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Abstract

Graphene possesses distinctive properties such as chemical stability, wide potential window
and large surface area, making it an ideal electrode material that could potentially yield
significant benefits in many electrochemical applications. The quality of graphene has an
enormous impact on its electrochemical performance. It is therefore necessary to study the
influence of defects and impurities on the amperometric performance of graphene towards the
sensing of a target analyte. This thesis studies the critical role of the fabrication routes of
graphene materials on their efficiency and electrochemical performance, putting emphasis on
the influence of defects and impurities on direct amperometric detection of hydrogen
peroxide. It is found that the sensors based on graphene with lower number of defects lead to
a higher sensitivity towards H,O,.

Furthermore, graphene's electrochemical and amperometric properties for non-enzymatic
glucose determination based on electrodeposition of NiO nanoparticles have been
investigated. To address this issue, CVD graphene was patterned with arrays of antidot
lattices to provide artificial dangling positions for attachment of nanoparticles to the graphene
surface. It is demonstrated that the nanopatterned graphene exhibited better performance in
glucose sensing compared to pristine CVD graphene, and efficient tailoring of the size and
lattice constant of the antidots on graphene surface can optimize electrodeposition of NiO
nanoparticles and the amperometric response of graphene-based sensors towards glucose
detection.



Contents

Lo INEFOTUCTION ...ttt 1
2. Properties of Graphene MaterialS...........cccovviiiiiiiii i 5
2.1 Structural properties Of graphene .........ccovcve i s 5
2.2 Electronic Structure of graphene in the tight binding model.............ccccoeiiiiiiiiiies 6
2.2.1 Massless Dirac fermions and massive quasipartiCles.........cccoovvveveieiieeiesveie e 8

2.3 Basic electrochemistry Of graphene...........coooieiiiiiiiiis e 10
2.4 Graphene for sensing apPliCAtIONS. ........ccvcviiiiiiiiiii it 11
3. Electrochemical BIOSENSOIS. .......ccuiiiiiieiiiiisiesiieiieee ettt 13
3.1 GIUCOSE SENSOIS ...ttt stttk b bbbt bbbt ettt b bt nnen e 15
3.1.1 ENZymatiC glUCOSE DIOSENSOIS ......c.veuverieiieiieiisiisie sttt 16
3.1.2 Electrochemical non-enzymatic glUCOSE SENSOIS .......cecvevueireiiieiieeteeiesreere e e sre e sre e 18

4. Experimental Techniques and INStrumentations............cccceveiereninenineneseeeee, 21
4.1 ElectrochemiCal CeIl ..........coiiiiiiii et 21
411 POTENTIOSTAL ...ttt 21

4.2 CYCHC VOITAMIMELIY .....ouiiiiiiiiiicteiee bbbttt 23
T AN 1010 1=T o] 4= SR 25
4.4 CRIONOCOUIOMELIY ...ttt et bbbttt b ettt 25
4,5  Electrochemical impedance SPECLIOSCOPY ....ccviieiiiireerieieeeeste st esre e sre e sre e resbe e sreees 26

5. Signal Enhancement in Amperometric Peroxide Detection by Using Graphene

Materials with Low NUMDBDEr Of DETECTS ........ccoviiiiiiiiiie s 29
51  Sample preparation and experimental Methods. ...........cccooviiriiininiie e 29
511 Micromechanical eXFOHATION ............cooiiiiiiic e 30
5.1.2 The reduction of graphene OXIde ...........ceeiiiiiii e 31
513 Chemical vapor depOSITION .........cvviiiiiriite e 33

5.2 Characterization of graphene materials through Raman SpectroSCopY.........cccocverervevennnnens 35
5.3 Electrochemical characterization of different graphene electrode materials.............cc.ccoceveinenns 38
5.3.1 Determination of the real electroactive area of the electrodes by chronocoulometry .......... 39
5.3.2 Electrochemical impedance spectroscopy of different modified electrodes ................c...... 40
5.3.3 Study of reaction kinetics of electrodes through cyclic voltammetry and amperometry ..... 41

5.4 CONCIUSION/SUMIMAIY .....viiieiticie sttt sttt te et st et e e sbeeseestesaeeaesteeaesreeraenrenres 46
6. Graphene for Non-Enzymatic Glucose Detection ...........ccocevvreiienenieien e, 49
6.1  Modification of graphene surface with antidots.............ccoceviieiii i 49

6.2  Enzymeless detection of glucose via NiO electrodeposition...........cccccoovvvvereneiieieeienennens 52



6.2.1 Electrodeposition of nickel oxide nanoparticles on graphene..........cccccoovvvviniicienen 52

6.3  Effect of the antidot lattice on the NiO deposition and glucose detection ..............cccceevennene 53
6.4  Impact of antidots’ size and lattice constant on the electrocatalytic oxidation of glucose.... 55
6.5  Electrocatalytical performance of modified electrodes toward the oxidation of glucose...... 57
6.6  Stability and reprodUCIDITITY .........ccvoiiiiiiic e 60
B.7  SEIBCHIVITY ...viieee e et et e b et et e e e b re e e nreera e renre s 61
6.8  CONCIUSTON/SUMIMAIY ....oiiiiiiieeieeee et n e e 62
7. SUMMArY and OULIOOK .........ccuiiiiiiiieiiece ettt reene e 65
ST Y o] o 1< o o 1 SRRSO 67
8.1 Functionalization techniques for enzyme immobiliZation...............cccoeveieiiinisins e 67
8.1.1 CoValeNnt MELNOUS .......cviiiiciiieeit bbbt 67
8.1.2 NONCOVAIENT METNOUS ...t 68

8.2 Crosslinker mediated biofunctionalization of graphene............ccccooeeeiiiiiii v 68
8.3 Nafion as a medium for glucose oxidase immobilization ............c.ccocovviveiiniicenin e 70
8.4 Covalent modification of graphene via diazonium salt Chemistry ...........ccccccovveviiiiie i i, 71
BIBIIOGIaPNY ... I

ACKNOWIEAGEMENTS ...t XVII



List of Figures

Figure 1.1. Graphene, a 2D building material for carbon materials of all dimensionalities...... 2

Figure 2.1. Lattice structure Of graphene ..o e 6
Figure 2.2. Band structure plot for graphene. Image from [Lil0]. ......cccccoveviiiieiieineicceee, 7
Figure 2.3. Energy dispersion as a function of the wave-vector components............c..c.cccoeu..... 8
Figure 2.4. Energy gap in a conventional semiconductor vs graphene:..........ccccccoevviieieennenn, 9
Figure 3.1. BiOSENSOI COMPONENTS .....c..oitiiuirieiiieiiesieiete sttt sbesb et st e e nennes 14
Figure 3.2. List of key characters of a DIOSENSOr ... 15
Figure 3.3. Summary of enzymatic glucose oxidation mechanisms ............ccocooerverineniiniennn, 18
Figure 4.1. Basic diagram of a potentiostat and a three-electrode cell ..............ccoooviniiinnnn, 23
Figure 4.2. Principles for the generation of a CV CUIVE. ........cceviiie i 24
Figure 4.3. Simple Randles equivalent circuit for an electrochemical cell.................c..c......... 27
Figure 5.1. Micromechanical exfoliation of graphene. ...........cccccoveiiiiii i 31
Figure 5.2. Proposed structure of graphite oxide (GO) based on the Lerf—Klinowski model . 32
Figure 5.3. rGO deposited MICrOEIECIIOUES ..........coverieiiriiiieiirieeeee e 33
Figure 5.4. Two-step photolithography for preparation of the CVD graphene electrodes ...... 35
Figure 5.5. Typical Raman spectra for a single-layer graphene and bulk graphite.................. 36
Figure 5.6. Raman spectra of graphene produced via different routes............cc.ccoovvovrvnenenn. 37
Figure 5.7. CV performed to prove the successful shielding of the gold contacts................... 38
Figure 5.8. Chronocoulometric measurements for different electrodes............cccccevvvevvennne. 39
Figure 5.9. EIS spectroscopy for graphite, rGO, CVDG and SG ..........ccceeevieveevecie e 40
Figure 5.10. Steady state current density/voltage cycles for different electrodes.................... 42

Figure 5.11. Change in current density for H,O, reduction during the cyclic voltammetry.... 43
Figure 5.12. Electrochemical behavior of electrodes to growing concentration of H,0;........ 44
Figure 5.13. The magnified view of the current density/[H202] .......ccoooeiiiiniiiiiiiccen, 45
Figure 6.1. Schematics of EBL and RIE processes for creation of antidot lattices ................. 50
Figure 6.2. SEM image of the CVDG on Si/SiO, substrate structured with antidot lattices... 51
Figure 6.3. Raman spectra recorded on CVDG modified by antidots of 70nm diameter with

different 1attiCe CONSTANTS .........eoiiiieiie bbb ne e 51
Figure 6.4. SEM image of electrodeposited NiO nanoparticles on graphene...............cccc....... 54
Figure 6.5. Electrochemical behavior of NiO/graphene electrodes toward glucose. ............... 54
Figure 6.6. SEM images of the electrodeposited NiO nanoparticles on graphene modified with
antidots of the same hole diameter (70nm) and different lattice constants..............ccccccevveneen. 56
Figure 6.7. SEM images of the electrodeposited NiO nanoparticles on graphene modified with
antidots of the same lattice constant (500nm) and different hole diameters............c.cccceeeneen. 57

Figure 6.8. Density of electrodeposited NPs on graphene vs lattice constant and diameter.... 57
Figure 6.9. CV of the NiO/ antidot-modified-graphene electrodes in the absence and presence

(0] 0] [0 Tod 0S-SR 58
Figure 6.10. Electrochemical behavior of electrodes with different lattice constants toward
growing concentration OF QIUCOSE ........coviiiiiiiiiie e 59
Figure 6.11. Study of response reproducibility and stability .............ccccooveviiieiienciic e, 60

Figure 6.12. Investigation of the sensor’s SEleCtiVILY .....c.coveueiieereeresieseere e 61



Figure 8.1. Schematic immobilization of GOD into GO sheets via peptide bonds ................. 69
Figure 8.2. Sensing performance of GOD immobilized EDC/NHS/graphene to glucose. ...... 69
Figure 8.3. Sensing performance of GOD immobilized Nafion/graphene to glucose. ............ 71
Figure 8.4. Schematic illustration of grafting a diazonium salt to a graphene sheet................ 71
Figure 8.5. Changes in the Raman spectrum of graphene due to NBD-functionalization........ 72
Figure 8.6. Sensing performance of GOD immobilized Nafion/graphene to glucose. ............ 73



When nature finishes to produce its own species, man begins using
natural things in harmony with this very nature to create an infinity of

species.

the artist-scientist Leonardo da Vinci

1. Introduction

The key role of carbon atoms in all living organisms is unquestionable. However, for a long
time only two main variants of carbon were known: diamond and graphite, both crystalline
forms of the carbon element. Diamond possesses a covalent structure, with each carbon
covalently bonded to four other carbon atoms in a tetrahedral arrangement to form a rigid,
transparent, and insulating structure with a band gap of about 6eV. Unlike diamond, graphite
is a soft and conducting structure, in which each carbon covalently bonds to three other
carbon atoms in a hexagonal arrangement.

The first use of graphite can be traced back to the 4th millennium B.C. when Boian culture
applied it as a ceramic paint to decorate pottery in southeastern Europe [Boa 82]. It consists of
many sp® hybridized one-atom-thick sheets of carbon lattice stacked on top of each other,
coupled via weak Van Der Waals forces. The band theory of graphite has been studied from
1947, when P. R. Wallace used the tight binding approximation method, which assumes
conduction only happens in one layer which is graphene layer [Wal47]. Graphene, a two-
dimensional (2D) monolayer of carbon atoms tightly packed into a honeycomb lattice, is basic
building block for graphite and other graphitic materials of all dimensions (Figure 1.1)
[Gei0T7].

Initially, it was believed for many years [All09] [Pei35] [Mer68] that strictly 2D crystals were
thermodynamically unstable and could not exist. The experimental observations witnessed
that a divergent contribution of thermal fluctuations in low-dimensional crystal lattices should
lead to such displacements of atoms that they become comparable to interatomic distances at
any finite temperature. For that reason, existence of such one-atom-thick graphene could not
be reconciled with theory and graphene was just used for theoretical analysis until 2004, when
Novoselov et al [Nov04] demonstrated the possibility to isolate it in a simple way. Since then
many groups have undertaken the task of investigating graphene’s electronic, mechanical and
thermal properties both experimentally and theoretically [Cas09] [Sca09] [Bal08] [Bun08].

Graphene possesses many properties that make it an interesting candidate for researches and
applications in various areas. Ballistic transport of electrons along the atomically thin layer,
together with mobilities exceeding 300000 cm?V*S™ and an ambipolar field effect make
graphene an ideal material for the next generation of semiconductor devices [AllI09] [Guo12].
Although the lack of a bandgap limits the usage of two dimensional graphene for digital
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switching, where high on/off ratios are necessary, the possibility of opening bandgaps
lithographically by fabricating graphene nanoribbons enables graphene to be regarded as a
possible candidate for electronic devices in the future [Mer08].

Beside these promising properties, other extraordinary features of graphene are also
discussed. For instance the large and planar surface area of a single sheet and low electrical
noise of graphene field effect transistors make it possible to be considered in optoelectronic
and sensor applications [Bao12] [Bon10] [Koc13].
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Figure 1.1. Graphene, a 2D building material for carbon materials of all dimensionalities. It can be wrapped up
into 0D buckyballs, rolled into 1D nanotubes or stacked into 3D graphite. Image from [Gei07].

Quasi-1D: Carbon Nanotubes

One area of particular interest where graphene has emerged as a rapidly rising star is
electrochemistry, which has widely benefited from the application of graphene as an electrode
material within a variety of sensing and energy storage devices [Xiol4] [Amb14]. An
essential characteristic of an electrode material is its surface area, which is important in
applications such as energy storage, biocatalytic devices, and sensors. Exhibiting a theoretical
surface area of 2630 m? g%, graphene materials have been considered to hold great promise
for many applications, in particular as electrode material, claiming superior electrochemical
performances when compared to traditional noble metals and various carbon based electrode
materials, such as graphite and carbon nanotubes (CNTs) [PumQ9] [Bro10].

Clearly, there are a variety of graphene materials with different properties. Some examples
include mechanically exfoliated pristine graphene [Nov04], reduced graphene oxide [Eda08],
chemical vapor deposited graphene [Katl4] and epitaxial graphene [RielQ]. The tremendous
progress in the fabrication of graphene has provided the possibility to use them in a
controllable and reproducible fashion in scientific experiments. Essential is the ability to
fabricate individual single layer graphene sheets. This can be achieved by different means, for
instance, micromechanical cleavage of graphite through which graphene sheets are directly
deposited onto the substrate by mechanical cleavage. This approach, also known as the



“scotch-tape” method [Nov04], is widely used in many laboratories to obtain pristine perfect-
structured graphene, but is restricted to small sample dimensions with incontrollable shape,
size and location.

Chemical reduction of graphite oxide, usually based on Hummers method [Hum58] is
considered to be the most economical way to produce reduced graphene oxide, with some
advantages such as scalable, high volume production and ease of chemical modification.
However, this approach does introduce some defects in graphene during the oxidation or
reduction steps, and results in abundant structural damage of the graphene.

A more controllable process for synthesis of graphene is chemical vapor deposition (CVD).
Recent development in the CVD process has led to the preparation of wafer-scale graphene
film on metal substrates (Ru [Sut08] [Log09], Ni [Kim09] and [Rei09] and Cu [Hul2]) with
single-layer yield as high as 95%. Although the CVD-graphene can only be produced on
certain metallic substrates and it requires additional transfer steps, leading to some
contaminations and destruction of graphene sheets, it still provides high conductivity and
transparency, which allows electronic and electrochemical sensors to benefit from the high-
yield and high-quality CVD graphene and enables the mass production of devices with high
reproducibility.

The significance of knowing what sort of graphene with what properties we are utilizing,
especially becomes noticeable when it comes to the fundamental issue of the electrochemical
performance of graphene, where the role of defects and impurities can be considerable
towards the sensing of a target analyte [Kum13] [Lin11]. In particular, as we learn from the
plethora of different properties attributed to the graphene, the presence and role of such
defects and impurities must be recognized and characterized. Raman spectroscopy, as will be
discussed in section 5.2, can be used to determine the number of graphene layers and stacking
order as well as density of defects and impurities. The critical role of the characterization of
graphene materials fabricated by different methods is particularly important for a comparison
between the efficiency and electrochemical performance of different graphene materials.

However, regardless of the preparation methods, graphene-based electrodes have
demonstrated their utility in electrochemical sensors for detection of different biomolecules,
as addressed in plenty of works [Pum11] [Wan11]. Extensively, biosensors based on enzymes
have been researched [Shal0], where enzyme immobilization of modified graphene has been
employed in order to construct efficient biosensors, suitable for selective and rapid analysis of
various biological species in vivo and in vitro. However, the performance of enzyme-based
sensors is greatly limited by enzyme immobilization techniques and detection environments
(pH, temperature, etc.). In addition, natural enzymes are both expensive and unstable due to
the intrinsic nature of the enzymes. Therefore, enzyme-free sensing is highly desirable and
has the advantage of high stability, simplicity, good reproducibility, and low cost.

