besides of carboxyl
and carbonyl and hydroxyl, while in the basal plane are found tertiary alcohol esters as well
as epoxy and hydroxyl groups.
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On the other hand, graphite is considering an inexpensive available material for scalable
production of GO; additionally, it can be obtained from either natural or synthetic sources [15],
which can be influential over the final properties of GO, as has been reported. Undoubtedly
for GO is really important, though not unexpected that the final dimension of the GO sheets
obtained is strongly influenced for both the incipient size of graphite flakes and its inherent
defects in m-structure in conjunction with the oxidation protocols and exfoliation procedure
[16, 17].

The fundamental procedure involved in the synthesis of graphene oxide had originally been
developed to oxidize graphite by Brodie in 1859 which used fuming nitric acid (HNO;) with
potassium chlorate KCIO,, evolving to the Staudenmaier method where oxidation of graphite
was carried out with the addition of sulfuric acid (H,50,) and KCIO; in different parts of the
oxidation reaction [18]. Finally, Hummers and Offeman developed the most commonly
method derived from Staudenmaier's work, where GO is extensively produced from the
oxidation of graphite and the process is completed by a subsequent exfoliation of graphite
oxide generally made by ultrasound wave or rapid heating [19]. The reaction takes place when
a mixture of potassium permanganate (KMnQ,) as strong oxidizing agent is combined with a
concentrated H,SO, (Eq. (1)). In terms of the permanganate used as an oxidizing agent, it is
generally accepted that the main reactive specie in oxidation of graphite is the dimanganese
heptoxide (Mn,O;) as can been seen in Eq. (2), not taking into account the changes in the
method. Mn,0; can react explosively as long as the temperature raise above 55°C or to come
into contact with organic compounds [3, 6].

KMnO, + H,SO, > K" + MnO; + H,O" +3HSO, 1)

MnO; +MnO; —Mn,0, @)

Chemical species involved in the synthesis of graphene oxide.

Few years ago, Stankovich et al. [20] reported to obtain chemically modified graphene sheets
from complete exfoliation of graphite by Hummers method, due to the van der Waals forces
are weakened by the oxygenated moieties formed during the oxidation and the change of
graphite to hydrophilic character, the hydration and dispersion in aqueous media can be done
to obtain stable colloidal dispersions of GO on water. Additionally, the oxygenated moieties
on GO have a negative charge, which grant first a good dispersion as well as stability in some
organic solvents, alcohol, and water throughout electrostatic repulsion [17]. Consequently, GO
have been used in applications such as sensing, composites, electronic devices, it can not only
get well dispersion but also offers a platform for functionalization through chemical reactions
such as amidation, esterification, and so on [11, 21]. Additionally, another important feature
of GO is its amphiphilicity caused by the heterogeneous distribution of functional groups
producing both hydrophobic and hydrophilic domains, having great results in order to interact
with other materials such as polymers [11] or creating Pickering emulsions with organic
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solvents acting as molecular dispersing agent of materials such as carbon nanotubes (CNT)
tuning only the solution pH [22].

Generally, the dispersion of GO is made by ultrasonic waves because is an easy, quick and
efficient technique in comparison with the stirring and rapid heating process; however, long
periods of sonication can be damaged and reduced the size of GO layers impacting on its
properties [6, 7]. Sonication can be followed by centrifugation in order to obtain different lateral
sizes on graphene oxide sheets based on density-gradient [17]. Furthermore, salts and ions
formed, while the oxidation reaction was carried out are removed [3]. Finally, GO can be
reduced in order to recover the initial structure present in graphite, after that, properties such
as conductivity can be restored until four times as much as in GO.

2.2. Synthesis of reduced graphene oxide

The sp* hybridization loss in GO can be partially restored through the removal of oxygen
moieties present on its surface. In this regard, GO has been subjected to the different process
of reduction resulting in reduced graphene oxide (rGO). In other words, in rGO, there occurs
the formation of percolation pathways between nanometric sp*> domains disrupted in oxida-
tion reaction of graphite [17]. Therefore, rGO is an important material which has captivated
scientific attention for its properties alike to those of pristine graphene that has permitted its
use in many potentials applications.

The chemical structure of rGO does not have a specific arrangement regarding oxygenated
functionalities distribution and aromatic/aliphatic domains. The remaining oxygen atoms exist
as aresult of the formation of stable carbonyl and ether groups that cannot be removed without
making damage to the basal plane. In addition, another kind of defects found in rGO is the so
called Stone-Wales defects (heptagons and pentagons pairs) as well as holes caused by losses
of carbon in the form of CO and CO, in the reduction process [12]. Nonetheless, properties
such as resistivity have important changes after the reduction; values of ~28.6 k(2/sq have been
reported for rGO [3]. On the other hand, even with an incomplete reduction, rGO produced
has some advantages in view, it can be both electrically better than GO and still keeps some
functional group reactive sites where further functionalization can be made [23]. Therefore, it
is possible that the properties on rGO can be tuned, according with the degree of reduction.
Hu et al. highlighted the close relationship between oxidation degree of graphite oxide and
defects of rGO. Experimentally, they found that it is possible to obtain rGO with a few amount
of defects, first with a relative high oxidation degree and second with low addition of
KMnO, used like oxidizing agent (chemical route) in terms of low addition, defects appeared
on edges of graphite [24].

As a result of the reduction process visible changes can be observed, for instance, the brown
dispersion of GO turns into a black precipitate due to aromatic restoration and re-agglomer-
ation of the rGO sheets, respectively, as a result of the change from hydrophilic to hydrophobic
character after removal of functional groups [16]. Additionally, remarkable differences
between GO and rGO have been reported under optical microscopy, while GO is mostly
transparent rGO has a very light contrast with the substrate (5i0,/Si wafer), this reflects the
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change from insulator GO to rGO an electrical conductive material [25]. In this regard, for UV-
vis spectroscopy, GO shows an absorption peak near 230 nm due to m—m* plasmon, and a
shoulder around 300 nm associated with —mt* transitions in C=O, while rGO exhibits only an
absorption peak between 225 and 275 nm, attributed to a better structural order and more C=C
bonds [17]. Another important parameter to take into account is the C/O atomic ratio which is
obtained in most cases by X-ray photoelectron spectroscopy, elemental analysis and/or energy
dispersive spectroscopy [26]. In this regard, different values have been reported, from 2.2 to
2.7 typically for GO to 10-12 for rGO by chemical reduction, even C/O ratio of 50.2 was reported
for reduction under acetylene (C,H,) atmosphere [10, 17, 27]. Besides, C/O ratio, electrical
conductivity also demonstrates the restoration of sp? domains through the formation of
percolation pathways after reduction. For GO, values of 10°Scm?, characteristic of an
insulator material, have been reported, [17], whereas for rGO sheets functionalized with
pyrene, a conductivity of 1314 S cm™ has been reported [28]. In addition to these parameters,
other characterization techniques, such as NMR, atomic force microscopy (AFM), Raman
spectroscopy, transmission electron microscopy (TEM), are also used to reveal the structure
and properties of rGO.

One method of reduction of GO is through heating of the samples, also called thermal
annealing. This approach is generally employed to exfoliate graphite oxide using gradients of
temperature higher than 2000°C/min [29]; for example, it has been reported the use of arc
discharge method under hydrogen atmosphere yielding C/O molar ratio of 15-18 and a
conduction 10 times higher than the traditional arc discharge method, this can be attributable
to the in situ elimination and healing during the exfoliation [30]. The exfoliation-reduction can
be explained given the CO and CO, found within layers of graphite oxide, suffering an abrupt
expansion increasing the interlayer distance of GO sheets; moreover, the decomposition of
oxygenated moieties also produces high pressure and both are able to overcome the van der
Waals forces [10, 29]. McAllister et al. [31] reported the generation of pressures of 40 MPa and
130 MPa at 300 and 1000°C, respectively, based on state equation, this exceeds the value of
2.5 MPa, calculated from Hamaker constant as the pressure necessary to exfoliate GO platelets
with interlayer distance approximately of 0.7 nm according to the X-ray Diffraction (XRD)
made during the oxidation [31]. However, the rGO sheets obtained are small and wrinkled as
a result of both, the release of CO, and the removal of functional groups; this can be the main
difficulty to scale this method [10].