The present work aims at application of graphene for electrochemical sensing, investigating
methods for graphene modification and functionalization, in order to improve the sensitivity
and stability of the electrochemical sensors based on graphene.



This dissertation is divided into eight chapters, following the line of concepts indicated in the
introduction section. In chapter 2 we will provide a thorough introduction to the electronic
properties of graphene materials, employing tight binding argumentation and then briefly
review those aspects of graphene’s properties most relevant to electrochemical applications.

Chapter 3 delivers an overview of the general concept of electrochemical sensors, following
an introduction to enzymatic and nonenzymatic approaches for electrochemical detection of
glucose.

In chapter 4 an introduction is given on the electrochemical instrumentation and detection
techniques utilized in this project, which is beneficial for understanding and interpretation of
the performed experiments and achieved results.

Chapter 5 begins with an overview of the sample preparation steps of different graphene
materials and focuses on the influence of the structural defects and device fabrication routs on
the signal enhancement in non-enzymatic detection of hydrogen peroxide.

The main results of our efforts for fabrication of a graphene-based electrochemical glucose
sensor will be presented in chapter 6, which mainly deals with the introduction of antidot
lattices on graphene surface and their role on non-enzymatic sensing of glucose.

At the end of this work, chapter 7 summarizes the main findings of this thesis, presenting a
brief outlook onto possible future experiments to employ graphene as an electrode material
for fabricating an array biosensor and thereby detecting numerous target analytes
simultaneously. This chapter is followed by an appendix (chapter 8), which mainly deals with
the many additional experimental techniques used throughout this work to functionalize
graphene surface through introduction of variable decorations both covalently and
noncovalently. This chapter is particularly beneficial for those readers who are interested in
studying enzymatic detection of glucose based on CVD graphene.



2. Properties of Graphene Materials

This chapter summarizes the most important structural and electrochemical characteristics of
graphene materials. In the first part of this chapter we introduce the band structure of
graphene and explain how the band structure calculated through tight binding model will
cause the charge carriers in graphene to be viewed as massless Dirac fermions.

The remainder of this chapter is dedicated to electrochemistry of graphene and sensing and
biosensing applications of graphene, which will be the focus of the next chapters of the work.

2.1 Structural properties of graphene

The carbon atoms in a graphene layer are sp>-hybridized (one s-orbital and two p-orbitals
hybridize together), forming three in-plane o-bonds per atom which in turn leads to the
formation of a hexagonal planar layer with a honeycomb-like atomic arrangement. The
hexagonal graphene lattice is displayed in a top view model in Figure 2.1 (A) and exhibits a
basis with two carbon atoms, A and B, per unit cell. These two atoms make up two non-
equivalent sublattices in graphene, with an interatomic nearest neighbor separation of a=
1.42 A. The A atoms are connected only to B atoms and vice versa, this is called a bipartite
lattice.

The real space unit vectors of the hexagonal lattice forming the basis of the unit cell are
expressed as: a; = a(3,v3)/2 and @, = a(3,—V3)/2 [Cas09], while the corresponding
reciprocal lattice  vectors 171 172 can be written as: bT = 2n(1,V3)/3a
and b, = 2m(1, —V3)/3a, defined by the condition @, .b, = 275},
unit vectors bT and b_z) of the reciprocal lattice are related by 90° from the unit vectors a; and
a, of the hexagonal lattice in real space. The three nearest-neighbor vectors in real space are
given by &, = a(1,v3)/2,8, = a(1,—V3)/2, 5; = a(1,0).We define the first Brillouian
zone (FBZ) of the reciprocal lattice in the standard way, as bounded by the planes bisecting

the vectors to the nearest reciprocal lattice points, illustrated in Figure 2.1 (B). This gives an
FBZ of the same form as the original hexagons of the honeycomb lattice, but rotated with

respect to them by 7/ 2.

i.e. the direction of the



Figure 2.1. Lattice structure of graphene (A) The honeycomb lattice structure of graphene showing the unit cell
in real space, which contains two sublattices marked A and B. The 2D-real space unit vectors @, and @, are

also indicated. (B) the first Brillouin zone of graphene with the reciprocal unit vectors, by and b, , and high
symmetry points I', M, K and K'.

Of particular importance for the physics of graphene are the three high symmetry points I', K
and M at the center, corner and center of the edge in the BZ respectively. In graphene, most of
the interesting physics occur near the two inequivalent BZ corners K and K’, where the bands

cross the Fermi energy E; . These are named Dirac points and their positions in momentum

space are given by K = (2n/3a,2n/3V3a) and K’ = (21/3a, — 21/3V3 a). If we change
the role of K and K" lattice points we actually reverse our time (flipping a K vector gives a K
vector). The time reversal is also connected to the chirality of particles: reversing time
changes the roles of particles and antiparticles (electron and holes in our case). So the K and
K’ states are not equivalent (e.g. an electronic state in K forces the K’ state to be positronic).
The electronic band structure of graphene shows a very interesting conic point at the K and K7
points in the Brillouin zone. The linear bands cross exactly at the Fermi energy, so that there
is only one state, which can be treated as a hole or as an electron. Since there are no
conducting states at the Fermi level, graphene behaves like a gapless semiconductor (also
called semi-metal).

2.2 Electronic Structure of graphene in the tight binding model

As mentioned before, each non-equivalent carbon atom in the unit cell has four valence
electrons, three out of which form strong ¢ covalent bonds at high binding energy, giving
graphene exceptional mechanical strength and structural rigidity within its layers.

The o bonding sp? orbitals are formed by the superposition of the s, py and py orbitals of
atomic carbon leaving the p, orbital unhybridized. The p,-orbitals of neighboring carbon
atoms overlap and form the distributed n-bonds that reside above and below each sheet and

cross the Fermi energy E- at the BZ corners K and K’ (Figure 2.2). These delocalized =

orbitals are responsible for the excellent conductivity in graphene and all the intriguing
physics.
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Figure 2.2. Band structure plot for graphene. Image from [Li10].

One of the simplest evaluations of the band structure and therefore the electronic properties of
graphene can be derived from the tight binding approximation for the band theory of graphite,
which was developed by Wallace long before graphene existed [Wal47]. This model is valid
when the overlap of the wave function is large enough so that corrections to the isolated
atoms are needed while at the same time not too large to invalidate the atomic description. In
this case, the wave function for electrons can be approximated by a linear combination of the
atomic wave functions. Thus the tight binding model is also known as the linear combination
of atomic orbitals (LCAO) approximation.

In the atomic description, the Hamiltonian for each carbon atom localized at #; and 7, is
[Zho07]:

Hy, = % 2 GNPy (2.1)
where V, is the atomic potential on each carbon atom.
The atomic wave function centered on each carbon site ¢ (7 — 7, ,) satisfy

H1,2<15(77 - F1,2) = E1,2¢(77 - ?1,2) (2-2)
In graphene, the total Hamiltonian is:
2 B - - =4
Hyz = +3:(V(7 -7 — R) + V(7 - %, — R)). (2.3)

The total Hamiltonian can be rewritten as the Hamiltonian for atom 1 or 2 with some
corrections (AH, and AH, ) which take care of the potential created by all other atoms.

Hy, = H; + AH, = H, + AH, (2.4)
The Bloch wave function is
P(r) = Yze®7p(7 — R) (2.5)
where the wave function ¢ is a linear combination of the localized wave functions qb(? - ?1’2)
¢() =c,(F—7) +co(F = 73) (2.6)

Here c,and c, are constants and ¢Z + ¢z = 1

The eigenenergies can be obtained by solving the Schrodinger equation

Hy(R) = E(kyw(R) (27)



yielding to

E(k) = B vy|f(k)| =

p+ )/\/1 + 4cos(k’2“—a) cos(\@;ya) + 4cosz(kx7a)

Here B is a small correction to the overall energy, defined as = (¢p(# — 1) |AH, | (F — 7)) ,
y the next nearest neighbor hoping integral defined as y = (¢ (¥ — 7)|AH,|p (7 — 7)),

f(E) =1+ etkd1 4 ¢ikd2 gnd q = \3a,. Figure 2.3 shows the m band dispersion of
graphene. The valence and conduction bands touch only at the six corners of the BZ. Since
each carbon atom contributes one electron, the valence band is completely filled up to the
Fermi level, where the valence and conduction bands merge. Because of this, graphene is
known as a semi-metal or zero-gap semiconductor.

(2.8)

Figure 2.3. Energy dispersion as a function of the wave-vector components k, and k,. The lower and the upper
surfaces denote the valence and the conduction energy bands, respectively. Image from [Cas09].

2.2.1 Massless Dirac fermions and massive quasiparticles

The low energy electronic structure of graphene near the corners of the BZ is extremely
important since it determines the transport properties as well as various exotic phenomena
observed in graphene.

To obtain the low energy electronic structure near the zone corners K (K'), we expand f (E) to
the first order around the Brillouin zone corners K, k = K + &:

N .— V3a
fk) =1+ 2e"2 cos(==+ 2?”) = —%(@ — iKy) (2.9)
EqQ. 2.16 reduces to

V3a 0 }zx - l’zy Cq1 — Cq
_ysa = ) 2.10
2 ¥ (ﬁx +ik, 0 ) () = 2@ ;) (2.10)
Thus the Hamiltonian is
H=- % +y(ke0, + Ky0o,) = —hVpK.T (2.11)

where g, and o, are the Pauli matrices and vy = \/3ay/2h. The dispersion relation in Eq.

2.11 becomes E(k) = +v3ay |E|/2 = —hvyk. This is analogous to the dispersion relation

formulated in Einstein’s relativistic theory E = +,/(m2c* + ¢2p?), with zero effective mass



m=0 and the speed of light ¢ replaced by the Fermi velocity, Vg , which is =300 times smaller.

This suggests that electrons in graphene are governed by a two-dimensional version of the
relativistic quantum theory introduced by Dirac, which holds for massless relativistic
Fermions (e.g. neutrinos). Because of this, the low energy quasiparticles in graphene are also
described as “Dirac fermions” and the points where the valence and conduction bands merge
are called “Dirac points”. This Dirac physics of the charge carriers is the root cause of a lot of
interesting physics observed in graphene. Starting from the very first observation of an
anomalous, so called half integer, quantum Hall effect in graphene [Nov07] [Zha05] where
the sequence of steps in the Hall conductivity is shifted with1/2, with respect to the classical
quantum Hall effect. Another consequence of the gapless linear bands is the peculiar
scattering properties of the charge carriers, which for certain incidence angles on electrostatic
potential barriers can have a transmission probability of 1 [Bee08]. This, so called Klein
tunneling causes the charge carriers in graphene to be unhindered by electrostatic potentials
[Rob12].

Perhaps the most interesting aspect of graphene physics is that the band structure and physical
properties of this material may be influenced by nanostructuring, functionalizing,
mechanically straining, etc., yielding rich new physics to be studied and exploited [Fuhl0]
[Gei07] [Bar09].

Figure 2.4 shows a schematic drawing of the low energy dispersion near E. . The peculiar

linear dispersion for the valence and conduction bands results in many intriguing properties.
First of all, the “Fermi surface” in graphene contains only six points, rather than a true Fermi
surface. Because of the finite number of points at the Fermi surface, the density of states is

vanishingly small at E .

Moreover, the linear dispersion also gives rise to many properties in graphene that are
different from those in two dimensional semiconductors.

A B
E(k) E(k)
r s F 3
Holes
(conduction band)
>k >k
electrons
(valence band)
272
E:hk,(= E=xhv.k
2m

Figure 2.4. Energy gap in a conventional semiconductor vs graphene: Energy dispersion of (a) a typical two-
dimensional semiconductor and (b) that of graphene, which is a zero-gap semiconductor.
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In semiconductors, the typical band dispersions show a quadratic behavior (Figure 2.4), and
the electrons can be described by nonrelativistic theory formulated in Schrodinger equation.
An electron in these systems is modeled as a quasi-particle with a finite (“massive” compared
to zero) effective mass m* = h?(d?E/dk?)~1. The mass is usually different from the non-
interacting electron mass and this mass renormalization is used to take into account the effects
of electron-electron interaction and electron-phonon interaction. The velocity of electrons
v = (1/h)(0E/0k) changes as a function of electron binding energy. The electron in
graphene, however, shows a linear dispersion relation +E (k) = thvgk and travels with a
constant velocity.

2.3 Basic electrochemistry of graphene

One area which has considerably benefited from carbon based materials is the field of
electrochemistry, where carbon materials are at the forefront of innovation and widely utilized
both analytically and industrially. As indicated in many studies, carbon materials have the
potential to outperform the traditional noble metals in many areas [Broll]. In particular,
graphene has been reported to be advantageous in various electrochemical applications
ranging from sensing through to energy storage and generation [Broll] [Racl5]. This
diversity and success stems largely from the often-cited advantages of graphene, including
chemical stability, low cost, wide potential window, relatively inert electrochemistry, rich
surface chemistry and electro-catalytic activity for a variety of redox reactions [Brol4]
[Mcc08].

It has been shown that graphene exhibits high electrochemical capacitance with excellent
cycle performance and hence has potential application in ultracapacitors [Sto08] [Mis11].
Shao et al. reported that graphene shows much higher electrochemical capacitance and
cycling durability than CNTSs. The specific capacitance was found to be ~165 and ~86 F/g for
rGO and CNTSs, respectively [Shal0Oc].

The electrochemical properties of graphene as electrode materials have been highly explored
recently. It is well established that the choice of electrode material has a significant effect on
the observed electrochemical signature in terms of the electrode’s geometry, choice of
composition and surface structure [Brol4]. When reviewing the essential characteristics of an
electrode material for widespread applicability within electrochemistry, graphene’s
advantages become apparent. Due to its favorable electron mobility and unique surface
properties, such as one-atom thickness and high specific surface area, graphene can
accommodate the active species and facilitate their electron transfer at electrode surfaces.
Furthermore, the high surface area of graphene facilitates large amounts of electroactive sites,
which is favorable for loading high amount of biological species on the electrodes employed
in electrochemical sensing applications.

Graphene’s conductivity remains stable over a vast range of temperature, encompassing
stability at temperatures as low as liquid Helium, where such stability is essential for
reliability within many electrochemical applications [Bro10].
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Considering the arguments already mentioned, graphene holds inimitable properties that are
superior in comparison to other carbon allotropes of various dimensions and from any other
electrode material, thus suggesting that graphene is a more favorable electrode material that
could potentially yield significant benefits in many electrochemical applications.

2.4 Graphene for sensing applications

The beneficial implementation of graphene as a sensor substrate has been widely reported for
the detection of a diverse range of analytes including numerous bio-molecules, gases and
miscellaneous organic and inorganic compounds.

Graphene-oriented sensors can be expected to be highly sensitive for detecting individual
molecules on and off its surface. The high sensitivity of graphene emerges due to two primary
reasons: 1) the 2D nature of graphene allows total exposure of all of its atoms to the adsorbed
target molecule, providing the high surface area per unit volume, and 2) it is inherently a low-
noise material due to the quality of its crystal lattice, which leads to screen charge fluctuations
more than one dimensional systems such as CNTs [Alil6].

Furthermore, graphene is an excellent conductor of electrical charge. Heterogeneous electron
transfer (the transfer of electrons between graphene and the molecule in the solution necessary
for the oxidation/reduction of electroactive species) occurs at the edges of the graphene or at
plane defects, rather than the basal plane-the latter is sometimes referred to as being inert-due
to the oxygen-containing groups present at the graphene edges.

The realization of devices employing such properties has been tried in various graphene-based
systems over the last few years. For instance, a graphene-based gas sensor has been
demonstrated to be one of the promising materials allowing the ultimate sensitivity, detecting
the adsorption of individual gas molecules with fast response time at room temperature
[SchO7].

The working principle of graphene devices as gas sensors is based on the changes of their
electrical conductivity induced by surface adsorbates, which act as either donors or acceptors
associated with their chemical natures, preferential adsorption sites and the surrounding
atmospheres [Sch07] [Col00] [Ao008]. By monitoring changes in resistivity, minute
concentrations of certain gases present in the environment can be well sensed. Till now, a
number of groups have demonstrated good sensitivity for the detection of NO,, NH3, and
other gaseous molecules under ambient conditions by using chemically derived graphene-
based sensors [A008] [Hua08] [Fow09]. Some reports have also confirmed high sensitivity of
sensors based on graphene nanocomposites decorated with metals and metal oxides for
hydrogen [Alm10] [Lan11], carbon monoxide [Say15] and ethanol [Jiall] in the gas phase.

Another enticing scope is the use of graphene in biological devices for biosensing, where the
excellent electrochemical and structural properties of graphene open up possibilities for
designing and preparing graphene-oriented electrodes for a wide range of biosensing
applications. Although CNTs offer many advantages in fabricating electrochemical devices,



12

graphene with favorable properties compared to CNTSs, has opened a new horizon in the field
of electrochemical sensing and biosensing applications. The primary distinguishing
characteristics of graphene in comparison to CNTs are graphene’s high biocompatibility, ease
of processing, low cost and facile chemical functionalization, which offer a better alternative
for high performance chemical and biological sensors [VamO06].

Additionally, graphene’s high surface area to volume ratio provides more uniform distribution
of electrochemically active sites than electrodes made from graphite and CNTs [Pum09]. This
is advantageous for higher enzyme loading, thereby increasing the sensitivity of graphene-
based biosensors [All10], since the whole surface area can be activated and even small
changes in the charge environment caused by the adsorption of molecules can give
measurable changes in their electrical properties [Yan10].

Graphene-based materials are considered to provide a suitable microenvironment for
biomolecules immobilization, facilitating electron transfer between the immobilized
biomolecules and electrode substrates. Novel graphene-based biosensors have been made
regarding the fact that graphene oxide possess reactive functional groups that can easily bind
with the free —NH; terminals of the enzyme or protein to result in a strong amide covalent
linkage [Sha09] [Alw09] [KanQ9].

Graphene materials have also been employed for sensitive and selective electrochemical
detection of nucleobases, nucleotides, single stranded DNAs (ssDNA), and double stranded
DNAs (dsDNA), where the existence of -rich conjugation domains gives graphene the ability
to interact with DNA molecules via n-m stacking interactions. Such electrochemical DNA
sensors may provide a simple alternative approach for DNA analysis and sequencing [Liul2].
Stacked graphene nanofibers have been reported to be used to distinguish the four
nucleobases, resulting in a sensitivity two to four folds higher than CNT-based electrodes, due
to numerous open edges of individual graphene nanosheets which are much more
electrochemically active compared to the basal carbon plane [Amb10b].

Graphene has also proved to be an ideal platform for rapid and sensitive detection of DNA
hybridization and polymorphism, correlated to the development of Alzheimer's disease.
Investigating the influence of various same-sized graphene platforms with different layer
numbers on the impediometric detection of DNA polymorphism, single layered graphene
provided the best sensitivity, as Bonnni et. al. reported [Bon11].



3. Electrochemical Biosensors

The modern concept of biosensors owes much to L. Clark and C. Lyons due to their first
report about a glucose sensor at the New York Academy of Sciences Symposium in 1962
[Cla62], in which they showed that glucose in whole blood could be monitored by measuring
the amount of oxygen consumed through the use of an amperometric electrode. Clark’s work
and the subsequent transfer of his technology to Yellow Springs Instrument Company led to
the successful commercial launch of the first dedicated glucose biosensor in 1975 [Wil00].
Since then, various forms of electrochemical biosensors have been developed due to their
high sensitivity, selectivity, ability to operate in turbid solutions, and amenability to
miniaturization.

But what exactly is a biosensor? In its broadest sense, a biosensor is defined as an analytic
device comprising three structural elements: a recognition element, a transducer, and an
amplifier [Gri08]. The recognition component, which is any element sensitive to the analyte
of interest, includes biological elements, ranging from tissues and cells to antibodies,
enzymes, receptors, and nucleic acids, etc. Although biosensing devices employ a variety of
recognition elements, electrochemical detection techniques have so far used predominantly
enzymes. This is mostly due to their specific binding capabilities and biocatalytic activity
[Egg02], [Dor03] and [Sch02]. It is important to note that the biological recognition element
is either integrated within or in close proximity to the transducer.

The transducer acts as an interface between the biological element and the amplifier, thereby
performing a detector function. The main role of the transducer is to transform the signal
originating from the interaction between the analyte and the recognition element into a
recognizable and/or quantifiable physical output, for example, a current in an amperometric
biosensor. Major types of transducers include electrochemical, optical, piezoelectric, and
calorimetric transducers, which measure the changes in electric distribution, optical
properties, mass, and thermal properties, respectively. Finally, the amplifier amplifies the
transducer signal, which is displayed in a user-friendly way. Examples of these components
along with a schematic view of a biosensor are illustrated in Figure 3.1.

The compilation given in Figure 3.1 helps one to understand which parameters change during
a biological recognition event in a biosensor. This knowledge is fundamental for developing
and optimizing biosensors. The choice of the transduction process and transduction material is
dependent on this knowledge as well as the chemical approach to construct the sensing layer
on the transducer surface.

The choice of the biological recognition element is the crucial decision that is taken when
developing a novel biosensor design. Among the various recognition elements listed, enzymes
are the most common and well developed, because they combine high chemical specificity
and inherent biocatalytic signal amplification [Alk13].

13
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Figure 3.1. Biosensor components : (A) Schematics of a biosensor set-up. (B) Examples for biosensor
components.

Most biosensors use electrochemical detection for the transducer because of the low cost, ease
of use, portability, and simplicity of construction. The reaction being monitored
electrochemically, typically generates a measurable current, a measurable charge
accumulation or potential, or alters the conductive properties of the medium between
electrodes.

Depending upon the electrochemical property to be measured by a detector system,
electrochemical biosensors may further be divided into conductometric, potentiometric and
amperometric biosensors.

Conductometric devices are based on the measurement of changes in conductance between
two metal electrodes as a result of a biochemical reaction, whereas potentiometric biosensors
measure the potential difference between the anode and the cathode as a function of analyte
concentration. Finally, amperometric biosensors measure the current change resulted by
chemical reaction of electroactive materials while a constant potential is being applied. The
amperometric biosensors are known to be more reliable, inexpensive and highly sensitive for
the clinical, environmental and industrial purposes [Cha02].

The biosensor’s performance is usually experimentally evaluated based on its sensitivity, limit
of detection (LOD), linear and dynamic ranges, reproducibility or precision of the response,
selectivity and its response to interferences. Other parameters that are often compared include
the sensor’s response time (i.e. the time after adding the analyte for the sensor response to
reach 95% of its final value), operational and storage stability, ease of use and portability.
Figure 3.2 summarizes the key features of typical biosensors as well as several factors that are
of additional importance for commercial devices.
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Figure 3.2. List of key characters of a biosensor

Ideally, the sensing surface should be regenerable in order for several consecutive
measurements to be made. For many clinical, food, environmental, and national defense
applications, the sensor should be capable of continuously monitoring the analyte on-line.
However, disposable, single-use biosensors are satisfactory for some important applications
such as personal blood glucose monitoring by diabetics.

3.1 Glucose sensors

The metabolic disorder of diabetes mellitus results in the deficiency of insulin and
hyperglycemia and is reflected by blood glucose concentration higher or lower than the
normal range of 80-120 mg dL* (4.4-6.6 mM). The complications of battling diabetes are
numerous, including higher risks of heart disease, kidney failure, or blindness. The World
Health Organization (WHO) estimated the prevalence of diabetes worldwide to be
approximately 9% of adults aged 18+ in 2014, announcing the disease as a leading cause of
death and disability. Diagnosis and management of diabetes mellitus requires a tight
monitoring of blood glucose levels, stimulating scientists to develop novel techniques through
which patients can easily monitor their blood glucose levels. In particular, electrochemical
glucose sensors have played a leading role in the move to efficient and easy-to-use blood
sugar testing, alerting a person if their blood glucose levels are out of the normal range.

Electrochemical methods may be broadly grouped into two main categories: enzymatic and
non-enzymatic approaches. While the former group is glucose specific, the latter is broadly
adaptable and may be used to detect not only glucose, but also an assortment of other
carbohydrates.
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3.1.1 Enzymatic glucose biosensors

Glucose oxidase (GOD) is the most frequently employed enzyme for the development of
electrochemical glucose biosensors [Pri03]. It possesses relatively higher selectivity for
glucose and is able to withstand a wider range of pH, ionic strength and temperature,
compared with any other enzymes, thus allowing less stringent conditions during the
manufacturing process and relatively relaxed storage norms for use [Hel08].

The first glucose enzyme electrode introduced by Clark and Lyons of the Cincinnati
Children’s Hospital [Cla62], relied on a thin layer of GOD entrapped over an oxygen

electrode through the following reaction:

glucose+O, %gluconicacidHHzO (3.1)

A negative potential was applied to the platinum cathode for a reductive detection of the
oxygen consumption

02 +4H" +4e > ZHZO (3.2)

The first product based on the above technology was commercialized by the Yellow Spring
Instrument company (Y SI) using only 25 pL. whole blood samples.

The entire glucose sensor market has grown rapidly since then, leading to the development of
three generations of glucose biosensors. The differences among the generations are mainly
concerned with the mode of electron communication between the redox centers of the
employed enzyme and the electrode.

3.1.1.1 First-Generation bhiosensors

The first-generation glucose biosensors rely on the use of the natural oxygen and generation
and detection of hydrogen peroxide (Egs. 3.3 and 3.4) [Wan08]. The biocatalytic reaction
involves the reduction of the flavin adenine dincleotide (FAD) in the enzyme by reaction with
glucose which results in the reduced form of the enzyme (FADH,)

GOD (FAD) + glucose — GOD (FADH_) + gluconolactone (3.3)

The reoxidation of the cofactor of GOD enzyme occurs in the presence of molecular oxygen,
resulting in the formation of hydrogen peroxide (H,0O,) as

GOD (FADH,) + O, — GOD(FAD) + H,0, (3.4)

Thus, the rate of reduction of oxygen is directly proportional to the glucose concentration that
is enumerated by either measuring the reduced oxygen concentration or increased
concentration of hydrogen peroxide. Hydrogen peroxide thus produced as a byproduct is
oxidized at a platinum (Pt) anode. The electric current is measured and correspondingly, the
number of electrons transferred is directly proportional to the number of glucose molecules
present.

H,O0,— 02+2H++29_ (3.5
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Measurements of peroxide formation have the advantage of being simpler, especially when
miniaturized devices are concerned. However, the main problem with the first generation is
electroactive interference, since a relatively high electric potential was needed to measure the
H,0,. The high potential leads to endogenous reducing species, such as ascorbic and uric
acids and some drugs, like acetaminophen [Wan08]. Another drawback is the oxygen
dependence. As shown in Equation (3.4), the oxygen amount is a limiting factor (oxygen
deficit) that controls the changes in sensor response and the upper limit of linearity.

3.1.1.2 Second-Generation bioensors

The abovementioned limitations of the first-generation glucose biosensors were overcome by
using mediated glucose biosensors, i.e., second-generation glucose sensors.

Since the FAD redox center of the GOD is surrounded by a thick protein layer, the direct
electron transfer from GOD to traditional electrodes is blocked. Various strategies have been
employed to facilitate electron transfer between the GOD redox center and the electrode
surface, such as employing nanomaterials, like gold nanoparticles (NPs) [Hol11] or CNTs
[Woo014] as electrical connectors between the electrode and the FAD center. Covalent
bonding of redox polymers is another approach to reduce the distance between the redox
center of the polymers and the FAD center of the enzymes, which leads to a high current
output and fast sensing response [Deg89].

The sensor performance was further improved by replacing oxygen with a nonphysiological
electron acceptor (called redox mediators), that was able to shuttle electrons from the enzyme
to the surface of the working electrode. The reduced mediator is formed instead of hydrogen
peroxide and then reoxidized at the electrode, providing an amperometric signal and
regenerating the oxidized form of the mediator. The reaction can be described as follows
[Tog10]:

Glucose + GODx) — gluconic acid + GOD eq) (3.6)
GOD(,—ed) + ZM(OX) — GOD(OX) +2 M(red) +2H" (37)
2M(red) — 2M(0X) +2e (38)

where M) and M.q are the oxidized and reduced forms of the mediator. Artificial electron-
carrying mediators, like ferrocene derivatives, ferricyanide, transition-metal complexes, etc.
are of particular interest, fitting the criteria for a good mediator, such as (i) reacting rapidly
with the reduced enzyme while not reacting with oxygen, (ii) good electrochemical properties,
like low operational potential, (iii) low solubility in aqueous medium, (iv) chemical stability
in both reduced and oxidized forms [Bor12].
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3.1.1.3 Third-Generation bioensors

In order to avoid complications offered by synthetic or natural mediators in second generation
biosensors, new strategies for direct electron transfer between the electrode and active center
of enzyme have been researched [Bar14] [Tas11], with the aim of developing highly selective
and sensitive third-generation biosensors. The absence of mediators is the main advantage of
such third-generation biosensors, leading to a very high selectivity (owing to the very low
operating potential). However, as discussed earlier, critical challenges must be overcome for
the successful realization of this direct electron-transfer route, owing to the globular structure
of GOD with the active site, containing FAD/FADH, redox cofactor, buried deep inside a
cavity of ~13A°, which is a major hinderance for direct electron flow.

Figure 3.3 summarizes various generations of amperometric glucose biosensors based on
different mechanisms of electron transfer, including the use of natural secondary substrates,
artificial redox mediators, or direct electron transfer.

glucose gluconolactone glucose gluconolactone
FAD FADH, FAD FADH, glucose gluconolactone

s ) < N ¢ N

H,0, 0, Medggp Medy FAD FADH,

| ELECTRODE ﬂ | ELECTRODE ﬂ | ELECTRODE g

A B C

Figure 3.3. Summary of enzymatic glucose oxidation mechanisms , presented as (a) first, (b) second and (c)
third generation sensors.

Although enzyme electrodes have witnessed massive progress and commercially available
glucosemeters have opened broad opportunities for monitoring glucose level in real time
[Gall5], notable drawbacks and disadvantages have been extensively interrogated, which
originate mainly from the nature of GOD. Principally, the activity of enzyme is prone to be
affected by temperature, acidity, and toxic chemicals, resulting in poor reproducibility and
stability. Furthermore, laborious and complex protocols are required to immobilize enzyme on
electrode, complicating the fabrication procedures and thus affecting their final performance
[Urb15]. Because of the mentioned flaws, fabrication of enzyme-free glucose sensors has
been continuously motivating research interests.

3.1.2 Electrochemical non-enzymatic glucose sensors

Various studies have been conducted to alleviate the drawbacks of enzymatic glucose sensors.
A non-enzymatic amperometric sensor for direct determination of glucose is an attractive
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alternative technique to solve the disadvantages of enzymatic biosensors, especially because
of their higher repeatability and stability. Instead of facilitating the needs of a fragile and
relatively difficult enzyme, non-enzymatic electrodes strive to directly oxidise glucose in the
sample. This is an ideal system which was first investigated a century ago by Walther Lob
[Togl0], who electrochemically oxidised glucose in sulphuric acid at a lead anode. This
occurred long before the fabrication of the Clark oxygen electrode, though extensive research
on the non-enzymatic approach actually coincided with enzymatic development.

The performance of non-enzymatic glucose sensors relies mostly on two factors: the efficient
electron transfer rate and an excellent catalytic material. A number of catalytic materials such
as noble metals (Au, Pt) [Bad14] and their alloys (Pt-Pb, Pt-Ru, Pt-Au, Ni-Pt) [Sunl5],
transition metals and their oxides (Ni, Cu, CuO, NiO, CoO, MnO,, Co30,4) [Rei08] [Saf09]
[Sul6], CNTs [Lerl3] and graphene [Teh15] have been explored to fabricate enzyme-free
glucose sensors.

The development of non-enzymatic glucose sensors has risen over the past decade at a
considerable rate. In addition, the fabrication of a wide variety of nanomaterials has
introduced a plethora of selective and highly responsive glucose sensors. Research into this
area of sensing is therefore evidently in full force.

Before we discuss the experimental techniques that we used throughout this work in order to
fabricate an enzymatic, as well as non-enzymatic graphene based glucose sensor, a
fundamental introduction of the experimental electrochemical methods and a general
description of the setups is needed, which is provided in the next chapter.






4. Experimental Techniques and Instrumentations

This chapter focuses primarily on the introduction of electrochemical instrumentation and
detection techniques utilized in this project. The aim of this chapter is to enable the reader to
understand the experiments as well as the interpretations of the results presented in the next
chapters. Therefore, in the first section of this chapter an introduction on the electrochemical
cell and its components is presented. The second section deals with a short summary on the
most commonly used techniques for the electrochemical detection, including cyclic
voltammetry, amperometry and electrochemical impedance spectroscopy (EIS).

4.1 Electrochemical cell

An electrochemical cell is used to generate voltage and current from chemical reactions or
induce chemical reactions by the input of electrochemical signals [Li13]. It can be formed by
two or three electrode systems. The two electrode system is the simplest approach to the study
of current/voltage characteristics, but often has far more complex results and corresponding
analysis. Two-electrode setups are used in the experiments where measurement of the whole
cell voltage is significant, for example electrochemical energy storage or conversion devices
like batteries, fuel cells, photovoltaic panels, etc. [Bar02]. The three-electrode cell setup is the
most common electrochemical cell setup used in electrochemistry and consists of the working
electrode, auxiliary or counter electrode and reference electrode, employing a potentiostat as
the measuring and control device. Three-electrode setups have a distinct experimental
advantage over two electrode setups: they measure only one half of the cell. That is, the
potential changes of the working electrode are measured independent of changes that may
occur at the counter electrode.

A brief description of the components of a three-electrode setup is presented in the following.