On the other hand, another important method to reduce GO has been the electrochemical
reduction mainly caused by the electron exchange among GO and an electrolyte; this has been
performed within a typical electrochemical cell through two different routes [10]. First, a one-
step electrochemical approach consisting in a reduction from aqueous colloidal suspension of
GO in the presence of buffer electrolyte to produce rGO on the electrode surface. The second,
a one- or two-step electrochemical approach performed with thin films of GO deposited on a
substrate (electrode) in order to form a GO coated-electrode, and subsequently, this is subjected
to electrochemical reduction in a standard three electrode system [32]. C/O ratios from 3.57 to
5.57 have been reported with this technique in addition to be an ecofriendly and controllable
method; however, it cannot produce rGO in mass [32, 33]. Other emerging methods to produce
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rGO such as solvothermal, photocatalyst, and multistep reduction have been reported
[10];notwithstanding, they will not be discussed in this chapter.

In spite of the successful reduction with thermal and electrochemical routes, chemical reduc-
tion of GO is the most promising method to scale the production of rGO due to the availability
of graphite, the relating ease of processing and the possibility to make modifications to the
method in order to obtain high-quality graphene. In this regard, recently Chua et al. [26] make
a possible classification of chemical reduction approaches in two categories. The first one called
“well-supported” mechanism which consist in chemical reduction through widely known
agents used in synthetic chemistry such as aluminum hydride and sodium borohydride, which
have a determined mechanism of reaction over specific oxygenated moieties. The second one
or “proposed” mechanism consists in reducing agents that have not been used in synthetic
chemistry in order to reduce GO; consequently, reaction mechanisms are not well determined.

One of the agents used in “proposed” mechanisms is hydrazine (N,H,). Hydroxyl, epoxide,
and carbonyl groups are the dominant functionalities. Hydrazine is known to form hydrazone
and hydrazides in the combination of carbonyl moieties; however, in GO reduction, only
hydrazone is formed by the removal of oxygen. Even, when the mechanism of how reduction
is carried out by hydrazine has been widely studied, one of the most accepted is the reduction
via nucleophilic substitution proposed by Ruoff and co-workers. In this mechanism, the initial
resulting derivative from epoxide opening and hydrazine, an alcohol functional group that
releases water, is aminoaziridine, which is finally thermally eliminated in form of diimide,
forming at the end a double carbon bond on the graphene surface [20]. In spite of the success
of hydrazine in order to yield rGO, its toxicity and dangerous handling have limited its use.
This has originated different studies about new reduction agents which not only should be
safe but also they need to be ecofriendly.

Owing to the extensive search to scale rGO in a safe and nontoxic manner, “green” and safe
reduction agents, take ascorbic acid or plant extracts for instance, have been used. L-ascorbic
acid (L-AA) or Vitamin C, as it is commonly known, is an essential nutrient which exhibits
antioxidant properties. Gao et al. [34] produced rGO through L-AA as reducing agent, while
L-tryptophan was added to stabilize the produced rGO aqueous dispersion by electrostatic
repulsion. They proposed a two-step reduction mechanism, first Sy2 nucleophilic reaction and
second thermal elimination. Due to electron withdrawing, five-membered ring makes the
hydroxyls more acidic that result in dissociation of two protons to form an oxygen anion of L-
AA. Subsequently, the reduction could be continued with a back side Sy2 nucleophilic as well
as releasing H,O and formation of intermediate species. Finally, thermal elimination of those
precedes the yield of rGO. During the reduction, the L-AA pass through oxidation to dehy-
droascorbic acid. Later was reported that dehydroascorbic acid can be converted into oxalic
and gluluronic acid which can interact with the remaining carboxylic moieties in the periphery
of rGO, disrupting m—m interactions between rGO sheets avoiding the restacking and conse-
quent agglomerates [35].

Table 1 (Adapted from Ref. [26]) shows a list of “green” agents for the reduction of GO.
Additionally, some recent approaches made with antioxidant agent from plant extracts, high
H,-rich water, potassium carbonate (K,CO;), and caffeic acid are included.
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Reducing Cc/O Conditions Refs.

agents ratio

Reduction methods with “proposed” mechanisms Nitrogen-containing reducing agents
Hydrazine 10.3° 100°C, 24 h [26]

Oxygen-containing reducing agents

Methanol 4.0 100°C, 5 days [26]
Ethanol 6.0° 100°C, 5 days [26]
Isopropyl alcohol 6.9 100°C, 5 days [26]
Benzyl alcohol 30° 100°C, 5 days [26]
Hydroquinone - RT,20h [26]
L-Ascorbic acid/L-tryptophan/NaOH - 80°C, 24 h [26]
L-Ascorbic acid - RT,48h [26]
L-Ascorbic acid/NH; 12.52 95°C, 15 min [26]
Glucose/NH; - 95°C, 1h [26]
Dextran/NH;, - 95°C, 3h [26]
Gallic acid 5.3 95°C, 6 h [26]
Caffeic acid’ 7.5 95°C, 24 h [26]
Amino acid

L-Cysteine - RT, 72h [26]
Glycine [26]
L-Lysine - 50°C, 9h [26]
L-Glutathione - 50°C, 6h [26]
Plant extracts

Green tea - 90°C,2.5h [26]
C. esculenta leaf 7.1° RT [26]
M. ferrea Linn. leaf 6.1° RT [26]
C. sinensis peel 6.0° RT [26]
R. damascena - 95°C,5.5h [26]
Rose water/NaAuCl, - 95°C, 5h [36]
Syzygium aromaticum - 100°C, 30 min [37]
Spinacea oleracea - 100°C, 30 min [38]
Cinnamomum zeylanicum Refluxed 45 min [39]
Asian Red Ginseng 80°C, 10 min [40]
Microorganisms

Shewanella - Anaerobic, 72 h [26]
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Reducing C/O Conditions Refs.
agents ratio

Shewanella 3.12 Aerobic, 60 h [26]
E. coli culture - 37°C, 48 h [26]
E. coli biomass - 37°C,72h [26]
Baker's yeast/NADPH 5.9 35-40°C, 72h [26]
Wild carrots roots 11.92 26°C,72h [26]
Proteins

Bovine serum albumin/NaOH - 55-90°C, 3-24 h [26]
Hormones

Melatonin/NH, - 80°C, 3h [26]

Others Green reducing agents
K,CO, - 90°C,2h [41]

H,-rich water 6.267 90°C, 3h [42]

C/O ratio obtained by *X-ray Photoelectron spectroscopy "Elemental analysis ‘Energy dispersive spectroscopy

Table 1. Reducing agents for GO toward a green reduction.

3. Functionalization

In spite of, the great potential related to pristine graphene, the fact that it possesses no band
gap, itis practically chemically unreactive and it has a poor water dispersibility, have a severe
effect limiting its applications in certain fields compared to other well-established materials.
Nevertheless, functionalization of graphene-based materials has become one of the main
alternatives to address these problems. Graphene derivatives, specifically GO and rGO, could
be modified with a wide range of organic or inorganic molecules through chemical or physical
functionalization [43]. The availability of different oxygen-containing groups and the presence
of sp?> domains enable these materials to interact with a covalent, non-covalent, and the
combination of both interactions with other molecules. This produces hybrids or composite
materials with a particular set of properties and potential applications [12], such as the
increment in their dispersibility, processability, purification, device fabrication, biocompati-
bility, band gap modification [44].

As Georgakilas emphasized [43, 45], the presence of several oxygen reactive sites in GO yields
ahigher covalent reactivity compared with rGO, and thus, GO is frequently chosen as a starting
material where molecules will be attached to oxygen atoms. On the other hand, non-covalent
functionalization makes use of hydrophobic or rt-interactions on the surface or basal plane of
the grapheniclayer, giving rise to the preference of rGO as a starting material for this approach.
Furthermore, the remnant oxygen moieties offer the possibility to form hydrogen bonding,
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electrostatic interactions, or the combination of all of them. Although these preferences are not
a rule, it could be useful in some cases depending on the type of materials to immobilize [46].