4.1.1 Potentiostat

Potentiostat is an electronic instrument fundamental to modern electrochemical studies, which
is utilized along with a three-electrode cell, for investigations of reaction mechanisms related
to redox chemistry and other chemical phenomena.

A potentiostat is mainly used for two reasons:

1) To accurately control the voltage between the working and the reference electrode,

2) For measuring the current flow between the working and the counter electrode.

The working electrode (WE) is the electrode in an electrochemical system which makes
contact with the analyte. Its surface is the place where the reaction of interest occurs. After the
WE is applied with a certain potential, the transfer of electrons between electrode and analyte
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takes place. Common WEs can be made of inert materials such as Au, Ag, Pt and carbon
materials.

The reference electrode (RE) is an electrode which maintains a stable voltage and is used as a
point of reference in the electrochemical cell for the potential control and measurement. The
high stability of the RE potential is usually reached by employing a redox system with
constant (buffered or saturated) concentrations of each participants of the redox reaction.
There are two common and commercially available RE types:

1) Ag/AgCI Electrode: There is a silver (Ag) wire coated with silver chloride (AgCl) and
dipped into sodium chloride (NaCl) solution at E° = +0.22V

AgCl+e” — Ag+Cl” (4.1)

2) Saturated-Calomel Electrode (SEC): It consists of mercury, which is in contact with a paste
of Calomel (other name of mercurous chloride (Hg,Cl,)), dipped into a saturated solution of

potassium chloride (KCI) at E° = +0.24V
Hg,Cl, +2e” — 2Hg + 2CI? (4.2)

As soon as a current passes a RE, it is polarised, that means its potential varies with the
current. Hence, to maintain a stable potential, no current is allowed to pass the RE. Now, how
can we achieve to maintain a constant potential difference between the reference electrode
and the working electrode? We are forced to introduce a third electrode, which is called
counter electrode.

The counter electrode (CE), also known as auxiliary electrode, is an electrode which is used to
close the current circuit in the electrochemical cell. It is often fabricated from
electrochemically inert materials such as gold, platinum or carbon, and usually does not
participate in the electrochemical reaction. The current flows between the WE and the CE,
high enough and in proper polarity to keep the WE potential at a constant value with respect
to the RE. The total surface area of the CE must be larger than the area of the WE so that it
will not be a limiting factor in the kinetics of the electrochemical process under investigation.
The potential of the CE is not measured against the RE but adjusted to balance the reaction
occurring at the WE. This configuration allows the potential of the WE to be measured
against the RE.

The potentiostat must have a bipolar operational amplifier (OPA) with two inputs: an
inverting input and a non-inverting one, which has following qualities: By introducing a
voltage into the non-inverting input of an operational amplifier, it will produce an amplified
voltage (or current) of the same sign. By introducing the voltage into the inverting input, the
result will be a signal of the same magnitude, but of opposite sign. To close the loop, the
working electrode must be connected to the non-inverting input (+), the reference electrode to
the inverting input (-), and the counter electrode to the output. The difference between WE
and RE will be amplified and inverted by the OPA. A matching current is fed to the CE. The
control circuit is closed by the cell, where the current passes the electrolyte from the CE to the
WE. This polarises the WE exactly so that the difference between the RE input and the WE
input is set to zero. Doing so, you can keep the potential of the working electrode exactly on
the potential of the reference electrode. If you want to shift the potential of the WE to some
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other value referring to RE, you only must insert a voltage in series between reference
electrode input and the reference electrode.

To measure the current through the CE, the system needs a resistor (R) in the CE wiring,
across which a voltage can be measured, proportional to the current flowing.

The RE input is commonly protected by an input resistor (RS), which prevents the potential
amplifier from being destroyed by static high voltage shocks, when the input is open.

Schematic illustration of the three-electrode system has been shown in Figure 4.1

—— Potentiostat

WE
RE
CE

Phosphate buffer solution

Figure 4.1. Basic diagram of a potentiostat and a three-electrode cell

The three electrode set-up illustrated in this section can be used for different electrochemical
measurements. Next sections will describe in detail some of the most common
electrochemical analytical techniques and their applications in the field of electrochemical
sensing.

4.2 Cyclic voltammetry

Cyclic voltammetry (CV) is a type of electroanalytical technique which provides information
on the thermodynamics of redox processes, adsorption processes and the kinetics of electron
transfer reactions. It is the most widely used measuring technique in electrochemical analysis.
In a typical cyclic voltammetry, the potential is ramped linearly versus time and a pair of
well-defined redox peaks are observed. Single or multiple cycles can be performed depending
on the requirements of specific analysis. In a CV experiment, the voltage is measured between
the reference and the working electrode, and the current is measured through the working and
the counter electrode.

Using an electrochemical set-up along with a potentiostat, a current-voltage curve can be
recorded. When current | flows in an electrochemical cell, a potential drop between the
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reference electrode and the working electrode occurs, determined by ixR, where R is the
resistance owing to the electrolyte between the working and the reference electrode, known in
this case as uncompensated resistance. This resistance causes a drop in potential in the
solution during current flow owing to Ohm’s law. This drop increases with solution resistivity
and with the distance between the working electrode and the reference point. Therefore, it is
always advisable to place the reference electrode outside the path of ion migration between
the working and the counter electrode. When this is not possible because of the setup
configuration, one should try to place the reference electrode as close as possible to the
working electrode to avoid large potential drops between the working and the reference
electrode, which are responsible for incorrect potential measurement or control.

Figure 4.2 shows the principles for the generation of a cyclic voltammetric curve. A linearly
dependent potential (in relation to the reference electrode) is imposed on the working

electrode, being switched between two potential values ( E;and E,) at a fixed rate. A CV scan
begins at the initial potential, E,, and proceeds to the final (or reverse) potential (E,). After

reaching the set potential (E,), the scan is reversed and the voltage is switched back to E, .

The inversion of scanning can happen multiple times during a single experiment. The scan
rate (v) is the change of potential as function of time (v = dE/dt) and can be deduced from
the gradient of the curve (Figure 4.2 A). The scan rate is a critical factor, since the duration of
scan should provide sufficient time to allow the chemical reaction to be complete. During the
scan, the flowing current is recorded. Because potential and current are both functions of time,
they can be easily interrelated and the current flow can be plotted as a function of the applied
electrode voltage. Figure 4.2 B shows the result of a CV experiment: a cyclic voltammetric
curve, or voltammogram.

As illustrated by the CV curve, when the voltage is increased from E, to E,with scan rate v,
at first almost no current flows.

Voltage (vs RE)
Current

Y

Time - 0

Voltage (vs RE)’

Figure 4.2. Principles for the generation of a CV curve. During CV, a potential (in relation to the used reference
electrode) is applied to the working electrode (A). A CV scan starts at the initial potential, E;, proceeds to the
final potential (reverse potential), E,, and then proceeds back to E; with a certain scan rate, v; thus, the flowing
current is recorded. The spectrum show the applied potential. The derived spectrum (B), which shows the current
as a function of potential, is called a cyclic voltammetric curve.
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From a certain potential, the current begins to increase up to a maximum value owing to an
electrochemical oxidation reaction on the electrode surface, and then decreases afterwards.

This maximum current is called the peak current, for the anodic oxidation process (ipA). The
respective potential where the maximum current occurs is called peak potential, here anodic
peak potential ( E , ). After reaching E,and decreasing the potential back to E, , the respective

reduction reaction starts to proceed and the peak cathodic current (ipc) and the associated

peak potential (E,.) can be identified.

4.3 Amperometry

The principle of amperometry is based on the continuous measurement of the current between
the working and counter electrode. In amperometric electrochemical sensors, the current
generated by redox reaction of an analyte at the WE is measured as the sensor signal while a
fixed potential is being applied between the WE and the RE. The measured current is directly
proportional to the concentration of a redox active species in the analyte solution. The
electrical potential of the WE versus the measured solution is achieved by a separate RE and
is controlled by a potentiostat electronic system. The relationship between current and
concentration is linear, typically over 3 orders of magnitude, and measurements with high
sensitivity (ppm and ppb) are possible with excellent measurement accuracy under constant
potential conditions.

4.4 Chronocoulometry

Chronocoulometry is an electrochemical technique to evaluate the electrodeposition behaviors
and belongs to the family of step techniques. As its name implies, chronocoulometry is the
measurement of charge (coulombs) as a function of time (chrono) [Sko07]. Applications of
this technique include measurement of electrode surface area, diffusion coefficients,
concentration, kinetics of both heterogeneous electron transfer reactions and chemical
reactions coupled to electron transfer, adsorption, and the effective time window of an
electrochemical cell. In this technique the experiment starts at a potential where no reaction is
occurring. The potential is then changed instantaneously (stepped) to a potential where either
the oxidation or reduction occurs. The current vs. time plot for during this potential step can
be described by the Cottrell equation, the most useful equation in chronoamperometry

i, = (2nFADY*Ct"%) / n** (4.3)

that is, the current decreases as a function of t*2.
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Here, n, F, Cy, and D are the number of electrons transferred, Faraday constant (in
Coulombs/mole), concentration of analyte in solution (in moles/cm?®) and diffusion constant of
the analyte (in cm®/s™) [Bar01].

The response for the chronoamperometry experiment, charge (Q) vs. time curve is then
obtained by integrating the Cottrell equation,

Q, = (2nFADY2Ct"?) | z? (4.4)

From this data the surface area of the electrode as well as the effective time window of an
electrochemical cell can be determined (See sec. 5.3.1).

4.5 Electrochemical impedance spectroscopy

Electrochemical Impedance Spectroscopy (EIS) has been known as a powerful technique for
the characterization of electrochemical systems. In the majority of EIS experiments [Bar05],
a sinusoidally varying voltage, U, is applied by a potentiostat across the WE and RE in a
three-electrode cell containing a solution of electrolyte harboring the molecule under
investigation. The magnitude of the voltage of the fixed sinusoidal voltage is dependent upon
the type of molecular system under investigation [Hir08]. Biological molecules tend to be
subject to smaller voltages than non-biological ones as the structures of the biological
molecules are easily denatured this way [Ran13]. Through the application of this potential,
one measures the resulting current response, | [Kat03], [Wil 05]. By varying the excitation
frequency, o, of the applied potential over a range of frequencies, one can determine the
complex impedance, sum of the real and imaginary impedance components, of the system as a
function of the frequency (i.e. angular frequency ). Therefore, EIS combines the analysis of
both real and imaginary components of impedance denoted by Z (©) and Z (w) respectively,
as shown in Equation 4.4 [Pat99] [T1i06]

U(jo)
I(jow)
Using the calculated (processed) data, the real and imaginary impedances are determined and
plotted against each other for different perturbation frequencies in what are called Nyquist
impedance spectra (Figure 4.3). Another representation called Bode diagram, which shows the
logarithm of the impedance modulus (log|Z|) and the phase displacement as function of the
logarithm of frequency, is also a common way of analysing impedance data providing explicit
information on the frequency dependence of the impedance.

Z(jo) =

=Z(0)+ jZ (w); w=2rf (4.5)

The impedance can be approximated by the solution resistance (Rs), double layer charging at
the electrode surface (Cqj), charge transfer resistance (R), and the so-called Warburg Element
(Zw), as depicted in the inset of Figure 4.3. The combination of these elements is known as a
Randles circuit [Ran13]; such circuits are habitually used to simulate EIS experiments.

The Warburg Element accounts for the diffusion of the ions in solution in an electrochemical
reaction. For instance at high frequencies, Warburg impedance is not observed as migration
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occurs over much longer time periods than the operational frequency and thus the relatively
slow movement of molecules in solution renders impedance contributions to be obsolete.
Hence, Warburg contributions are generally seen in the low frequency region.
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Figure 4.3. Simple Randles equivalent circuit for an electrochemical cell. Inset: the equivalent circuit for the
Naquist plot. Image from [Ran13].

The right hand side of Figure 4.3 illustrates the diffusionally controlled region of a Nyquist
plot obtained using EIS. The solution resistance is independent of the frequency and is
observed in Figure 4.3 at the highest frequency where the real axis is intersected (Rs). The
charge transfer resistance (Rc) is the opposition experienced to electron movement and is a
real quantity. R is observed in Figure 4.3 at the second extrapolated intersection with the real
axis in the mid- to low-frequency region; this region is marked as the kinetically controlled
region of the Nyquist plot in Figure 4.3. The double layer capacitance (Cq) can be roughly
estimated from Figure 4.3 by the Z' at the maximum of the semi-circle.

Next chapter deals with graphene application in electrochemical detection of hydrogen
peroxide (H,0,), presenting a detailed study on the influence of the choice of graphene
materials with different qualities on the amperometric detection of H,O,. The results provided
by this chapter help us determine which graphene material satisfy our needs for fabrication of
a more efficient sensor device.






5. Signal Enhancement in Amperometric Peroxide
Detection by Using Graphene Materials with Low
Number of Defects

The detection of H,O, has been a widely researched topic, owing to its vital role in biological
systems, pharmaceutical and biochemical industries. Besides these applications, it is an
enzymatic product of many biochemical processes, e.g. in enzyme-based biosensors, where
H,0, produced from analyte oxidation induces increase in conductance of the measuring
electrode and as a result, the quantification of the analyte is achieved via electrochemical
detection of the enzymatically liberated H,O,.

Graphene sheets for amperometric detection of H,O, have been addressed in plenty of works.
Many of these investigations have focused on the enzyme immobilization of modified
graphene in order to enhance electron transfer rates and catalytic activity [Yul5], while others
have found the application of nonenzymatic modified graphene more beneficial [Parl5], due
to the lack of a simple and stable enzymes/proteins immobilization approach and the
denaturation of immobilized enzymes/proteins.

The present chapter, as well as figures 5.6 - 5.12, are based on a jointly authored paper that
has been published previously [Z6p16].

The aim of this chapter is to investigate the influence of the choice of the graphene materials
on the amperometric properties in direct hydrogen peroxide detection and study the effect of
the synthesis routes of graphene materials on the sensing performance of graphene-based
H,0, sensors. In contrast to the other literatures which have mainly studied functionalization
of graphene with an enzyme Layer [Yul5] or its modification by nanostructured materials
[Leol4] for fabricating H,O, sensors, our work in this chapter focuses on identifying the most
efficient graphene material for the fabrication of an electrochemical sensor, using no complex
modifications or functionalization steps to graphene.

The graphene materials were prepared by three different approaches, comprising a different
degree of defects. All types of carbon materials have been characterized with Raman
spectroscopy, and their electrochemical behavior has been investigated by cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS), chronocoulometry and amperometry.
The sensing performance and catalytic properties of the sensors will be investigated in detail.

5.1 Sample preparation and experimental methods

Graphene can be generated by a number of different methods including micromechanical
exfoliation of graphite (scotch tape method) [Nov04], direct chemical reduction of graphene
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oxide (GO) [Chul4] [Humb58], chemical vapor deposition (CVD) [Zhal3] [Str15], and
epitaxial growth on silicon carbide [Nov12] [War13].

In the present work, three kinds of graphene materials, have been utilized, i.e. graphene
synthesized through CVD, mechanical exfoliation and reduction of graphene oxide.

A detailed description of the mentioned methods for the production of graphene will be
provided through the next sections. The advantages and disadvantages of each method will be
discussed afterwards.

5.1.1 Micromechanical exfoliation

The starting point for the sample preparation is the selection of an appropriate wafer material.
For the present case a highly doped silicon wafer with an insulating silicon oxide top layer
(typical thickness of 300nm) is used. The insulating layer was generated via thermal
oxidation. We patterned coordinate systems lithographically onto the aforementioned
substrates, which allow us in later processes to orientate on the sample and localize and
recover the graphene flakes. The spacing between the Cr/Au (5 nm/50 nm) alignment markers
is 50 um. The material is then cut into pieces of typically 4.5mm x 9mm.

Through micromechanical exfoliation method [Nov04], thin sheets of graphite are detached
from a bulk graphite sample using adhesive tape (Figure 5.1 A). After peeling it off the
graphite, multiple-layer graphene remains on the tape. By subsequent tape-to-tape peeling, the
multiple-layer graphene is cleaved into various flakes of few-layer graphene. Graphene is
ready to peel onto the substrate when it becomes semi-transparent and dispersed onto the tape
in many smaller crystals, some of which are single-layer. To transfer it onto the SiO,/Si
substrate, the tape is attached to the substrate, pressed slightly and then removed, leaving
various flakes on different spots of the substrate. This peeling process works because the
carbon layers of graphite are weakly bonded and the van der Waals force between them is not
as strong as the force between the graphite/graphene and the SiO,. So, once the graphite
pieces on the tape are applied to the substrate, it is likely that when the tape is lifted the
interlayer bonds will break, leaving some amount of graphite/graphene flakes on the substrate.
The obtained flakes differ considerably in size and thickness, where the sizes range from
nanometers to several tens of micrometers for single-layer graphene. Subsequently the single
graphene flakes are detected under an optical microscope and their position with respect to the
alignment marks is taken. Due to the grayscale contrast of the graphene flakes with respect to
the background, the layer thickness of the flakes can be determined very fast and easily.
Consequently one knows if it is single, bi-, tri- or multi-layer graphene. In order to perform
further measurements, subsequently Ti/Au (5nm/60nm) contacts were patterned to the
graphene samples by EBL and thermal evaporation. In Figure 5.1 B a typical sample is
illustrated.
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Figure 5.1. Micromechanical exfoliation of graphene. (A) Schematics of graphene exfoliation process. (B)
Microscopic image of a typical sample with two Ti/Au (5nm/60nm) contacts.