3.1. Covalent functionalization of GO

Covalent modification of GO yields chemical derivatives produced by the next routes,
analogous to those obtained with other materials [47]:

1. Click chemistry. This type of functionalization is related to a quick joining of small organic
units with relative ease and a high efficiency under mild conditions, and in some cases
even as a semi-quantitative methodology. One of the best-known reactions is the cyclo-
addition between an azide and alkyne group catalyzed with Cu. However, there are other
reactions different from the azide/alkyne that fits with this click approach [48, 49].

2. Linkerreaction. In some cases, the use of small functional molecules which aid as a bridge
or linkage between the surface of the GO and other materials is required, due to the lack
of affinity, or to preserve a functional property specially with some biomolecules, where
a direct contact with the surface of the carbon material may produce denaturation as in
the case of proteins (enzymes, antibodies) [45, 50].

3. Direct chemical attachment. In this route, the oxygen functionalities in GO are directly
covalently bound to other molecules with or without the aid of a catalyst. This approach
yields a stale and reproducible immobilization of molecules.

3.1.1. Chemical reactions by oxygen moiety

Both, click chemistry and liker reaction are considered as a post-functionalization of graphene
oxide. Direct chemical attachment could be briefly explained in terms of the organic chemistry
of the oxygen moieties in GO (Figure 2), according to Georgakilas [48].

i Carboxylic acids could react mainly through amidation or esterification.

ii. Hydroxyl groups could react mainly through silanization, silylation, or etherification.

iii. Epoxy groups react mainly through anucleophilic addition with an amine-containing
compound, from small molecules to large polymeric chains, with the subsequent ring
opening.

iv. Miscellaneous reactions, frequently in a random way, where two or more oxygen

moieties could react with one or more functional groups, as in the case of peptides
and proteins which present a rich variety of available reactive groups.

After the functionalization, the remaining unreacted oxygen groups on GO could be removed
with a post-reduction chemical reaction to recover some of the graphenic character. This is a
very common approach that exploits the dispersibility and chemical properties of GO, while
the final material resembles in certain degree to graphene. In fact, in some cases, a partial
reduction takes place through the functionalization reaction itself due to the presence of a
reducing group (like amines) in the attached molecule or because of the conditions/catalyst
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employed. In either case, a covalently functionalized rGO is produced with improved
properties such as conductivity, thermal stability, or mechanical properties, although the
hydrophilic character is diminished [48].
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Figure 2. Schematic representation of the covalent functionalization of GO through direct chemical attachment to its
oxygen functionalities.

3.2. Non-covalent functionalization of rGO

Unlike the strong covalent functionalization, non-covalent functionalization is an attractive
modification route because it offers the possibility to immobilize molecules on both sides of
the graphenic basal plane without any further chemical modification of the carbon lattice,
avoiding the generation of additional defects, and thus lowering the loss of desired properties,
while new properties are introduced [43, 46, 51].

Non-covalent functionalization consists of m-stacking interactions, hydrophobic effects, van
der Waals forces, electrostatic interactions, and hydrogen bonding, and in particular situations,
even the geometry of the materials plays an important role [52]. In many cases, non-covalent
functionalization is accomplished through simple mixing of the materials in an adequate
medium [48, 53, 54] or following an incubation protocol for specific biomolecules and cells [55].
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As previously mentioned, even though rGO is frequently preferred for this approach, there
are many works on the non-covalent modification of GO, followed by a chemical reduction
similar to the description above. These non-covalent modifications are usually governed by
electrostatic interactions, and thus they depend on the pH of the medium [56-60].

3.2.1. Non-covalent interactions

7t interactions occur at the aromatic domains on the surface of both GO and particularly on
rGO. m-stacking interactions are fundamental for the stabilization of aromatic systems as in
the case of dyes, pyrene functionalized molecules, etc.; aromatic or 7-electron-based polymers
such as polystyrene, polypyrrol, polyaniline; and biomolecules such as nucleic acids, aromatic
residues in polypeptides and some drugs. Such stability is a result of the strong m—m stacking
interaction ruled by dispersion forces, not by electrostatic forces. There are other types of 7t
complexes that can be formed with polar gases, cations, and anions. Hydrophobic and van der
Waals interactions are exploited by molecules that lack of aromatics or charged groups, such
as many polymers, surfactants, quantum dots, and predominantly hydrophobic polypeptides,
among others [43, 46, 51].

Oxygen groups such as epoxy and hydroxyl on the surface, and carboxyl and carbonyl at the
edges of the layers, allow the adsorption of polar and/or charged molecules through electro-
static interactions and/or the formation of strong hydrogen bonding. While the surface charge
of materials is a pH-dependent property, hydrogen bonds is only presented with materials
that possesses amine or hydroxyl moieties. Polycationic polymers, polysaccharides, proteins,
and enzymes are some examples of molecules, which can present this type of interactions.
Even when certain molecules present electrostatic interactions, it can occur that some biomo-
lecules are pH independent, and thus, they are mainly adsorbed due to the hydrophobic or mt-
interactions [45, 52].

Thus, the combination of the previously discussed non-covalent forces depends on the type
of materials and the reaction conditions, and they are very important for the fabrication of new
devices [46, 51]. Finally, a common approach consist on the synthesis of systems through the
combination of covalent/non-covalent interactions in multiple consecutive stages, yielding
very complex hybrid materials or in a multilayer arranged, highly functional, selective, and
efficient [46, 61].

Although functionalization of graphene is applicable to very diverse research fields, systems
focus on biological applications which represent an attractive and rapidly growing area of
research.

4, Functionalization with biomolecules

Even when graphene-based materials have been studied intensively in different fields, their
potential in biotechnology and biomedicine applications is still in development, but their
research is growing quickly [46]. Graphenic surfaces are ideal to interact with several biomo-
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lecules as it has been seen with carbon nanotubes [47, 62]. The combination between graphene
materials and biotechnology gives rise to new nano-/bio-interfaces [63] through different
biofunctionalization process. Biofunctionalization is defined as the modification of a material
by the attachment of biomolecules, ranging from organic groups to very large proteins or even
cells. However, biofunctionalization can also be understood in terms of a temporal or perma-
nent biological function as a result of the materials modification [43, 47, 64, 65]. This modifi-
cation enhances graphene biocompatibility, solubility, immobilization of other molecules, and/
or molecular recognition [47, 63].

The different sort of biomolecules could be attached to graphene materials by means of the
covalent and non-covalent interactions previously discussed. Notwithstanding, a couple of
descriptive examples include the incorporation of nucleic acids and aptamers through m
interactions owing to the aromatic character of the nucleobases; the easy assembly of phos-
pholipid chains onto GO and rGO layers through hydrophobic interactions; the immobiliza-
tion of proteins and enzymes through a combination of hydrophobic and m interactions, and
in some cases aided with the contribution of electrostatic forces, in accordance with the amino
acid residue composition [46, 51].

Covalently, functionalized graphene biosystems are mainly produced by amidation or
esterification reactions of the carboxyl groups, with the aid of coupling reagents or by means
of a specific chemical reaction mechanism, although functionalization also includes the epoxy
ring opening and hydroxyl modification [46].

Proteins and polysaccharides have the advantage of possessing a rich chemical structure and/
or a large amount of functional groups.

4.1. Amine and other functional groups Interactions with graphenic surfaces

Amine functional groups are nucleophiles that possess a basic nitrogen atom with a lone pair.
Basically, amines can be classified in primary, secondary, and tertiary, although some cyclic/
aromatic amines could be present in certain molecules (tryptophan and histidine in proteins).
Nevertheless, amines for chemical graphene modification are frequently found in their
primary form, as a pendant or terminated group, whether they are intrinsically present or
introduced by chemical modification (amination process).

Amines can react with carboxylic acids of graphene through a condensation reaction forming
astable amide bond. In addition, aminated compounds react through nucleophilic substitution
to epoxide groups, yielding an amine addition and a hydroxyl with the ring opening. Chitosan
is an excellent example for a macromolecule that can be amide bonded to GO. Also, the N-
terminal or amino acid side chain from a protein is commonly reacted through an amide
bonding, as well as the lysine residue, or through nucleophilic addition to epoxides. None-
theless, if the nucleophile is an alcohol (forming an ester with carboxyl groups), a thiol or a
carboxylate anion, the variety of reactions becomes larger, just as the non-covalent interactions,
as in the case of proteins, such as keratin (KE) among others.
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4.2. Keratin functionalization of GO and rGO

Although there are several reports on the usage of proteins, particularly enzymes, for the
functionalization of graphene-based materials [46], few works have been done on the surface
modification of graphene through the attachment of structural fibrous proteins,” and, to the
best of our knowledge, only a couple of reports have used keratin [66, 67], specifically, chicken
feather keratin, for this purpose.

Fibrous proteins give resistance and flexibility to several biological structures and they possess
ahigh concentration of hydrophobicresidues. Keratin is a distinctive fibrous protein compared
to collagen, elastin, and myofibril proteins, due to its high degree of disulfide bonds due to
the presence of cysteine in its sequence [68]. Keratins are chemically stable and durable against
hard environmental conditions; thus, it is found in hair, wool, horns, claws, and feathers.

Chicken feather keratins are small polypeptide chains with a molecular mass of about 10 kDa,
and a predominantly hydrophobic character, although it also has a high amount of serine and
some other polar or charged groups. It possesses seven cysteine residues, but lacks of lysine,
tryptophan, histidine, and methionine. Keratin is therefore adequate for covalent and non-
covalent binding with graphene materials.

4.2.1. Covalent attachment of keratin onto GO through a KMnO, redox system

Redox reaction systems with Mn(III) have been successfully used for the polymerization of
vinyl monomers and the grafting of certain macromolecules [66, 69-73]. Mn(IIl) is obtained
from the combination of KMnO, in acid media with the aid of a reducing reagents, like malic
acid, as an electron donor for the reduction of Mn(VII) into Mn(IV) as manganese dioxide.
Mn(IV) reacts with the reducing agent to produce the highly reactive Mn(IIl) ions along with
free radicals. This specie can generate active free radicals (primary radicals R) with the
reducing reagents, or in the presence of a macromolecule such as a protein, polysaccharide, or
graphenic material, yielding a macroradical. These macroradicals may also be formed by the
direct attack of primary radicals [74-76].

Keratin and graphene oxide possess different X—H functional groups that may act as electron
donors through the abstraction of a hydrogen, thus becoming a radical. In the case of KE, these
groups are—SH from cysteine, -OH from serine, threonine, and tyrosine, -CONH, from glycine
and asparagine, and -COOH from glutamic and aspartic acids. In particular, KE also possesses
some disulfide bonds (-S-S-) due to the oxidation of thiols. These groups could also be
transformed into free radicals with the abstraction of a hydrogen from a neighbor carbon atom
[68, 77, 78].

Keratin polypeptide chains are suitable to be grafted onto graphene oxide through a redox
reaction system [67]. In this process, keratin needed to be dissolved and dialyzed in order to
be chemically attached. Then, under mild conditions in aqueous media and in the presence of
sulfuric acid, malic acid, and potassium permanganate, the functionalization was conducted

! We are not considering here the case of nanocomposites where graphene materials act as a reinforcement for the polymer
matrix.
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at two different conditions varying the amount of H,50,/malic acid employed. Keratin
polypeptide chains were successfully attached to graphene oxide as it is confirmed by the
infrared spectroscopy in Figure 3a. The graph shows well-defined peaks from keratin (num-
bers in red) and graphene oxide (numbers in blue) characteristic vibrations in the covalent
bonded materials, and apparently, there is an amide and/or ester bond formation during the
reaction, where KE/GO-1 seems to have a higher degree of polypeptide incorporation. In this
case, graphene oxide was preferred over reduced GO, due to its higher degree of reactive
oxygen sites thus giving a higher yield of chemical bonding.
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Figure 3. (a) FTIR spectra of graphene oxide, keratin, and the functionalization between them at two conditions
(KE/GO-1 and KE/GO-2) and TEM images of (b) GO, (c) KE/GO-1, and (d) KE/GO-2.

Typical TEM image of GO with its intrinsic foldings and wrinkles is shown in Figure 3b, where
even though the sheets are very large (a couple of microns), they have a very thin structure.
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Figure 3¢ and d clearly shows that some morphologies are different than those of the carbon
layer sheets, due to the presence of the keratin chains on the surface of the material. To further
demonstrate the polypeptide immobilization onto the carbon nanostructure surface, a line-

profile chemical composition analysis is also shown in Figure 4, confirming the presence of S
and N.
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Figure 4. STEM-HAADF images with EDX line scan (red) and chemical profile (below) of (a) GO, (b) KE/GO-1, and (c)
KE/GO-2.

4.2.2. Non-covalent attachment of KE onto rGO

Reduced graphene oxide possesses a higher degree of sp? hybridization than its graphene
oxide counterpart, thus these m-electron domains may interact with hydrophobic or aromatic
molecules as well as with aromatic pendant groups, for a non-covalent modification. The
oxygen remaining moieties are also useful for an electrostatic- or hydrogen-bonding interac-
tions. In the case of the previously described keratin, the mainly hydrophobic nature of the
protein allows its immobilization or adsorption onto the surface of the rGO without the aid of
any coupling reagent, while the charged and polar residues could also contribute for the
protein tethering forming electrostatic functions depending on the mixing conditions.

Following the procedure for the solubilization of KE, a non-covalent attachment of the protein

had been made an aqueous media by simply mixing a KE/rGO mass ratio of 1:1 for 3 h [67].
From the keratin sequence, two amino acids may exhibit:
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i ni-stacking: phenylalanine and tyrosine onto the graphene basal plane.

ii. Hydrophobic interaction: proline, glycine valine, cysteine, leucine, isoleucine and
alanine, onto both, the basal, and the edges of the layers.

iii. Electrostatic and/or hydrogen bonding: serine, glutamine, threonine, asparagine,
glutamic, and aspartic acids.

iv. Strong electrostatic/hydrogen bonding: arginine.

Arginine has a particular strong interaction with negatively charged groups like carboxylic
acid, due to its positively charged structure. This residue could be attached to some remaining
carboxyl groups in rGO, as it has certainly done in the case of GO [79]. In addition, it is possible
that some of the polar residues of the KE will be oriented toward the aqueous media. The
effectively non-covalent functionalization of KE onto rGO is indicated by the FTIR spectra of
the modified material compared with its precursors (Figure 5a).
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Figure 5. (a) FTIR spectra of reduced graphene oxide, keratin, and the functionalization between them at a mass ratio
of 1:1 (KE/rGO-1:1). TEM images of (b) rGO, (c) KE/rGO-1:1, (d) STEM-HAADF images with EDX line scan, and (e)
chemical profile of KE/rGO-1:1.

In the same way as with keratin/graphene oxide, transmission electron microscopy and line
scan chemical composition had been performed in order to further confirm the functionaliza-
tion. As can be seen from Figure 5b and ¢, a surface roughness besides those intrinsically found
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in graphene is appreciated when keratin has been immobilized. Also, chemical compositions
clearly show the presence of N and S on the surface of the graphenic layers (Figure 5d and e).