The quality of the obtained graphene is very high with almost no defects (detailed discussion
will be presented in section 5.2). The complexity of this method is basically low, nevertheless
the graphene flakes need to be found on the substrate surface, which is labour intensive.
Moreover, the size of the flakes acquired through this method is limited to tens of micron and
it is difficult to obtain larger amounts of graphene by this method, hence the yield of devices
based on exfoliated single-layer graphene (SG) is extremely low.

5.1.2 The reduction of graphene oxide

This method involves initial oxidation of bulk graphite to hydrophilic graphite oxide. Graphite
oxide has a similar layered structure to graphite, but the plane of carbon atoms in graphite
oxide is heavily decorated by oxygen-containing groups, which not only expand the interlayer
distance but also make the atomic-thick layers hydrophilic. As a result, these oxidized layers
can be exfoliated in water under moderate ultrasonication. If the exfoliated sheets contain
only one or few layers of carbon atoms like graphene, these sheets are named graphene oxide
(GO). The most attractive property of GO is that it can be (partly) reduced to graphene-like
sheets by removing the oxygen-containing groups with the recovery of a conjugated structure.
The reduced GO (rGO) sheets are usually considered as one kind of chemically derived
graphene. Currently, GO is prepared mostly based on a route involving the steps of graphite
oxidation, exfoliation, and chemical reduction proposed by Hummers and Offeman in 1958
[Hum58], where the oxidation of graphite to graphite oxide is accomplished by treating
graphite with a water-free mixture of concentrated sulfuric acid, sodium nitrate and potassium
permanganate. Though some modification has been proposed [Xial5] [Kum15a] [Gao09], the
main strategy is unchanged. As a result, these methods are usually named modified Hummers
methods. The widely accepted GO model proposed by Lerf and Klinowski [Ler98] is a
nonstoichiometric model (shown in Figure 5.2), wherein the carbon plane is decorated with
hydroxyl and epoxy (1,2-ether) functional groups.

Carbonyl groups (CO) are also present, most likely as carboxylic acids (COOH) along the
sheet edge but also as organic carbonyl defects within the sheet. In summary, GO can be
described as a random distribution of oxidized areas with oxygen-containing functional
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groups, combined with non-oxidized regions where most of the carbon atoms preserve sp?
hybridization.

Figure 5.2. Proposed structure of graphite oxide (GO) based on the Lerf-Klinowski model with the omission of
minor groups (carboxyl, carbonyl, ester, etc.) on the periphery of the carbon plane of the graphitic platelets of
GO. Image from [Drel1].

To derive graphene from GO, chemical [Sta07] [Sta06] or thermal [Sch06] [Mca07] reduction
is the final step to remove the functional groups. Reduction of GO to graphene can be carried
out chemically by using reducing chemical agents such as hydroquinone, dimethyl hydrazine
and hydrazine hydrate or thermally, by high temperature annealing.

Theoretically, a simple reduction of GO should remove the oxygen groups and rehybridize the
effected sp® C atoms to sp® C, thereby leaving it aromatic and defect free. However
experimentally, after any reductive treatment of GO a substantial number of oxygen groups
and defects remain. These defects affect the properties of the reduced GO (RGO), e.g. provide
reaction centers for catalytic activity or reduce the electric conductivity of rGO.

The rGO utilized in this work has been prepared at the department of Analytical Chemistry, at
the University of Regensburg, using a slightly modified Hummers method [Hum58]. Briefly,
1 g graphite (China flake graphite, K. W. Thielmann & Cie KG) was mixed with 75 mg
NaNOs, 7.5 mL conc. H,SO,4 and 450 mg KMnO,4 was added in small portions under vigorous
stirring and cooling in an ice bath. The mixture was sonicated for 3 h and stirred for 3 days at
room temperature. Subsequently, 7.5 mL of 5% H,SO, was added and the mixture was stirred
for 2 h at 100 C, followed by the addition of 1.5 mL of 30% H,O, under constant stirring for 1
h at room temperature. For purification the obtained GO was washed with the following
solutions: four times in 3% H,SO,4 with 0.5% H,0,; two times in 3% HCI; and three times in
water. The product was dialyzed against water (14 kDa cut-off) for 10 days, changing the
water three times.

To obtain chemically reduced GO, 7mL of a GO suspension (0.5 mg mL™) was mixed with
31 mL NH; (32% in water) [Li08]. After adding 5 mL of 98% hydrazine hydrate the reaction
mixture was refluxed for 1 h at 100 C. Finally the resulting black suspension was washed with
water and isolated by centrifugation.
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Chemically reduced GO was deposited on photolithographically prepared gold
microelectrodes with interdigitated structure of thin gold layers (Figure 5.3) via drop casting
of 1 pL of an aqueous rGO suspension (0.25 g-L™*). Afterwards the electrodes were dried at
room temperature, followed by a final annealing step of 230 °C for 30 seconds on a hot plate.

Figure 5.3. rGO deposited microelectrodes with an interdigital structure consisting of gold conducting paths on a
Si/SiO, wafer substrate. The sample and the image were the courtesy of Dr. A. Z6pfl from the department of
Analytical Chemistry, Regensburg University.

Chemical reduction of GO is a very scalable method, but unfortunately the rGO produced has
often resulted in relatively poor yields in terms of surface area, electronic conductivity and
electrical mobility [Nav07]. During thermal annealing, unfortunately, the heating process
damages the structure of the graphene platelets as pressure between builds up and carbon
dioxide is released. This also causes a substantial reduction in the mass of the GO, creating
imperfections and vacancies, and potentially also having an effect on the mechanical strength
of the rGO produced [Fuel4]. Nevertheless, rGO is the material most commonly used for
electrochemical applications (68% of all publications), probably because of its easy access,
scalable synthesis, low cost and simple functionalization [Koc12].

5.1.3 Chemical vapor deposition

Chemical vapor deposition (CVD) is a technique of thin solid film deposition on substrates
from the vapor species through chemical reactions. The chemical reaction is the characteristic
feature that distinguishes CVD from other film deposition techniques such as physical vapor
deposition (PVD). Graphene CVD was first reported in 2008 and 2009, using Ni and Cu
substrates, [Arc09] [Rei09] [kim09] which was followed by an explosion of research activities
and publications using a variety of transition metal substrates [Seal4] [Pol15] [Cus15].

A typical tube-furnace CVD system is composed of a gas delivery system, a reactor (with
heaters surrounding it to provide high temperatures for the reaction) and a gas removal system
[Miall]. During the CVD process, reactive gas species are fed into the reactor by the gas
delivery system and pass through the hot zone, where hydrocarbon precursors decompose to
carbon radicals at the metal substrate surface and then, form single-layer and few-layers
graphene. Eventually the by-products of the reaction and non-reacted gases are removed by
the gas delivery system. During the reaction, the metal substrate not only works as a catalyst
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to lower the energy barrier of the reaction, but also determines the graphene deposition
mechanism, which ultimately affects the quality of graphene.

The role of a substrate is substantial in the graphene CVD, as it catalyzes the reactions that
define the quality and morphology of graphene. Two major substrates used for reliable
fabrication of large area CVD graphene are copper (Cu) and Nickel (Ni). The first successful
graphene deposition via CVD was conducted using Ni as catalyst with the inspiration coming
from the CNT growth [Eiz79]. The CVD of graphene on the Ni catalyst has been described as
a two-step mechanism including a first stage of carbon atoms incorporation into the Ni
substrate, followed by outdiffusion onto the Ni surface to form graphene layers when rapid
cooling of the substrate occurs [Li09]. Conversely, growth on polycrystalline Cu substrates
has been regarded more viable to obtain monolayer graphene mainly by a surface controlled
process [Luoll]. Even first modeling of graphene growth on different metals shows that the
Cu catalyzed process differs from the growth on other metals [Chel0O]. Primarily the
difference in the growth kinetics and mechanism between Ni and Cu has been ascribed to a
very low carbon solubility (<0.001 atomic%) in Cu compared to the higher solubility of
carbon in Ni (>0.1 atomic%). The advantages of Cu as an excellent candidate for making
large-area, uniform thickness (95%), single-layer graphene films have been widely reported
[Mat11] [Wirl4].

To facilitate graphene for electrochemical and electronic applications, we need to remove the
catalytic metal substrates from graphene and transfer graphene onto arbitrary substrates. To
do so, graphene needs to be coated by a thin layer of a polymeric support, e.g. polymethyl
methacrylate (PMMA) and subsequently baked to evaporate the solvent. The metal layer
should be then removed by Ni or Cu etchant, leaving only the PMMA/ graphene film, which
is strong enough to be transferred to another substrate without damaging the material. The
metal etching step represents a key step in the transfer process since an incomplete etching
and a poor removal of the etching solution could cause significant contamination of the
graphene film with metallic species.

The next step is cleaning the film by deionized (DI) water and then transferring it onto a
targeting substrate. After evaporating water vapor away, PMMA is to be removed by acetone,
leaving a graphene film on top of the targeting substrate [Wo0015] [Suk11].

In the present work, single-layer CVD graphene on Si/SiO, substrates were purchased from
Graphenea Company in Spain, later processed in the clean room of the Regensburg University
as follows:

After cutting the substrates to favorable sizes, a predesigned photomask (Figure 5.4 A) was
used to expose patterns on the graphene film, preparing it for the subsequent oxygen plasma
etching step, in order to remove graphene, leaving only some 0.04 mm? channel areas of
graphene. These well-defined graphene areas will later serve as the working electrode in our
electrochemical experiments.

Another photolithography step (pertaining photomask illustrated in Figure 5.4 B) was
employed afterwards for patterning the contact lines, which connect each piece of graphene to
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at least two metal leads, followed by a thermal evaporation step for creating Ti/Au
(5nm/60nm) contacts.

Figure 5.4. Two-step photolithography for preparation of the CVD graphene electrodes : (A) Photomask used to
remove CVD graphene from the Si/SiO, substrate, leaving rectangular 0.04 mm? sized areas of graphene (B)
Photomak used to pattern the contact line.

Although the additional transfer steps during a CVD process may lead to contaminations and
destruction of graphene sheets [Amb14] [Cel13] [Kat14], preparation of wafer-scale graphene
film with single-layer yield as high as 95% enables the mass production of devices with high
reproducibility, which, along with the high conductivity and excellent quality of the graphene
sheets, make the CVD-graphene perfect for flexible electrodes used in sensor applications.

5.2 Characterization of graphene materials through Raman
spectroscopy

Raman spectroscopy has historically played an important role in the structural
characterization of graphitic materials [Dre05] [Pim07] [Fer07], and has also become a
powerful, noninvasive tool for understanding the behavior of electrons and phonons in
graphene [Fer06] [Mal09] [Fer13]. A large amount of information such as disorder, edge and
grain boundaries, thickness, doping, and strain of graphene can be learned from the Raman
spectrum and its behavior under varying physical conditions.

The most prominent Raman feature in graphene is the so-called G peak at about 1580 cm™ in
electrically neutral single layer graphene. It stems from a single-phonon process involving an
optical I'-point phonon.

Another Raman feature in graphene is the D peak [Eck13], whose position is sensitive to the
excitation wavelength and is found around 1345 cm™ when an excitation wavelength of 532
nm is used [Hey14]. The D peak is only found at edges or other defect sites and is frequently
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used to determine the quality of a graphene flake (D for defect or disorder). The intensity of
the D-band is directly proportional to the level of defects in the sample and the nature of this
defect is also crucial to a successful Raman process. It has been suggested that not every
defect contributes to the D peak; a perfect zigzag edge cannot activate the D peak due to
momentum conservation. That is to say, the D peak is forbidden at pure zigzag edges
[Hey14].

The second overtone of the D peak at about 2700 cm™, called 2D peak was reported by
Nemanich and Solin [Nem77]. It is, like the D peak, caused by a double-resonant intervalley
scattering process and its position is sensitive to the excitation wavelength. In single layer
graphene, the 2D peak appears as a single, sharp Lorentzian. In bi- and multilayer graphene, it
changes shape and position, allowing for certain distinction of single- and bilayer graphene.

Because of added forces from the interactions between layers of AB-stacked graphene, as the
number of graphene layers increases, the spectrum will change from that of single-layer
graphene, namely a splitting of the 2D peak into an increasing number of modes that can
combine to give a wider, shorter, higher frequency peak [Gra07]. The G peak also experiences
a smaller shift from increased number of layers [Jan13]. Thus, for AB-stacked graphene, the
number of layers can be derived from the ratio of peak intensities, Iop/lg, as well as the
position and shape of these peaks [Jan13]. A comparison of the Raman spectra of single-layer
graphene and bulk graphite (A-B stacked) can be seen in Figure 5.5. The Raman
measurements were done by Dr. F. Yaghobian from the department of Physics, Regensburg
University.

For a review of all Raman modes in graphene and graphite, see e.g. [Fer13] [Mal09] [Rei04].
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Figure 5.5. Typical Raman spectra for a single-layer graphene and bulk graphite using a 532 nm excitation laser.
The spectra are offset vertically for clarity. Graphene can be identified by the position and shape of its G (1580
cm™) and 2D (2690 cm™). The image was a courtesy of Dr. F. Yaghobian from the department of Physics,
Regensburg University.
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After introducing the different modes in Raman spectra of graphene materials, we will focus
on the characterization of the three different graphene materials we have used, discussing the
changes in electronic properties and atomic structure upon varying the fabrication methods of
graphene.

Unless otherwise stated, all Raman spectra shown in this work were recorded by a Thermo
Fisher Scientific DXR Raman microscope, with a 532 nm laser excitation and a laser power
of 10 mW at room temperature under ambient conditions. All spectra have been measured 10
times with an integration of 1 s, and a spot size of 2.1 um in diameter.

As can be seen in Figure 5.6 the map of the integrated D line signal of the different graphene
flakes reveals that no observable D peak is evident in the spectrum pertaining the
mechanically SG, which proves the high structural perfection for this type of graphene.
However, the appearance of a small D peak in Raman spectrum of CVD graphene (around
1342 cm™) and a distinguishable D peak in the spectrum of rGO (around 1352 cm™), indicate
that the graphene sheet produced by these methods have a more disordered structure.
Especially for rGO the D band becomes more dominant and broader, indicating a higher level
of lattice disorder compared to CVDG.
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Figure 5.6. Raman spectra of graphene produced via exfoliation, CVD and reduction of GO

A symmetric single 2D peak can be found in the spectra of SG and CVDG at 2676 and 2684
cm ' respectively. Furthermore, the significant higher intensity compared to the G band at
1583 and 1590 cm™' indicates that these materials consist of high quality single layer
graphene. In contrast, the noticeable changes in shape and intensity of the G and 2D peaks in
rGO confirm the presence of multiple layers and inhomogeneities in this type of graphene
compared with CVDG and SG.
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5.3 Electrochemical characterization of different graphene electrode
materials

All Electrochemical characterizations and measurement methods including CV, amperometry,
EIS and chronocoulometry were conducted using a CH Instrument electrochemical
workstation Model 602a, with a conventional three-electrode setup consisting of a Pt wire as
counter electrode and a saturated calomel electrode (SCE) as reference electrode. The
differently prepared graphene materials (SG, CVDG, and rGO) assembled on a silicon wafer
substrate electrically contacted by gold leads were used as working electrode. In order to
prevent current leakage from ionic conduction, all gold leads in contact with the electrolyte
need to be insulated and shielded by dipping the electrode into a solution of 100 uM 1-
mercaptooctadecane in ethanol, to form a self-assembled monolayer. The successful shielding

of the gold contacts exposed to the electrolyte was proven by cyclic voltammetry (Figure 5.7),
done by Dr. A. Zopfl.
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Figure 5.7. CV performed to prove the successful shielding of the gold contacts. Cyclic voltammograms of 5
mM K,[Fe(CN)e] recorded in 0.1 M KClI at different scan rates with a bare gold electrode before and after
passivation with 100 uM 1-mercaptooctadecane (Aeff/AGeo = 2.1%).

In order to have a better comparison between the efficiency of graphene materials and their
near counterparts, electrochemical measurement approaches were conducted, under the same
defined circumstances on one of the most commonly utilized electrodes, a custom-built
carbon disc electrode, comprising a carbon fiber composite (www.conrad.de, Regensburg,
Germany) with 2 mm diameter encased in Teflon.

For electrochemical experiments, the supporting electrolytes were 0.1 M KCI or 10 mM
phosphate buffer with 140mM NaCl (pH 7.4). Before each measurement argon was bubbled
through the solutions to remove dissolved oxygen (since oxygen is electroactive and can be
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reduced quite easily, it must be removed from the solution. Oxygen is typically removed by
bubbling an inert gas (e.g., nitrogen or argon) through the solution for about 10 minutes).