Based on these results, keratin has an affinity to interact with rGO in a strong manner,
practically wrapping the carbon material, even when there is no covalent linkage and no
coupling reagents present in the mixture. But there still more future research in order to
manipulate the degree or sites of interactions between these two systems

4.3. Chitosan functionalization of GO and rGO

GO and rGO have been functionalized through covalent and non-covalent interactions with
several biopolymers; one of them with great relevance due to its potential applications such
as tissue engineering, cell adhesion, and food delivery is chitosan (CS) [46]. CS exhibits an
unusual combination of properties such as biological activities, mechanical, and physical
properties that make it the most important derivative of chitin, the second most abundant
natural polysaccharide [80]. CS is composed of (3-(1,4)-2-amino-2-deoxy-D-glucose, and it is
the result of the deacetylation of chitin (3-(1,4)-2-acetoamido-2-deoxy-D-glucose) [21] which

a Graphene oxide m'u
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Figure 6. (a) Schematic illustration of covalent interaction between GO and CS trough amide bond formed between —
COOH moieties of GO and -NH, groups, present in CS. (b) Fluorescence micrographs of immunocytochemistry of cell
nuclei of pre-osteoblasts after 2 day culture on GO (left) and GO-CS-HAP (right). The graphs shows high fluorescence
intensity zones as pre-osteoblasts growth, GO-CS-HAP system has notorious development in comparison to GO.
(Adapted from [91] with permission of The Royal Society of Chemistry).
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can be found in crustacean shells and shellfish wastes, both of them by-products from marine
bioprocessing plants and probably one of the most important sources of CS [81]. CS is a
polycationic polymer with two amino and two hydroxyl groups and a carbohydrate backbone
similar to cellulose as can be seen in Figure 6a. Molecular weight (MW) and degree of
deacetylation depend on the alkaline reaction conditions yielding a random distribution of
acetylated/deacetylated units coupled in its chains [80]. These two features are chiefly
responsible of the physicochemical properties of CS, principally impacting on its biological
characteristics [82]. The amino functional groups in CS provide a versatile behavior when CS
is in aqueous solution. At low pH (<6), the amino groups are protonated, thus giving CS a
polycationic behavior. On the other hand, when pH is higher than 6.5, functional groups in CS
are deprotonated, losing its charge and reducing its hydrophilicity [83]. CS is a biocompatible,
biodegradable, non-toxic material approved by the FDA; additionally, amino and hydroxyl
groups present in its structure offers reactive sites for functionalization; for these reasons, it
has been considered together with GO and rGO as a promising material to synthesize new
materials for different applications such as biomedical, pharmaceutical, gene therapy, and
waste water treatment to mention but a few [80].

4.3.1. Covalent functionalization of GO and rGO with CS

The covalent functionalization of GO and rGO accordingly with reports is made through the
interaction between the oxidized moieties on surface of 2D carbon nanomaterial (GO, rGO),
and the functional groups present in CS molecule (amino). GO functionalized with CS have
been used to developed novel materials via amidation [84], esterification [85], or nucleophilic
addition [86, 87]. Esterification was reported by Xu et al., in order to obtain CS grafted onto
GO. First GO was dissolved in dimethyl formamide (DMF) in sonication, followed by the
addition of thionyl chloride (SOCl,) which reacts with -COOH groups to obtain acyl-chloride
functionalized GO (GO-COCI). Finally, -NH, groups present in chitosan react with GO-COCI
via esterification [85]. On the other hand, abundant epoxy groups in GO can react with —
NH, at elevated temperatures following the nucleophilic addition mechanism similar to cross-
linking mechanism in epoxy resin during curing [86]. In spite of the successful grafting of CS
onto GO via esterification and nucleophilic addition, the most common route to functionalize
GO with CSis amidation, which is done by the interaction of -COOH and -NH, groups present
in GO and CS, respectively [84]. GO functionalized with CS (GO-CS) has been used as a
scaffold in different fields due to its interesting properties.

Recently, GO-CS system was used as a platform for drug delivery and sensing devices [88-
94]. Depan et al. reported a biomimetic mineralization route of conjugated material made up
of GO and CS for hydroxyapatite (HAP) biomineralization. HAP as a major component in
bones with important features, like great biocompatibility and bioactivity, has been utilized
as a part of new multicomponent system (GO-CS-HAP) for bone tissue engineering. The
functionalization was completed via covalent modification between highly decorated GO with
—COOH moieties and CS with amino groups. Fast Fourier transform infrared spectroscopy
(FTIR) in earlier reports of Depan and coworkers showed the formation of amide bond. Prior
to functionalization, the characteristic signals of functional groups in CS were observed in 1636
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and 1597 cm™ attributed to the stretching of C-O (in -NHCO amide group) and bending of N-
H (in -NH,), respectively, whereas for GO grafted with CS, -NH,, signal was shifted to a lower
value, while amide group (-NHCO) was shifted to a larger value, this point out that functional
groups present in CS and GO interacted to form covalent bonds [95].

On the other hand, HAP nucleation on GO-CS was corroborated by FTIR, X-ray diffraction
(XRD) and scanning electron microscopy (SEM). A fine dispersion of HAP was observed, and
it was attributed to the electrostatic interactions with GO-CS system which promoted the HAP
growth. The adhesion and proliferation of osteoblasts on CS-GO-HAP system was observed
in order to evaluate their distribution and attachment, both features are necessary for tissue
formation. Samples were analyzed after 1 and 24 h of cells incubation, fluorescence microscopy
with DAPI showed a synergistic effect in mineralization of HAP in GO-CS-HAP system as
can be seen in Figure 6b, attributed to interaction of CS and HAP. Another study about GO
functionalized with CS was reported by Mohandes et al., using GO-CS-HAP nanocomposite
as a scaffold to grow apatite (AP) due to its high porosity and interconnectivity, both features
innanocomposite are important for the cell attachment and new bone formation. Additionally,
thermal stability of GO and GO-CS-HAP was evaluated by termogravimetric analysis which
suggests that the loss of mass in GO of approximately 25 wt% is attributed to functional groups,
while GO-CS-HAP shows stability at 310°C where the weight loss was important. New AP
was formed in GO-CS-HAP nanocomposite after 14 days socked in simulated body fluid
(SBF). Grain size of 20-15 nm was observed by scanning electron microscopy (SEM) [96].

Due to its haemostatic properties and safe excretion CS were used to build microneedle arrays
as transdermal preloaded drug delivery nanocomposite. Fluorescein sodium (FS) was attached
by non-covalent interactions to CS—rGO at the same time reduction of GO was carried out.
rGO-CS-FL array shows better mechanical properties and drug release in comparison to
pristine CS. Nanocomposite with 2% of rGO achieved maximum release (91%) of available
drugin 48 h, while CS-FL system only achieved around 33% according to the report [94]. Other
approaches in drug delivery were reported by Rana et al. and Bao et al. The first one reported
the use of ibuprofen (IBU) and 5-fluoracil (5-FU) drugs loaded in rGO-CS system via simple
physisorption, and additionally, they evaluated the cytotoxicity and cell viability of GO-CS-
IBU and GO-CS-5-FU systems over CEM and MCF-7 cancer cells [89]. The second one reported
a novel nanocarrier of campthotecin (CPT), an inhibitor of topoisomerase I and anticancer
drug. Cell viability of 80% was found in methylthiazoloterazolium (MTT) assay. Additionally,
1t stacking and hydrophobic interactions between GO-CS and CPT allow high load (20 wt
%) of drug in nanocarrier [90].

Other approaches regarding removal of contaminants in water have been done. Removal of
Cr(IV) from simulated wastewater with magnetic GO-CS ionic liquid (MCGO-IL) was
reported with a maximum of 143.35 mg/g of adsorption capacity (Q,,..), this was described by
the Langmuir isotherm. A removal mechanism was proposed. Briefly, first, the electrostatic
attraction between Cr(IV) with -OH," and -NH," takes place, second, the cooperation between
ionic liquid, functional groups of GO-CS and Cr(IV) occurs and, third, the reduction of Cr(IV)
to Cr(III) assisted by 7 electron of carboxylic six-membered ring in MCGO-IL is achieved [97].
On another report magnetic CS nanoparticles (MCGO) acting as magnetic bioadsorbent shown
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to have excellent properties. Magnetic biosorbents can be recovered, easily separated and CS
adsorption is better in view of its high surface area along functional groups present [98].
According to Fuschine dye adsorption experiments, pH 5.5 is the optimal value to carry out
the removal by MCGO. Moreover, the calculated and experimentally values of adsorption
capacity were close, which confirms the pseudo-second-order kinetic model of adsorption
proposed. Additionally, the studies over recycling of MCGO as adsorbent shows only slightly
decay adsorption capacity of MCGO after the fifth cycle. These results suggested that this
method can be used to yield graphene-absorbents in commercial scale. In Figure 7, the
synthesis of MCGO is briefly represented by a schematic diagram [99].
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Figure 7. In the synthesis of MCGO, first magnetic particles are attached to CS and second trough amide bond forma-
tion GO surface is functionalized. (Reproduced from [99] with permission of The Royal Society of Chemistry).

On the other hand, antifouling membranes were developed by depositing a thin film of GO-
CS on polyamide surface to form brackish water thin-film membrane for reverse osmosis
(BWTFC-RO). In this approach, the BWTFC-RO with high content of GO shows better
antifouling response because of the negative moieties in GO-CS increase hydrophilicity, which
can reduced the interfacial energy among membrane surface and water and thus membrane
fouling resistance was incremented. A water contact angle of 63.68° was measured for
unmodified membrane, while membrane with GO-CS system has a contact angle of 19.13°
[100]. In addition, in order to remove Uranium U(vi) released in wastewater, GO-CS systems
grafted via covalent were done. Different probes of adsorption and desorption were made
having Q,,.,=225.78 mg/g at pH 4.0 and fitted to a Langmuir model. The removal of U(VI) can
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be attributed to interactions between amine groups and the metal; this was corroborated by
FTIR where -NHCO- (at 1530 and 1630 cm™) and -NH, (at 1420 cm™) peaks decreased when
the U is adsorbed [101].

Owing to the large surface-to-volume ratio and good electrochemical activity of GO and the
compatibility of CS, GO-CS nanocomposite enhances transfer electron and DNA immobili-
zation between electrode surface and DNA in electrochemical biosensor for typhoid diagnosis.
This was reported using glutaraldehyde (GA) as a bridge between the GO-CS nanocomposite
film on indium tin oxide (ITO) electrode and Salmonella typhi, specifically its 5'-amine labeled
single-stranded DNA (ssDNA). GO-CS-ssDNA-ITO bioelectrode shows improvements in
detection limits in comparison to other studies [88], and this is attributed to the excellent
conductivity and small band gap from biomolecules; the bioelectrode shows the limits of
100 fM in buffer solution and shelf life of 15 days with a 100% recovery. Otherwise, Candida
rugose lipase (CRL) immobilization was reported by magnetite particles (Fe,O,) assembled in
GO-CS system. GO-CS-Fe;O, nanocomposite was synthetized from ferric chloride hexahy-
drate (FeCl; 6H,0) and 1,6-hexadiamine by solvothermal reaction. The nanocomposite needs
only one step to be synthetized which is important when large-scale production can be
possible. In this study, three strategies were used to immobilize CRL. Firstly, the electrostatic
adsorption by GO-CS-Fe;O,, secondly, covalent bonding with GO-CS-Fe;O,~GA and thirdly
metal-chelate ligand anchorage on GO-CS-Fe;O,~IDA-CU. The activity recovery was meas-
ured for three systems and the adsorption results showed the best protein CRL immobilization
for GO-CS-Fe;O,~IDA-CU followed by GO-CS-Fe;0,~GA and GO-CS-Fe;O, systems with
65.5, 60.2, and 57.2% of activity recovery, respectively. GO-CS-Fe;O,~IDA-CU leads the
activity recovery due to exposition of functional groups thus giving low diffuse resistance. On
another approach, the biocompatibility of mouse mesenchymalstem C310T1/2 cells adhered
to GO-CS covalent attached system was evaluated by DAPI fluorescence, tracing the nucleus
of cells and low cytotoxicity was further reported. Additionally, cell viability after 24 h shown
low death cell indications. This can be traduced in an acceptable biocompatibility of GO-CS
system [93].

Another emergent field of study of GO-CS is catalysis. Green nanocomposite based on GO-
CS have demonstrated high thermal stability (165°C) in differential scanning calorimetry
(DSC) in comparison with pure CS (118-119°C), both were used as a support for novel catalyst.
In this research, average size distribution of 50 nm was measured by atomic force microscopy
(AFM) for GO-CS nanocomposite synthesized in free-solvent conditions. Efficient synthesis
of 2,4,5-trisubstituied-1H-imidazoles were done, GO-CS in catalytic amount was combined
with benzyl 2 or benzoin 1, benzaldehyde 3 and ammonium acetate at 120°C that shows great
thermal stability of GO-CS system [102]. Another novel catalyst was developed for reduction
of aromatic nitroarenes and azo dye degradation [103]. Silver (AgNPs) and gold (AuNPs)
nanoparticles were attached onto GO-CS system in order to avoid aggregations of either Ag
or Aunanoparticles which affect its catalytic activity. Both GO-CS-AgNPs and GO-CS-AuNPs
catalysts were obtained in similar process using 0.1 M solution of silver nitrate (AgNO;) and
tetrachloroauric (Il) acid hydrate respectively in a solution of sodium borohydride (NaBH,).
Particles of 20 nm for AgNPs and 5 nm for AuNPs were observed by high resolution trans-
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mission electron microscopy (HR-TEM) that demonstrates homogeneous deposition of
particles. The excellent catalytic activity and selective reduction of nitroarenes was mainly
attributed to the high surface area of GO-CS system which improves adsorption of organic
substrates, and to the presence of -NH, and -OH groups in GO-CS system which might assist
the stabilization and attraction of particles toward the catalytic sites, because of the combina-
tion of hydrophobic-hydrophilic nature present in GO and CS.

4.3.1.1. Covalent attachment of chitosan onto GO through a KMnO, redox system

Functionalization of GO with CS by redox system with KMnO,, H,50,, and malic acid also has
been reported [75]. In this approach, covalent attachment of CS onto GO was done varying
temperature conditions, this shows influence over morphology and features of the final
material produced. A better dispersion behavior was obtained as a result of chemical modifi-
cation (grafting) originated from the interaction of GO and CS functional groups. As can be
seen in Figure 8a, well-exfoliated graphene oxide sheet alike a thin film and wrinkled surface
is shown. Additionally, TEM images of CS grafted on GO exhibit the differences on morphol-
ogy acquired in different conditions Figure 8b—d. At the lowest temperature, GO sheet is
completely covered by CS. However, as the temperature is increase (75-80°C), CS only partially
covers the GO sheets, and finally for the highest temperature, the GO-CS system shows great
differences in its morphology, like a scrolled material. This can be attributable to the loss of
free water in CS that increases as the temperature does, impacting on the amount of water and
hydrogen bonds formed during grafting. Dispersion behavior of different GO-CS produced
on water and hexane. A water stable dispersion even 24 h after the sonication process was
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Figure 8. TEM images of (a) GO; (b) GO-CS obtained at 55-60°C; (c) GO-CS obtained at 75-80°C; (d) GO-CS obtained
at 95-100°C; (e) FTIR spectra of (1) graphite; (2) graphite oxide; (3)GO; (4) GO-CS obtained at 55-60°C; (5) GO-CS ob-
tained at 75-80°C; (6) GO-CS obtained at 95-100°C and (7) CS.
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observed, unlike in hexane non-polar solvent which shows poor dispersion and rapid
precipitation of GO-CS. In addition, AFM measurements show a roughness between 3 and 6
nm for the GO-CS which is the result of bundles of CS chains grafted on GO that can be
observed as dark dense zones in TEM images.

FTIR analysis was done in order to provide evidence about the chemical modification of
graphite, and grafting of CS onto GO. The appearance of new signals respecting the interaction
of moieties presents in both GO and CS can be clearly seen in the Figure 8e. Signal from new
amides or carbamate esters formed during grafting, this band appears in 1535 cm™ attributed
to the combination of v(C-N) and 6(CNH). Both, the band at 1156 cm™ corresponding to v,(C—
0O-C) and signal at 899 cm™ for C-O-C were detected, they are related with glycosidic linkage.
The latter are typical in chitosan, whereas after grafting they are shifted to 881 cm™ in GO-CS
systems that show the modifications of C-O-C bond vibrations and the interaction of GO-CS
hybrids. In addition, Raman spectroscopy and energy dispersive X-ray spectroscopy (EDS)
characterization techniques were used in order to corroborate the grafting of CS onto GO.