All experiments were performed at room temperature. The amperometric response towards
H,0, was investigated in a magnetically stirred electrolyte solution (10 mM phosphate buffer,
140 mM NacCl, pH 7.4) by doubling the concentration of peroxide after each injection, to
obtain a step-by-step increase of analyte concentration, covering a range from 25 to 25.6 mM.

5.3.1 Determination of the real electroactive area of the electrodes
by chronocoulometry

Due to the different nature of the various types of graphene one cannot prepare electrodes of
the same size. But size has huge influence on the sensitivity of the modified electrodes. The
geometric area calculated based on microscopic images, gives only a rough estimation,
therefore chronocoulometric measurements in the presence of 0.1 mM Kj[Fe(CN)g] were
performed in order to estimate the total electroactive area (A.) of each electrode. The charge
at any time can be calculated by simply integrating the Cottrell equation as follows

2nFACD 22
Q-0Q, +Qads+% (5.)
T

where Q is the electron transfer charge, Qq the double layer charge which is eliminated by
background subtraction, Q.gs the Faradaic charge consumed by adsorbed species, F the
Faraday constant, n the number of transferred electrons, ¢ (in mol cm™) the concentration of
the redox probe, A the electroactive area (cm?) and D the diffusion coefficient of 0.1 mM
Ks[Fe(CN)g] (7.6:10° cm?-s™) [Zop16]. If Q is plotted versus t*% the result is the Anson plot
[Ans83] shown in Figure 5.8, where, assuming that no adsorption occurs, the slope of the line
is

2nFAcD}/2t% (5.2)
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Figure 5.8. Chronocoulometric measurements for different electrodes
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According to equation 5.1 and the results obtained from chronocoulometric measurements
which were done by Dr. A. Zépfl, (see Figure 5.8), Aq was calculated to be 2.9-10° pm? for
graphite electrode, which constitutes 92.2% of the geometric area (Ageo). The calculated
values of Ag for rGO, CVDG and SG were respectively 2.6-10° um* (85.3% of Agey),
3.9-10* um?® (88.1% of Age), and 51 um? (92.8% of Age). These values will be further used
for the calculation of current densities.

5.3.2 Electrochemical impedance spectroscopy of different modified
electrodes

As mentioned before (see sec. 4.5), EIS is a technique commonly utilized for providing
information on the interfacial properties of the electrodes.

Figure 5.9 illustrates the Nyquist and Bode plots of the three types of graphene electrodes and
the carbon disc electrode in presence of 5 mM K4[Fe(CN)g], containing 0.1 M KCl at 0.2 V vs
SCE. The experiment was done by Dr. A. Z6épfl from the department of analytical chemistry,
Regensburg University. Electrodes modified with SG, CVDG and rGO cannot be fully
described by a Randles equivalent circuit (See sec. 4.4, consisting of the electrolyte resistance
Rs in series with a parallel combination of double-layer capacitance (Cq), an impedance
representing the charge transfer resistance (R.) and the Warburg element (Z,) taking
diffusion into account.
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Figure 5.9. EIS spectroscopy for graphite, rGO, CVDG and SG : (A) Nyquist plot and (B) Bode plot, recorded
in 0.1 M KCI and 5 mM K,[Fe(CN)g] for (at 0.2 V vs SCE with an amplitude of 5 mV).

For high frequencies the impedance (Z) for all materials is approaching the electrolyte
resistance. For small frequencies the charge transfer resistance increases for the different
electrodes in the order of carbon disc, rGO, CVDG to SG. The behavior of the CVDG can be
explained by impurities adsorbed on the graphene. These impurities may be introduced during
the transfer process, which causes the polymer residues to remain on the surface. The Nyquist
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plot in Figure 5.9 suggests that additional impedance for adsorbates need to be applied to the
equivalent circuit. For the rGO system, which consists of multilayers and comprises many
defects, it is expected that the impedance spectrum is not in accordance to the simple model
described by the Randles equivalent circuit. The SG as well as the carbon disc electrode show
a diffusion process for the redox species at low frequencies.

The higher double-layer capacitance of SG in contrast to the carbon disc electrode as can be
seen from the imaginary part in the Nyquist plot (Z) can be attributed to the hydrophobic
character of the aromatic system which is repelling the redox species. After normalization of
the total impedance (Z) to the electroactive surface area, the charge transfer resistance (R) of
carbon disc electrode is approximately 1.2-10° times higher than that of the SG, for CVDG R
per area is 1.7-10° times and for rGO 1.3.10° times higher. This shows that all graphene types
enhance the electron transfer of the ferro/ferricyanide redox system compared to a plain
carbon disc electrode. The variation of the R between the three different types of graphene
materials is in accordance to the increase of the number of defects of the two-dimensional
carbon nanomaterial.

5.3.3 Study of reaction kinetics of electrodes through cyclic
voltammetry and amperometry

The reduction of H,0O, on the various graphene electrodes was studied by CV (Figure 5.10) in
the absence and presence of H,O, in a freshly prepared phosphate buffered saline (PBS) at pH
7.4. Comparison of the recorded cyclic voltammograms before and after introduction of 10
mM H,0, demonstrates that once 10mM H,0, was added into the PBS, the cathodic current
increased, compared to the time there was no H,0O, in the solution, confirming the efficient
catalytic effect of the graphene films towards the electrochemical reduction of H,O,. The
comparatively weaker cyclic response of the graphite electrode, however, does not seem to be
as noticeable as that of the graphene materials.

Moreover, the current increase for electrodes modified with CVDG and SG is already more
observable at low potentials of -0.1 V vs SCE. This is a lower potential compared to the case
for rGO and carbon disc electrode, which can be attributed to an electrocatalytic effect of the
carbon nanomaterials.
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Figure 5.10. Steady state current density/voltage cycles for different electrodes : (A) rGO, (B) CVDG, (C) SG,
and (D) graphite electrodes in phosphate buffered saline pH 7.4 before and after addition of 10 mM H,0, vs SCE

(scan rate 0.1 Vs™).

Figure 5.11 also confirms that the change in the current density under exactly the same
conditions is significantly higher for the graphene materials than for the carbon disc electrode.
At a working potential of -0.3 V vs SCE the current flow is enhanced about 4 times for rGO, 5
times for SG and 8 times for CVDG. Especially CVDG electrodes provide maximum
response, perhaps due to the best ratio of pristine graphene lattice to defects and edges.
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Figure 5.11. Change in current density for H,O, reduction during the cyclic voltammetry in phosphate buffered
saline pH7.4 with 10 mM H,0, vs SCE (scan rate 0.1 V/s™).

In order to get high selectivity in real sample analysis it is desired to determine the analytes at
potentials close to 0 V. We found that at very low potentials graphene with low number of
defects, here CVDG and SG, show nearly the same enhancement in the signal whereas rGO as
very defective material shows a behavior more like the carbon disc electrode (Figure 5.11).
For more negative electrochemical potentials all four types of carbon materials give an
individual signal enhancement. From this result one can conclude that for working potentials
lower than -0.1 V vs SCE it is mandatory to use high quality graphene with low number of
defects in order to get any benefit in using a two dimensional carbon nanomaterial as
electrode in amperometric detection of H,0,.

All three types of graphene-modified electrodes have been tested in an amperometric setup to
detect peroxide (Figure 5.12). A constant potential of —0.3 V vs SCE was applied in order to
get the maximum sensitivity. Every 100 seconds, certain aliquots of H,O, were successively
added into the supporting solution.

Figure 5.12 (B) and (C) present dynamic amperometric responses of the three graphene types
as well as graphite, to growing concentration of H,O,. It can be observed that the steady-state
reductive current response of all sensor devices increase obviously with the increase of H,O;
concentration. The reduction current signals start from the very initial injections of H,0, at
rGO, graphite and CVD grown graphene, and increase after each addition of H,O, For low
concentrations of the analyte one can see that low-defect graphene (SG) does not exhibit
notable changes in the current. One reason is that the size of these flakes is very small and
therefore the total signal is very small. However, after normalization of all signals to the total
electroactive surface area, the situation changed and the resulted graphs (Figure 5.12 C) reveal
contradiction to our previous findings.



44

1+
i ' 3 ° =
0,1+ f - 2 =5 5= = =
- - - 201 E EE E E E E
o~ . » 5] Y 8 - N < ® ©
§ 0,01, i = £l SgPeERE s
3 = - S o
E ' n E A 0,0
- q, s
= 1E-3+ L4 . = 2
<] A - i = 2 m -
L - ?gcr)bon Disk o 60 ——Carbon Disc %2 E E E E ?5'
1E-4 4 s buse 1 —rco § 333 [
_CVDG -0,44 ©
= SG A -80 4 se B
1E-5 ‘ = - 500 600 700 800 900 1000
01 1 L L) L) L] L)
5 . 400 600 800 1000 1200 1400 1600
Concentration of H,0, (mM) Time (s)
0,000 4
0
— (\"-~
%l ==s= & el
) (8]
o E E E E <
< W W -~ N <
Eq{ &5°° €
= = ™ .0,002+
1 ——cCarbon Disc — Carbon Disc
154 — GO — GO
B ——CVDG — CVDG
. 0003 —¢ . D
400 600 800 1000 1200 1400 1600 700 800 900 1000 1100 1200 1300
Tina (=) Time (s)

Figure 5.12. Electrochemical behavior of different electrodes toward growing concentration of H,O, (A)
Concentration dependency of the amperometric response at -0.3 V vs SCE upon successive addition of 0.025-
25.6 mM H,0, into continuously stirred phosphate buffered saline pH 7.4. (B) Amperometric response at -0.3 V
(vs SCE) and upon successive step injection of 0.025- 25.6 mM H,O, into continuously stirred phosphate
buffered saline pH7.4. Inset: response to the first five additions. (C) Normalized amperometric response referring
to the electrodes size. (D) The magnified view of the current density/ [H,O,] plot for the first five analyte
injections.

Opposed to the displayed amperometric plots in Figure 5.12 (B), the primary current
responses of the exfoliated and CVD-grown graphene toward the initial additions of H,O, are
more distinct compared to those of rGO and graphite. Furthermore, it can be deduced from
Figure 5.12 (D) that all the three graphene materials are able to detect very low concentrations
of H,0, down to amounts smaller than 0.1 mM, whereas graphite doesn’t show such a low
detection limit.

To further illustrate the relationship between the electrocatalytic reduction current and the
concentration of H,0O,, the calibration curves between the amperometric current density of the
fabricated graphene materials, as well as the graphite, were plotted versus the concentration of
H,0O, (Figure 5.13). The linear electrocatalytic response towards the H,0, concentration could
be witnessed for the graphene materials in a wider range (between 0.4 mM and 4 mM),
compared to that of graphite, indicating the superiority of the graphene materials over
graphite for fabricating more reliable devices.



45

=
:!'

—e— Carbon Disc
— GO
—— CVDG
— SG

0.4 4

—
[

0,2

00 05 10 15 20 2.5 30 3,5

0,01~

Current Density (mAlcmz)
(=)
—
[ ]

-

A

W
1

1E_4L 2 M M M » [ ] M
0 Concentration of Hy,0, (mM) 1
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whole view of calibration curves between current density and the concentration of H,O, has been shown

According to Figure 5.13, an increase of absolute sensitivity is observed, starting from carbon
disc (3.2 mA M'cm?) to rGO (25 mA M'cm?) to CVDG (173 mA M™'cm?), and SG
modified electrodes (202 mA-M™.cm™). Again, a lower number of defects lead to a higher
sensitivity towards H,0O,. Nevertheless, the noise level of SG electrodes is higher than the
other electrodes which can be attributed to the low absolute current values. Noise at an
amperometric electrode is closely associated with the double layer capacitance (Cq) and the
surface of the WE. Calculating the limit of detection from a signal to noise ratio of three,
values 0f 9.2 uM for rGO, 15.1 uM for CVDG and 651.5 uM for SG electrodes are obtained.

These findings indicate the great perspective of graphene in amperometric detection systems.
It is evident that the exfoliated and CVVD-grown graphene showed higher sensitivity and better
performance than the rGO and graphite.

The H,0, sensing performance and characteristics of the various utilized electrode materials
in this work are compared with previous reports as displayed in table 1. All these works are
based on chemically derived graphene (e.g. rGO), which has been further modified with metal
or metal oxide nanomaterials to improve sensitivity. It is shown that hybrid nanomaterials
lead to better sensitivities. From our study one can suggest that there could be further
improvement by using graphene with low number of defects. For taking benefit from the
electrocatalytic effect of graphene as well as from the signal enhancement, it is mandatory to
use electrodes consisting of high quality graphene, which means, to use a 2D nanomaterial
with as low number of defects and impurities as possible. Up to now it has been challenging
to provide such a high quality graphene on an insulating material with electric contacts in
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reasonable quantities and of adequate size for developing sensor applications operated with a
low cost potentiostat.

Electrode material Potential (V) sensitivity(mA M*cm™)  LOD (uM)  Reference
PB/graphene -0.05 (vs Pt) 196.6 1.9 [Jin10]
CoOxNPs/ERGO 0.75 (vs SCE) 148.6 0.2 [Lilda]
Nafion/GO/Co30, 0.76 (vs Ag/AgCl) 560 0.3 [Ens13]
MnO,NTs/rGO 0.4 (vs SCE) 194.5 4.29 [Mah14]
Polydopamine-rGO/Ag  -0.5 (vs Ag/AgCl) 355.8 2.1 [Fulb]
rGO-PMS/AuNPs -0.7 (vs Ag/AgCl)  39.2 0.06 [Maj14]
rGO -0.3 (vs SCE) 25 9.2 This work
CVDG -0.3 (vs SCE) 173 15.1 This work
SG —0.3 (vs SCE) 202 651.5 This work

Table 1. Comparison of analytical performance of various graphene and graphene composite materials used for
the electrochemical detection of H,O, (PB: Prussian Blue, CoOxNPs: Cobalt oxide nanoparticles, ERGO:
Electrochemically reduced graphene oxide, AgNPs: Silver nanoparticles, PQ11: Poly [(2-
ethyldimethylammonioethyl methacrylate ethyl sulfate)-co-(1- vinylpyrrolidone)], PMS Periodic mesopourous
silica, AuUNPs Gold nanoparticles, Ag/AgCI Saturated silver/ silver chloride reference electrode)

By taking a look at the relative signal changes obtained with the different types of electrodes
used in this study, one can see that SG performs best, but accompanied by huge error bars
ascribed to the decline in signals and increase of the noise. This could be overcome by using
bigger graphene flakes or by better potentiostats. Good signal enhancement can also be
obtained with CVDG. Nevertheless the fabrication of one of such electrodes is a time
consuming complex process. This material is already commercially available. But the
drawback in using this material for an application is that there is a lack of a technique for a
clean and easy transfer of this material onto microelectrodes providing a good electrical
contact. This material offers the possibility to be functionalized chemically [Kuil2] or by
plasma treatment [Hey10]. It is expected that with this technique selectivity can be introduced
and functionalized graphene for amperometric detection systems will be designed. The rGO
does not result in such great improvement in contrast to the carbon disc electrode, but here
processing of the material as well as functionalization is easy. Therefore it offers a pathway to
interesting composite materials for electrochemical sensors.

5.4 Conclusion/Summary

In summary, we have studied non-enzymatic detection of hydrogen peroxide using electrodes
based on various types of graphene, without utilizing any functionalization or modification
steps.
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Low-defect graphene (SG) was obtained through mechanical exfoliation of natural graphite,
while higher-defect graphenes were produced by CVD and by chemical oxidation of graphite
and subsequent reduction. The carbonaceous materials were mainly characterized by Raman
microscopy and their electrochemical properties and sensing applications were studied by
chronocoulometry, CV, EIS and amperometry, and compared with a carbon disc electrode.

The effects of the device fabrication on the reductive amperometric determination of H,0,
were investigated. It is shown that the quality of the graphene has an enormous impact on its
amperometric performance and the use of carbon materials with many defects (like rGO) does
not result in a significant improvement in signal compared to a plain carbon disc electrode.

Further results reveal that all three graphene materials exhibit sensitivity to the catalytic
reduction of H,O, and are able to detect H,O, to concentrations below 0.1 mM, showing fast
amperometric response upon successive additions of H,O,. In comparison with carbon disc
electrode, the application of graphene nanomaterials offers large perspectives in amperometric
detection systems due to electrocatalytic effects that result in highly sensitive detection.

Moreover, it is clearly demonstrated that mechanically exfoliated graphene as well as
graphene prepared by CVD are promising candidates for sensor applications, due to their
efficiency in better detection of H,O, with higher sensitivity compared to rGO. The
sensitivities in case of using CVDG and SG are 173 and 202 mA M ‘cm respectively, which
are about 7 to 8 times better than that of rGO. The calculations of LOD for H,0O, also prove
the absolute advantage of SG and CVDG upon rGO according to table 1.

However, due to the laborious process needed for production of exfoliated graphene and its
irregularity in shape, size and location, this type of graphene, being described as an ‘academic’
material, is more suitable for proof-of-concept demonstration.