Finally based on previous works [99, 100] and evidence obtained in FTIR measurements, few
reactions can be proposed for the novel bonds as a result of grafting of CS. As can be seen in
Egs. (3)-(5), first, linkage can be done by carbonyl moieties ((3) and (4)) and second with
breaking of epoxy groups (5). Despite that other reactions can be carried out but evidence
provided by FTIR points out just the aforementioned.
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4.3.2. Non-covalent functionalization of GO and rGO with CS

Non-covalent functionalization of GO and rGO has been done through different ways such as
hydrogen bonding, electrostatic interactions, Van der Waals forces, and ionic interactions.
Electrostatic forces in functionalized GO have been reported in order to develop applications
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such as hemolytic activity and nanocomposites [104-107]. Li et al. reported removal of single
or multi-system ions based on Cu (II), Pb (II) and Cd (II). GO was functionalized with a
sulfhydryl compound and CS resulting in CS-GO-SH adsorbent material, basically due to the
affinity of CS, known as a cationic polymer with plenty -OH and -NH, groups and negative
charged in GO-SH complexes. In this work, ultrasonication was applied to yield GO-CS-SH
nanocomposite; sulfhydryl groups were previously grafted on GO reacting in stirring with 4-
aminothiophenol. Adsorption tests result in Q,,,,, of 235, 226, and 117 mg/g for Cu (II), Pb (II),
and Cd (II), respectively, from a starting concentration of 250 mg/L, and thus, a higher
adsorption was obtained in comparison with other results reported with GO and CS as
adsorbent. This suggests a synergistic effect originated by increasing the specific surface area
and space between CS and GO-SH. Moreover, operational factors such as pH, adsorbent
dosage, and temperature play important roles in results [107]. Other approach about electro-
static interactions to functionalize GO was reported by Liao et al., they discussed the effect of
GO size and coated GO over hemolytic activity. GO obtained in different exfoliation param-
eters were tested by methylthiazolyldiphenyl-tetrazolium bromide (MTT) and water-soluble
tetrazolium salt (ST-8) to show blood compatibility. The functionalization of GO with CS
reveals lower hemolytic activity in comparison of GO sheets; this can be attributable to
disruption of red blood cells membrane (RBC) as a result of the strong electrostatic interaction
between oxygenated functional groups of GO sheets with negative charge and positively
charged phosphatidylcholine lipids of RBC outer membrane [104]. Unlike a traditional CS
polymer with -NH, groups which only become charged in acidic media, quaternized CS (QCS)
is a polymer attached with quaternary ammonium groups which confers a cationic polyelec-
trolyte permanently charged feature [108]. Consequently, cellulosic paper fibers can be cover
with a positively charged coating made of QCS which attract the negatively charged GO sheets.
S0 QCS can be used as a “glue” linking cellulose fibers to GO via electrostatic interactions. This
was reported by Ling and co-workers in order to fabricate composite paper in addition to load
GO with AuNPs and its subsequent reduction by hydrogen iodide vapor. The final material
shows an outstanding conductivity of 831 S/m [105]. Another interesting applications recently
reported are Janus GO-CS membrane; in this work; non-covalently assembly GO-CS mem-
brane was used as a support of poly(styrene) (PS) and poly (N,N-dimethyl methacrylate)
(PDMAEMA) in upper and lower membrane surface; respectively. Photografting and photo-
polymerization were used to yield Janus membranes a possible material for applications such
as sensing or catalyst as a result of its versatility [109].

On the other hand, another route of non-covalent functionalization of GO is through hydrogen
bonding which has been reported to develop novel nanocomposites. Recently; a facile GO/CS
conducting biocompatible hydrogel production method by extrusion printing was reported.
CS and lactic acid (LA) as matrix and GO as reinforcement material were used, and 1.929 cells
were cultured in diluted GO-CS-LA dispersions and were compared with GO-CS-LA
nanocomposites.

Another via of non-covalent functionalization of GO is the formation of hydrogen bond with
CS which has been reported to develop novel nanocomposites. As a result of homogeneous
distribution as well as excellent mechanical properties achieved in GO-CS nanocomposites
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originated from non-covalent interactions, high-performance nanocomposites have been
prepared [110]. High mechanical properties exhibited in GO-CS nanocomposite can be used
for drug delivery, GO-CS nanocomposites offer a platform to yield a tunable control through
pH transdermal system for drug release [111]. Recently, another approach was done using CS
and lactic acid (LA) as matrix and GO as reinforcement material by extrusion printing. Due to
the relevance of the morphology, dimensions, shape, and biocompatibility in materials for
tissue engineering, GO-CS was used to yield conducting biocompatible hydrogel. FTIR shows
strong interaction by hydrogen bond between GO-CS-LA. Additionally L929 cells were
cultured in composites; first diluted GO-CS-LA dispersions were used to note cell growth.
Cell growth showed an increment of cell density 10-15 times (45 + 4E* cells cm™? and 1.5% dead
cells) in comparison to the original amount. No cell showed inclusion of dark material in either
cytoplasm or any organelle; this was observed by bright field microscope. Second for GO-CS-
LA films and scaffolds; no toxicity or changes on migration were observed in cells; moreover,
mechanical properties were enhanced by the addition of GO having increments in tensile
strength of 320% and 162% for dry and wet state for GO-CS-LA nanocomposite with only 3
wt% of GO added [112].

Due to the versatility and interesting capacity of self-healing against damage, polymeric gels
have attracted great attention. GO and CS hydrogels were prepared by non-covalent interac-
tions; in this regard, GO can be considered as a 2D cross-linker as a result of functional groups
present in both faces of GO sheets. Electrostatic and hydrogen bond are the predominant
interaction in this kind of materials according with the report [113]. Water, CS, and GO are the
molecules present in hydrogel, interacting mainly by electrostatic forces when mixed at room
temperature. Particularly CS shows a compact state owing to hydrogen bond present in its
structure, thus restricting the interaction with GO, this is diminished with the increase of
temperature of hydrogel preparation according with the methodology. This kind of materials
can be applied in fields such as biomaterials, absorbents, and so on. For example, recently
heparin/GO-CS hybrid hydrogel (Hep-GO-CS) were synthetized for bilirubin adsorption.
Adsorption measurements in phosphate buffer solution (PBS) show for Hep-GO-CS four times
adsorption capacity than CS hydrogel; this can be attributable to GO added to hydrogel.
Additionally, this material exhibits good hemocompatibility and low degree of hemolysis in
the tests realized [114]. On the other hand, other applications for GO-CS system based on both
electrostatic interactions and hydrogen bond have been reported in fields such as nanocom-
posites for electrochemical biosensors [115], pathogen agent detection [116], membranes in
microbial fuel cells [117], and cell growth [118]. Additionally, preparation of poly(vinyl
alcohol) PVA-CS nanocomposite reinforced by rGO was reported; simultaneously, reduction
and functionalization were done and synergistic effect by the interaction of rGO-CS-PVA was
demonstrated with high-performance nanocomposite obtained. CS acts as a bridge between
rGO and PV A enhancing the quantity of formed hydrogen bonds, which improved mechanical
properties taking for instance an increase of 40% in value of tensile strength in comparison of
CS-PVA polymer [119].