In summary, the results support CVDG as the material of choice for commercial purposes and
mass production, since it offers uniform continuous films at particular locations and with
desired geometries, providing a superior candidate for fabrication of highly sensitive
electrochemical- and biosensors, particularly by further functionalization and modification
with enzymes or nanoparticles.






6. Graphene for Non-Enzymatic Glucose Detection

After the potential of graphene for fabricating highly sensitive sensors has been stressed
already on plenty occasions during the previous parts of this work, chapter 6 provides a
detailed description of the processes that led to the fabrication of a graphene-based
electrochemical sensor for sensitive detection of glucose.

Based on the results obtained in chapter 5, CVDG presents superior advantages compared to
other graphene materials and suits mass production of sensors, while offering high sensitivity
at the same time. In order to modify CVDG to fabricate a sensor for glucose determination, a
variety of approaches have been explored throughout this project, which may be divided into
two main categories: efforts for immobilization of GOD on graphene surface and thereby
fabricating an enzymatic biosensor for glucose detection, and attempts for fabrication of an
enzymeless sensor based on modification of graphene surface mainly with metal oxide
nanoparticles.

It is well established that edges and defects on graphene provide a high electron transfer rate
[AmDb10], so before we do any modifications on graphene, we introduce circular holes on its
surface by plasma etching to provide the modifying groups artificial dangling positions for
attachment to the graphene surface. To our knowledge, so far no experimental investigation of
these artificial plasma-etched holes, which we call antidots, has been conducted. We will later
investigate how graphene's electrochemical properties and amperometric response of the
sensor to the glucose may be affected by the size and lattice distance of the antidots.

6.1 Modification of graphene surface with antidots

In order to increase the number of anchoring groups on the graphene surface for receptor
immobilization, we created artificial defects in the form of periodic arrays of circular holes,
so-called circular antidots, with a hole diameter of 70 nm. The arrays with periods of 500 and
600 nm were defined using electron beam lithography (EBL) and oxygen reactive ion etching
as sketched in Figure 6.1.

49
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Figure 6.1. Schematics of EBL and RIE processes for creation of antidot lattices on graphene (a) CVDG-
covered Si/SiO2 chip was cut into desired size. (b) Polymethylmethacrylate (PMMA) resist is deposited on the
chip. (c) Electron beam is exposed to define square lattice arrays of circular dots. (d) Through a developing
process, the resist is removed from the antidot lattices which were created by E-beam exposure. (e) Using RIE
with O, plasma graphene is etched in the resist-free regions. (f) The final washing process removes the PMMA
resist from the substrate and the antidot lattices are formed on the graphene surface.

In practice, Polymethylmethacrylate (PMMA) resist was first sputtered on the Si/SiO,
substrate covered with CVDG. After baking the substrate on a hotplate of 150°C temperature
for five minutes, the graphene sample was placed in a Scanning electron microscope (SEM),
and a 200*100um? area was continuously scanned by the electron beam in order to write array
patterns of circular holes. The beam’s kinetic energy was 30 keV, and the beam current was
370 pA. Afterwards the patterned dots were developed by Methyl isobutyl ketone
(MIBK)/propanol for 90 seconds. The antidots were then etched by RIE with oxygen as
reactive gas, for 15 seconds, leaving circular dots on the surface of graphene. In the last step,
the samples were washed with acetone and propanol to remove the PMMA resist, followed by
a 30-minute annealing process in order to completely clean the residual adsorbates caused by
PMMA coating on the sample surface.

Visualizing the antidot lattices was accomplished using SEM as illustrated in Figure 6.2.
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Figure 6.2. SEM image of the CVDG on Si/SiO, substrate structured with circular antidot lattices through EBL
and RIE with O, plasma

Raman spectroscopy was also performed to characterize the prepared antidot lattices and
locally investigate the structural quality of the nanopatterned graphene. As seen in Figure 6.3
the influence of circular antidots on the Raman spectra of single layer graphene is reflected in
an increased D peak, which is interpreted to be dominantly caused by the introduction of
additional edges into the sample due to the creation of the holes and not by additional defects
or disorder, which might be caused by the preparation process [Heyl0Q]. It can also be
observed that in samples with smaller lattice constant (LC), i.e. more number of defects, the
D’ and D+D’ peaks appear around 1620 and 2935 cm™, respectively. Furthermore, Figure 6.3
reveals that the continuous decrease of LC leads to the increase of D peak.
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Figure 6.3. Raman spectra recorded on CVDG modified by antidots of 70nm diameter with different lattice
constants of: (A) 300nm, (B) 400nm, (C) 500nm, (D) 600nm, (D) 700nm and (F) CVDG without antidots. The
main Raman peaks are labeled. Increase of the lattice constant causes the defect-induced modes to decrease.

Nanoperforated graphene samples have been reported to have p-type doping [Kim12], despite
special care to avoid contamination of the samples. Kim et al. employed a sacrificial polymer
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buffer layer to protect the graphene during etching, but still found p-type doping, which they
attributed to dangling oxygen bonds on the edges of the antidots. These functional groups can
provide many active sites on the graphene surface, thereby turning out to be beneficial for
accelerating electron transfer between the electrode and species in solution. To endow
graphene with sensing capabilities, it is often necessary to modify it with recognition elements
that bring the detection targets onto the graphene surface through specific interactions and
sometimes also assist in signal transduction. Throughout this project, various strategies have
been tried to functionalize graphene both covalently and non-covalently, which will be
described in more detail in the appendix. In pursuit of fabricating a highly sensitive graphene-
based glucose sensor, both enzymatic and nonenzymatic methods have been investigated,;
however, the enzymatic approach didn’t satisfy the needs for fabrication of a sensitive and
stable glucose biosensor with low detection limit (see the appendix), which urged us to
develop nonenzymatic detection platforms for glucose determination.

6.2 Enzymeless detection of glucose via NiO electrodeposition

Enzymatic glucose sensors dominate the biosensing industry. This is understandable given the
high selectivity of the enzyme towards glucose. However, due to the intrinsic instability of
enzymes and loss of enzyme activity during the immobilization process, such enzyme-based
sensors usually suffer from the low reproducibility and stability.

Despite numerous attributes with respect to relative stability, GOx is still constrained to pH
ranges of 2-8, temperatures below 44°C [Togl0], and ambient humidity levels [LiO7].
Ensuring the stability of immobilized enzyme and mediator electrodes requires considerable
attention, with elaborate fabrication processes of electropolymerisation [Li07], covalent cross-
linking at a pretreated surface [Nenl10], sol-gel entrapment at the electrode surface [Han05],
or even the electrochemical ‘wiring’ of enzymes to mediated polymer chains [Hel10],
ensuring greater fabrication costs, lower reproducibility and short-term stability.

Considering the mentioned disadvantages, we investigated the development of
electrochemical non-enzymatic glucose biosensors.

6.2.1 Electrodeposition of nickel oxide nanoparticles on graphene

Combining graphene with different nanomaterials including noble metals [Gutl2] [Pall5]
[Shil5], metal oxides [Donl2] [Johl14] and metal sulfides [Bail3] [Kuml15b] has been
considered as a versatile technique for sensor application.

Compared to the other materials, NiO benefits from some excellent properties such as large
specific capacitance, good electrochemical stability and low cost, making it suitable for the
fabrication of sensors in batch.
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To deposit NiO nanoparticles on graphene surface, electrochemical approach was employed
[Qial2]. In the first place, nickel hydroxide is formed on the electrode through
electrodeposition from a nickel salt containing solution:

NiCly(aq) + 2NaOH(ag) — Ni(OH)(s) + 2NaCl(aq) (6.1)

Nickel hydroxide is subsequently involved in the electrochemical redox reaction of equation
(6.2) where the transition from Ni(OH), to NiOOH after intercalation and deintercalation of
OH™ ions causes charge transfer from Ni®* to Ni**:

NiZ*(OH), + OH™ 2 Ni**OOH + H,0 + ¢ (6.2)

Ni(OH)./NiOOH redox system possesses excellent reversibility and the electrocatalytic
oxidation mechanisms of Ni and its oxides toward small molecules in alkaline electrolyte are
related to the Ni (OH),/NiOOH redox transition [Mial4].When glucose is added, a catalytic
reaction is performed for the oxidation of glucose to glucolactone by the high valent NiOOH:

NiOOH + glucose — Ni(OH); + glucolactone (6.1)

In experiment, the electrodeposition of metallic nickel was carried out in an aqueous solution
containing 10 mM nickel chloride at a constant potential of 0.9 V for 10 seconds. Afterwards,
the oxidization of metallic nickel was processed in 0.1M NaOH solution, performing CV (60
cycles) in the potential range of 0.2V to 0.6V at a scan rate of 100 mV.s™.

The prepared Ni(OH),-graphene modified electrode can be then used for the detection of
glucose without further treatment.

6.3 Effect of the antidot lattice on the NiO deposition and glucose
detection

Fabricating two different types of electrodes, one with perforated graphene (70nm hole
diameter, 600nm lattice constant) and the other one with plain CVD graphene, the influence
of the antidot lattices on the electrochemical deposition and on the electrocatalytic oxidation
of glucose was investigated.

The morphology of NiO nanoparticles on perforated and nonperforated graphene was
examined by the SEM, as illustrated in Figure 6.4. The comparison of Figure 6.4 (A) and (B)
reveals that the deposition of NiO nanoparticles is site selective and occurs preferably on
defective sites of the surface. The NiO nanoparticles have a more homogeneous grain size (of
averagely 60 nm) on the sample modified with perforated graphene, compared to the one
without perforation.
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Figure 6.4. SEM image of electrodeposited NiO nanoparticles on graphene (A) without antidots, and (B)
modified with antidot lattices. The deposition of NiO nanoparticles on the sample with antidots occurs site

selective and at a higher density compared to the plain graphene.

Amperometric measurements were performed to investigate the impact of antidots on the
electrocatalytic oxidation of glucose. Figure 6.5 (A) compares the current density (j) of the
NiO modified perforated graphene with those of the NiO deposited plain graphene toward
successive injection of 0.025-102.4 mM glucose concentration in 0.1M NaOH at the potential
of 0.45V. The total electroactive area of each electrode was calculated by subtracting the total
area of the antidots from the initial area of the graphene.

Compared to the plain graphene, the antidot-modified graphene exhibited a more rapid, more
stable and more enhanced response toward glucose.
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Figure 6.5. Electrochemical behavior of NiO/graphene electrodes toward glucose. (A) The amperometric
response of the sensor electrode based on NiO/ antidot-modified-graphene vs graphene without antidots toward
sequential increase of glucose concentration from 0.025 mM to 102.4 mM in gently stirred 0.1M NaOH solution
at 0.45 V. (B) Calibration plots obtained for NiO/perforated graphene (black) and NiO/pure graphene electrode

(red).

Also observed in Figure 6.5 (B), the sensor based on graphene with antidots displays a linear
current response toward glucose in a wider range (0.1-12.8mM) with correlation coefficient of
0.899 and a higher sensitivity (54.47uA mM™ mm™), while graphene without antidots shows
linearity over a lower concentration range of 0.2-6.4mM with a slope of 8.48 pA mM™ mm™
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and correlation coefficient of 0.88. Thus, it can be concluded that the imposed array of
antidots greatly enhances the catalytic current.

This is believed to be a result of the artificial attachment cites provided by the ordered
nanopatterns that offered a condition for more deposition of nanoparticles on the dangling
sites and thereby, enhancing the chemical reactivity of graphene.

6.4 Impact of antidots’ size and lattice constant on the
electrocatalytic oxidation of glucose

We prepared square antidot lattices with five different lattice constants of 300, 400, 500, 600
and 700 nm and four types of hole diameter: 50, 70, 150 and 200 nm in order to investigate
the influence of array properties on electrochemical deposition of NiO nanoparticles on
graphene and further electrochemical behavior of the sensor. Electrodeposition of NiO
nanoparticles was carried out according to the approach mentioned in the previous section and
the obtained materials were then characterized by SEM. As illustrated in Figure 6.6 and
Figure 6.8 (A), the density of the nanoparticles can be manipulated by changing the lattice
constants. A comparison of the images A-D shows that the density of NiO nanoparticles on
the antidot-modified graphene increased with the increase of the lattice distance to 500nm.
With the lattice constant further extended to 700 nm, a decrease in the amount of the
deposited nanoparticles is again observed. When the lattice constant was 500 nm, the NiO
nanoparticles deposited on the graphene film had the highest density. The average number of
NiO nanoparticles on this sample showed an approximate 2.5-fold increase compared to the
samples with 600 and 400 nm lattice constants. The results were obtained from ImagelJ
software, counting the number of nanoparticles for the same area for all the samples (see
Figure 6.8). In comparison to samples with 700 nm and 300 nm lattice constants, the density
of the NiO nanoparticles on sample with 500 nm lattice constant appeared to be respectively 5
and 10 times higher. We attribute the observed enhanced density of nanoparticles to the
number of the antidots, whose edges provide safe positions for the NiO nanoparticles to get
deposited on the substrate (as obvious from the image 6.6). Smaller lattice constant means
more antidots and anchoring positions for the nanoparticles; however, as the lattice constant
decreases to 400 and 300 nm, the graphene structure gets more and more distorted and
defected by the many antidots that are imposed. This leads to deterioration of the physical and
chemical properties of graphene and a decrease in the number of electrodeposited NiO
nanoparticles on the substrate.

Moreover, the density of the deposited nanoparticles can be modulated by simply changing
the diameter of the antidots. As depicted in Figure 6.7 and Figure 6.8 (B), the antidots with
diameter of 70 nm provided the best substrate for the most density of nanoparticles in
comparison to other diameters. Based on the results demonstrated in Figure 6.8 (B), the
density of NiO nanoparticles on the sample with antidots of 70 nm diameter is 1.4 times, 3.5
times and 5 times more than the samples with antidots of 50 nm, 150 nm and 200 nm,
respectively. By incresing the diameter of the antidots from 50 nm to 70 nm, the
circumference of the imposed circular holes increase and more NiO nanoparticles find the
oportunity to get deposited on the antidots edges. By further increasing the diameter however,
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larger areas of graphene are etched and distorted, leading to decline in the density of
deposited NiO nanoparticles on the substrate.

The influence of the size and lattice distance of the patterned antidot arrays on the density of
the NiO NPs deposited on graphene has been further investigated by counting the number of
nanoparticles per area, using the ImageJ software. Figure 6.8 displays the averaged density of
NPs per area for different diameters (at the fixed lattice constant of 500nm) and for different
lattice constants (where the antidots had a fixed diameter of 70 nm). The results obtained from
the particle counting by ImageJ confirms the observations yielded from the SEM images
(Figure 6.6 and Figure 6.7).

Figure 6.6. SEM images of the electrodeposited NiO nanoparticles on graphene modified with antidots of the
same hole diameter (70nm) and different lattice constants : 300nm (A), 400 nm (B), 500 nm (C), and 700 nm
(D). When the LC is 500 nm, the NiO nanoparticles deposited on the graphene film have the highest density.
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Figure 6.7. SEM images of the electrodeposited NiO nanoparticles on graphene modified with antidots of the
same lattice constant (500nm) and different hole diameters : 50nm (A), 70 nm (B), 150 nm (C), and 200 nm (D).
The density of the NiO nanoparticles deposited on the graphene film with antidots of 70 nm is the highest.
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6.5 Electrocatalytical performance of modified electrodes toward
the oxidation of glucose

The electrochemical behavior of the array-modified electrodes with different lattice constants
was studied using CV technique before and after the introduction of 102.4 mM glucose in 0.1
mM NaOH. Observed from Figure 6.9, a pair of redox peaks appears in the absence of
glucose which are attributed to the oxidation of Ni(OH), to NiOOH and successive reduction
back. The redox signal increases further with the increase of potential scan cycle number from
1 to 60. It is observed that the first cycle needs higher potential for the nucleation of NiOOH.
In the next cycles, the anodic and cathodic peaks shift to lower potentials and the peak
currents shift to high values as the cycle numbers increase. This is due to the nucleation of
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NiOOH and the following increase of activation sites (Ni** or Ni**). These Ni*? /Ni*® species
on the electrode surface (embeded in Ni(OH),/NiOOH redox couple) act as a catalyst for the
oxidation of glucose. When glucose diffuses to the electrode surface, it is rapidly oxidized to
glucolactone by the Ni*® species on the electrode, as indicated in Eq. 6.1.
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Figure 6.9. CV of the NiO/ antidot-modified-graphene electrodes in the absence and presence of glucose in 0.1
M NaOH solution, where graphene was modified with antidot lattices of 70nm diameter and LC of 300nm (A),
400nm (B), 500nm (C), 600nm (D) and 700nm (E).

Comparison of the recorded cyclic voltammograms before and after introduction of 102.4 mM
glucose demonstrates that once glucose was added into the NaOH solution, the oxidation
potential shifted to more positive values. This phenomenon is attributed to the catalytic
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electrooxidation of glucose, since glucose molecules adsorbed on the surface of NIOOH can
be oxidized at higher potentials [Jaf09] [Mar11].