As can be seen in Figure 9, multifunctional rGO magnetic nanosheet functionalized via non-
covalent with chitosan (rGOMCS) was developed for Pseudomonas aeruginosa (BCRC 10303)
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and Staphylococcus aureus (BCRC 1045) detection in aqueous suspension and mouse blood.
Owing to its inherent fluorescence properties and high surface area, tGO as a support to
magnetic nanoparticles enhanced detection of bacteria in fluorescence spectroscopy and
matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS). On one hand,
fluorescence as bacteria detection method has been used widely, in spite of interference created
by biomolecules in biological samples, furthermore external factors, among others make it a
complicated task. On the other hand, great influence of CS and complementary effect of
functional groups on graphene attached on rGOMCS was observed over bacteria in MALDI-
MS. This allowed different non-covalent interactions (hydrogen bond, hydrophobic and
electrostatic interactions, acid-base interactions, - interactions and polar functional groups
interactions) together with pathogen agents reflecting high adsorption. Additionally, Abdel-
hamid etal. [116] reported thermodynamic analysis which reveals better affinity of CS to BCRC
1045 as a result of increment on peptidoglycan content and consequently better sensitivity for

this pathogen agent.
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Figure 9. (a) Schematic diagram of the assembly of rGOMCS; (b) TEM images of rGO functionalized with magnetic
particles and CS (c) Interaction between bacteria and rGOMCS. (Adapted from [116] with permission of The Royal So-
ciety of Chemistry).
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C potential measurements reveal the influence of ionic interactions between rGO-CS solutions,
another via of non-covalent functionalization of rGO. First, notable differences in the responses
of GO-CS solutions were observed only changing the order of aggregation of the components.
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In the Figure 10, as can be seen when GO is added to CS solution the GO sheets are wrapped
rapidly by ionic interactions with considerable amount of CS (C potential of +40 mV); however,
if the GO is added greatly dispersed in solution to CS forms a “bridging” flocculation as a
result of attachment of two or more GO sheets to polymer chain (C potential of +8 mV). Second,
one can take advantage that after GO reduction by L-AA in the presence of CS was done; the
remaining functional groups on rGO and —-NH, groups in CS are still available for non-covalent
functionalization. This offers the possibility to control and change behavior of rGO-CS
solutions inasmuch as pH is changed. C potential measurements show both behaviors on pH
6 (+33mV) and at pH 7 (-9mV) for a stable suspension and formation of agglomerates,
respectively. It can be explained because at low pH, -NH, groups are protonated creating a
good environment for electrostatic repulsion between rGO sheets. In spite of that, if the pH is
increased the intermolecular repulsion tend to decrease, originated by the deprotonation of
NH, groups of CS [60]. Ko et al., performed a nanocomposite for growth of Escherichia coli
bacteria. They carried out the simultaneous reduction and non-covalent functionalization of
GO in acid media solutions, attributing to remaining protonated -NH,* groups on CS the
contributions for the well-dispersed rGO-CS system. Moreover, enhanced antibacterial
activity for E. coli was detected [120]. In Table 2 are summarized some applications for both
GO-CS and rGO-CS with covalent and non-covalent interactions.
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Individually Dispersing “Bridging” Flocculating

Figure 10. (a) Schematic diagram of GO-CS suspensions behavior as a result of the variation in the order of the addi-
tion of components. (b) Measurements taken by atomic force microscopy (AFM) of rGO extracted from rGO-CS sus-
pension and deposited in cleaved mica. (Adapted with permission from [60]. Copyright 2016 American Chemical
Society).
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Potential application Interaction GO-CS or r GO-CS via covalent Reference
Water treatment (U(vi) removal) Amidation [101]
Water treatment (antifouling) Amidation [100]
Water treatment (removal Cr(IV)) Amidation [97]
Water treatment (desalting) Nucleophilic addition (Ring opening) [87]
Water treatment (Fuschine removal) Amidation [99]
DNA biosensor Amidation [88]
Drug delivery Amidation [89]
Drug delivery Amidation [90]
Lipase immobilization Amidation [92]
Osteoblasts growth Amidation [91]
Growth of cells C3H10T1/2 Amidation [93]
Drug delivery (Fluorescein sodium) Amidation [94]
Nanocatalyst Amidation [103]
Nanocatalyst Amidation [102]
Nanocomposite (GO-CS —-HAP, bioactivity) Amidation [96]
Nanocomposite Amidation [84]
Nanocomposite Amidation [121]
Nanocomposite Amidation/Esterification [21]
Nanocomposite Nucleophilic addition (Ring opening) [86]
Nanocomposite Esterification [85]
Potential application Interaction GO-CS or r GO-CS

via non-covalent

Hemolytic activity Electrostatic adsorption [104]
Multifunctional paper Electrostatic interaction [105]
Glucose and urea detection Electrostatic interaction [106]
Removal contaminants Electrostatic interaction [107]
Nanocomposite (PVA) Hydrogen bond/electrostatic interaction [119]
Supramolecular hydrogel Hydrogen bond/electrostatic interaction [113]
1929 cells and MG-63 cells growth Hydrogen bond/electrostatic interaction [118]
Bulirubin adsorbent hydrogel Hydrogen bond/electrostatic interaction [114]
Electrochemical electrode Hydrogen bond/electrostatic interaction [115]
E. Coli growth Hydrogen bond/electrostatic interaction [117]
Sensor of Pseudomonas aeruginosa Hydrogen bond/electrostatic attractions [116]

and Staphylococcus aureus
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Potential application Interaction GO-CS or r GO-CS via covalent Reference
Nanocomposite Hydrogen bond/electrostatic attractions [122]
Janus membranes Polycationic interaction [109]

pH responsive nanocomposite GO-Ionic interactions (Electrostatic) [60]

pH responsive nanocomposite rGO ionic interaction/hydrogen bond [60]
Nanocomposite Hydrogen bond [110]
Fluorescein sodium Hydrogen bond [111]

L1929 cells growth Hydrogen bond [112]
Antibacterial activity Van der Walls/Ionic/hydrogen bonding [120]

Table 2. Functionalization of GO and rGO by CS and its progress in different fields of application.

5. Conclusions

During the last years, many efforts have been done in order to exploit the outstanding
properties of graphenic materials in fields such as catalysis, nanocomposites, cell batteries, and
so on. As a result of its versatility, the chemically route to produce graphene oxide and reduced
graphene oxide offers a possible solution for requirements about scalability, cost-effective, and
easy way to obtain suited amounts of graphene for its applicability. Both GO and rGO can take
some advantages over pristine graphene because of the rich chemistry of their functional
groups present on the surface. These groups can be used as points to anchor specific molecules
according the necessities, which granted the shown multifunctionality. Specifically, in rGO,
the restoration of sp? domains through the reduction reaction offers a conductive material
which can be applied in fields where the conductivity is overriding. Additionally, emerging
routes to achieve non-covalent and covalent functionalization of graphenic materials have
been reported. In this chapter, we outline recent progress in covalent and non-covalent
functionalization of graphenic materials with biopolymers such as keratin and chitosan. Both
are aimed on the development of a multifunctional platform capable of being used in different
fields.

Functionalization of graphene-based materials with biomolecules offers an additional advant-
age to orient these materials for biological applications, increasing, for example, their com-
patibility. Biofunctionalization with small or medium size biopolymer chains, as in the case of
some proteins or polysaccharides, enables the formation of hybrid or conjugated systems
through a series of several interaction or reaction points. This, as a result of the presence of
different chemical functionalities, as in the case of keratin, or a repeated functional group, as
in the case of chitosan, in each polymeric unit. This aspect allows to fully cover the nanocarbon
surface with along with a strong biomolecule immobilization.

To the best of our knowledge, as we have discussed in this chapter, there are just a couple of
works related to the functionalization of graphenic materials through a redox reaction system.
This approach has been commonly used to achieve high degree of attachments in natural and
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synthetic polymeric materials. A redox reaction brings the benefit to yield a random covalent
functionalization practically using all the available chemical groups in both materials, at
relatively low reaction temperature. Therefore, the resulting surface will possess few func-
tional groups, if any at all. In the case of the non-covalent functionalization of reduced
graphene oxide, the opposite behavior will take place. The functional groups of the biomole-
cule will be exposed on the conjugated system surface. This proves its utility if an additional
functionalization, specific group reactions, or a further adsorption process is desired.

We want to awake the interest of the reader in the study of these approaches and to compare
their advantages in disadvantages for other systems.
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