In order to evaluate the amperometric behavior of the sensors, all five types of modified
electrodes were tested in an amperometric setup to detect glucose.

It is well known that the applied potential strongly affects the amperometric response of a
sensor [Zhal3] [Sunl15]. Therefore, in each measurement of Figure 6.10 the potential at which
the maximum peak current occurred (ranging between 0.45 and 0.5 V) was chosen as the
optimized sensing potential for amperometric measurements. Results plotted in Figure 6.10
indicate that graphene perforated with antidots of 500nm lattice constant is the optimal sensor
for glucose detection, since compared to other sensors, it results in a higher step-like signal
response upon the addition of glucose and shows the highest sensitivity towards the
nonenzymatic detection of glucose, thus can be chosen as the working electrode for further
experiments.

10 ] B —— a =
11' - -
L] -
1 - . |
= ] - ° .
- E E £ 0,1 E a - “ ' o
o 01 e B T & 3 . = "
£ 84 S g £ 2 = . "
L s < o 1 M =
< — 0,014 §
g o T\\ ot E T a = 300 nm
- i st ) = 400 nm
1E-3 < 1E-3 4 = 500 nm
3 600 nm
- 1 700 nm
1E-4 154
L) L] L) T L] L] L] L] E L] L) 1 T
0 200 400 600 800 1000 1200 1400 0,1 1 10 100
Time (s) Concentration (mM)

Figure 6.10. Electrochemical behavior of electrodes with different lattice constants toward growing
concentration of glucose (A) amperometric responses of sensors with different lattice constants carried out in 10
mM NaOH, upon a step-wise increase of glucose concentration from 0.025mM to 102.4 mM while the solution
was magnetically stirred. (B) Calibration plots of the mentioned sensors for glucose determination in a potential
range of 0.45-0.5 V.

To evaluate the impact of the lattice constant on the performance of the sensors, the low limit
of detection (LOD), linear calibration range and sensitivity for glucose determination at
sensors with different lattice constants have been calculated and listed in Table 2.

Lattice constant (hnm)  Linear range (mM)  Sensitivity(LA mM~mm™) LOD (uM)

No antidots 0.1-1.6 8.48 7.75
300 0.05-0.8 14.3 9.5
400 0.4-12.8 68.1 1.1
500 0.05-6.4 146.1 0.57
600 0.05-6.4 57.4 1.2
700 0.05-0.8 15.1 5.1

Table 2. Comparison of the performance of various glucose sensors where antidot arrays on graphene had
different lattice constants.
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It can be observed that the detection limit and linear calibration range for glucose
determination at sensor with lattice constant of 500nm is better than other electrodes listed. In
addition, the high sensitivity of this electrode is another advantage for this sensor.

6.6 Stability and reproducibility

The response reproducibility and stability were examined for the developed glucose sensor
based on NiO decorated graphene electrode. Three independent graphene electrodes were
modified with antidot lattices (hole diameter 70nm and lattice constant 500nm) and
electrodeposited with NiO nanostructures under the similar conditions and their current
response was measured in 10 mM NaOH at the applied potential of 0.46 V.

As illustrated in Figure 6.11, the three electrodes fabricated independently showed an
acceptable similar current response in the presence of 102.4 mM glucose. All three sensors
exhibit similar sensitivity (~146 pA mM™mm™) to the catalytic reduction of glucose and are
able to detect glucose concentrations as low as 0.025 mM, showing fast and reproducible
amperometric response upon successive additions of glucose.
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Figure 6.11. Study of response reproducibility and stability (A) Three different non-enzymatic glucose sensors,
prepared independently, yielded a reproducible current response to a gradual increase of glucose concentration,
from 0.025 to 102 mM. (B) During four series of amperometric measurements, no obvious current decline was

observed, confirming long-term stability.

The stability of the sensor electrode was evaluated for four weeks. After stored at ambient
conditions for one month, the sensor electrode maintained about 57% of its original activity,
not undergoing poisoning through the formation of oxidation product (Figure 6.11 (B). This
experiment indicated that sensor electrode is stable and can be used repeatedly for the
detection of glucose without a substantial change in the response of the sensor electrode.
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6.7 Selectivity

In real samples, some possible interfering species such as ascorbic acid (AA) or carbohydrates
such as fructose and sucrose might affect the detection of glucose. Therefore, the selectivity
of the sensor was investigated. Figure 6.12 compares the amperometric responses of 0.4 mM
glucose with 0.57 mM fuctose, 0.57 mM sucrose and 0.57 mM AA on the NiO/ antidot-
modified-graphene glucose sensor in gently stirred 0.1M NaOH solution at a working
potential of 0.45 V. As demonstrated, the sensor was able to selectively determine glucose in

presence of other interfering species.
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Figure 6.12. Investigation of the sensor’s selectivity : Amperometric response of the NiO/antidot-modified-
graphene electrode toward successive addition of glucose, sucrose, fructose, ascorbic acid (AA), and again
glucose in 0.1 M NaOH solution at 0.45 V. Here, the labels denote the respective concentration increments in

each step.

The addition of fructose and AA did not show any current response, and sucrose showed little
current response which may not interfere with the detection of glucose. The results prove that
the selectivity of the sensor for glucose detection was satisfactory. This is ascribed to the fact
that the amperometric detection can be performed with a low detection potential (0.45 V),
which can avoid interference of other species. The best potential for amperometric detection
of fructose, sucrose and AA have been reported to be 0.5 V [Ike91] [Kin97], 0.59 V [Maj08]
[Moh05] and 0.5 V [TomO05] respectively, which are out of the potential range we have
determined for glucose detection.
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6.8 Conclusion/Summary

The introduction of nano-scale defects in graphene can significantly modify its
electrochemical properties. Previous theoretical studies shed light on enhanced chemical
reactivity of 1D line defects, especially grain boundaries, in CVD graphene [Brill] [Wanl3]
but the available experimental study on this subject is limited [Kim14].

Here, for the first time, we have studied the introduction of antidot lattices in graphene as an
approach to modify the electrochemical properties of CVD graphene and its amperometric
behavior towards glucose.

We demonstrated that electrodeposition of NiO nanoparticles at the antidot-modified
graphene occur predominantly at the edges of the antidots due to the dangling positions
provided by these defect sites. Images obtained from SEM directly confirm that most of the
NiO deposition sites coincide with the circular defects created by antidot lattices on graphene.
Moreover, amperometric measurements confirm high-performance glucose sensing using
antidot-modified graphene and show its advantages over pristine CVD graphene in which
NiO nanoparticles decorate the surface of graphene non-selectively.

These antidots allow us to selectively functionalize the graphene and systematically tune its
electrochemical properties. As the number of antidots per area increases (i.e. the lattice
constant decreases), NiO nanoparticles deposited along the defect sites grow in number,
reaching their maximum density at lattice constant of 500 nm. With the lattice constant further
shrinking to 400 and 300 nm, a decrease in the amount of the deposited nanoparticles is again
observed, due to high distortion of graphene structure.

We demonstrate that the sensor based on graphene modified with antidots of 500 nm lattice
constant and 70 nm diameter yields a superior platform for glucose sensing because it
enhances the step-like signal response upon the addition of glucose and shows the highest
sensitivity towards the non-enzymatic detection of glucose.

The glucose sensing performance and characteristics of the antidot-modified graphene utilized
in this work are compared with previous reports as displayed in table 3.

Electrode material Potential (V)  sensitivity(uUA-mM™.cm?  LOD (uM) Reference
NiO/PYERGO 0.6 668.2 0.2 [Lil4db]
rGO/Ni(OH), 0.6 11400 15 [Sub14]
rGO/NiIO 0.4 1571 1 [Lil4c]
Ni(OH),/JERGO/MWCNT 0.5 2042 2.7 [Gaol4]
Pt-CuO/rGO 0.35 3577 0.01 [Dhal4]
CuO/rGO 0.4 2221 0.1 [Wan14]
NiO/antidot-CVDG 0.4 14610 0.57 This work

Table 3. Comparison of analytical performance of various graphene-based nonenzymativ glucose sensors.
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Compared with other sensors reported formerly, the glucose sensor we fabricated, exhibited a
notably higher sensitivity and relatively lower detection limit.

All the sensors studied in the previous literatures are based on rGO, probably because of its
easy access and low cost. However, during the chemical oxidation and reduction process
toward rGO, a large number of defects are created, leading to poor structure quality,
electronic conductivity and electrical mobility compared to CVD graphene. In our work, we
propose a method which benefits from high quality CVD graphene and at the same time,
allows us to selectively introduce controllable defects and dangling sites in order to optimize
the electrochemical reactivity of graphene.

While some previously reported sensors are highly sensitive to glucose detection, they show
rather poor stability and selectivity, owing to the high potential requirement for operation.
Some other authors have investigated sensors able to operate at low enough potential, not
producing interfering signals and stability problems, but their sensitivity is low. The sensor
proposed in this work benefits from high sensitivity and stability, showing almost no
interference due to the low operating potential.

Moreover, the NiO/ antidot-modified graphene electrode is capable of direct electrooxidation
of glucose without enzyme immobilization, reducing the costs of the sensor fabrication and
showing no loss of sensitivity due to denaturation of protein enzymes in the immobilization or
detection procedures.

These remarkable features of the proposed sensor, as well as its high reproducibility and ease
of operation provide enough potential for the sensor to be applicable as a high-performance
non-enzymatic glucose sensor.






7. Summary and outlook

The focus of this work has been the experimental application of graphene in electrochemical
sensing and exploring the effect of synthesis routes and artificial edges on the sensing
properties of graphene.

We investigated the influence of the choice of the graphene material on the amperometric
properties in direct hydrogen peroxide detection. Graphene materials including mechanically
exfoliated graphene, CVD graphene and rGO have been applied to reductive amperometric
determination of hydrogen peroxide and their properties and utility in terms of fabrication of
sensing devices have been compared.

Our results demonstrate that the quality of the graphene has an enormous impact on the
amperometric performance and the use of graphene with less number of defects (CVDG)
results in a significant improvement in signal compared to rGO. The H,0O, sensor based on
CVDG vyields a sensitivity of 173 mA M™'cm™2 (which is about 7 times better than that of
rGO). It is concluded that the application of CVDG offers large perspectives in amperometric
detection systems owing to its efficiency in better detection of hydrogen peroxide with higher
sensitivity compared to rGO.

Although the sensitivity obtained from electrochemical sensor based on CVDG is slightly less
than that of mechanically exfoliated graphene (202 mA Mcm™?), CVDG is preferred as the
material which suits commercial purposes and mass production. Compared to irregular shape,
size and location of mechanically exfoliated graphene and its laborious production process,
CVDG offers uniform large films with high quality, providing a superior candidate for
functionalization and further fabrication of high sensitivity biosensors.

Furthermore we had the great possibility to develop a sample preparation technique, based on
graphene-electrodeposited NiO nanoparticles, that provides an effective solution to sample
stability issues encountered when immobilizing enzymes on graphene. By introducing the
antidot lattices to graphene, we investigated the role of these circular holes on the NiO
deposition and sensing performance of graphene for the nonenzymatic detection of glucose at
room temperature.

Our results reveal that arrays of antidots selectively patterned on graphene by plasma etching,
lead to higher density of electrodeposited NiO nanoparticles on graphene and further
improvement of graphene’s amperometric behavior.

Compared with plain CVDG, the graphene modified with antidot lattices was found to have
higher sensitivity (54.47 uA mM™mm?) and wider linear range (0.1-12.8 mM) for the
detection of glucose, which is attributed to the imposed array of antidots that provided more
anchoring sites for the deposition of nanoparticles.

We also demonstrated that by tailoring the size and lattice constant of the controllable and
reproducible nanopatterns on graphene surface, the electrochemical reactivity of graphene can
65
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be optimized. When antidots were prepared with the hole diameter of 70 nm and lattice
constant of 500 nm, the NiO nanoparticles deposited on the graphene film had the highest
density (700 NPs per 100um?), and the amperometric measurements showed the best current
response toward glucose detection with the highest sensitivity (146.1 uA mM™mm?) and
lowest detection limit (0.57 pM).

This fabrication procedure could be extended to the preparation of other metal (oxide)
/graphene based electrochemical sensors with dedicated properties to achieve new
applications in detection of other biological samples.

The discussion here can be considered as an outlook onto what future experiments could aim
at. Being motivated by the significance of multianalyte sensor arrays in disease diagnosis,
food safety and biological analysis, the demand for higher throughput testing, more rapid
diagnoses, and a more efficient use of samples has been growing.

As perspective, the research presented here makes it conceivable to employ antidots to tailor
the graphene electrode and design amperometric array-biosensors consisting of several
transducer elements with different bioselective components for various substances and
thereby detecting numerous target analytes simultaneously.



8. Appendix

8.1 Functionalization techniques for enzyme immobilization

The lifetime of an enzyme-based biosensor mainly depends on how long the biological
activity of the loaded enzyme is retained, which in turn depends on the immobilization
strategy for the enzyme. Immobilization of enzymes refers to the technique of
confining/anchoring the enzymes in or on an inert support for their stability and functional
reuse. By employing this technique, enzymes are made more efficient and cost-effective for
their industrial use. As a result, the immobilization of enzymes is a decisive factor in
construction of the biosensor and can greatly affect its performance [Put13] [Bar02].

To date, a variety of strategies for biomolecule immobilization [Sas12] [Dat13] have been
proposed, including physical or chemical adsorption onto the electrode [Tsa09] [Toil4]
[Tan04], entrapment within a membrane, gel or nanoporous polymer [Cos06] [Ivn08]
[Rub05], cross-linking between molecules [Lee09] [She05], and covalent bonding to a surface
[Hon08] [Bie06]. The adsorption of enzyme from a solution onto a solid surface or an
electrode can be carried out by either physical or chemical interactions, including van der
Waals forces, electrostatic attractions, hydrophobic interactions, or hydrogen bonding
[Han09] [Gui06]. Irrespective of the method to be used, the immobilization should be simple
to carry out, highly reproducible, and should be stable under extreme environmental
conditions like pH, temperature, ionic strength, and chemical composition.

A suitable microenvironment for biomolecules immobilization and fast electron transfer
between the immobilized biomolecules and electrode substrates is provided by
functionalization. Graphene may also be functionalized in order to enhance its sensitivity,
specificity and loading capacity.

Functionalization methods are divided into two general categories: covalent and noncovalent,
which we discuss briefly in the next two subsections. For detailed chemistry, several previous
articles on this topic may be referred to [Sin09] [Gor10] [Geol12].

8.1.1 Covalent methods

The covalent functionalization of graphene can take place at the edges of the sheets and/or on
the basal plane of graphene and is associated with rehybridization of one or more sp® carbon
atoms of the carbon network into the sp® configuration accompanied by simultaneous loss of
electronic conjugation.

The coexistence of sp* carbons in the lattice is inherently classified as defects. The ratio
between carbon atoms with sp® and sp® hybridization in the graphitic lattice is an indication of
the degree of the covalent functionalization reaction. This ratio is estimated using Raman
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spectroscopy as the Ip/lg ratio, where Ip and I are the intensities of the peaks at ~1350 and
1580 cm ™, which correspond to the number of sp® and sp® C atoms, respectively.

In contrast to noncovalent functionalization, covalent schemes change the electronic
properties due to disruption of the crystallographic lattice. Chemical moieties, commonly
carboxylic (-COOH) and hydroxyl (—OH) groups, can be covalently created on the graphene
surface using strong acids and/or oxidants. The oxygen-containing chemical groups created
on the graphene surface can serve as chemical handles to graft functional molecules (e.g.,
proteins, carbohydrates, polymers) through covalent bonding. For example, carboxylic groups
can react with proteins, carbohydrates or other polymers via amide or ester linkages.

8.1.2 Noncovalent methods

Although covalent strategies can effectively, stably and specifically install functionalities,
they unavoidably alter the native electronic structure and physical properties of graphene by
converting sp? carbons to sp> ones, e.g., causing decrease in carrier mobility. In view of this
problem, noncovalent modifications have been employed in order to preserve the intrinsic
properties of the original graphene materials.

Noncovalent interactions are primarily based on van der Waals forces or m-n stacking of
aromatic molecules on the graphene plane, leading to physical adsorption of various
molecules onto graphene basal plane without the need of any coupling reagents. However,
physical adsorption is non-specific. To deal with this issue, passivation molecules are often
applied to block the unfunctionalized area (sites) in order to avoid non-specific adhesion of
unwanted molecules [Liul2].

Graphene materials can be non-covalently decorated with metal nanoparticles (e.g., Au, Ag,
Pt) through chemical reduction [Donll] [Gutl2], electrospray [Hul4], or electrochemical
deposition [Morl3]. These nanoparticles may serve as the catalysts to mediate signal
transduction in graphene based sensors, or as the docking points to anchor sensing probes
with high capacity. For instance, thiolated biomolecules (e.g., thiol-ssDNA) can be anchored
onto gold nanoparticles via formation of a thio-gold bond [Jay12].

With this brief introduction, we will now provide an overview of the various strategies and
experiments that have been performed throughout this work to functionalize graphene and
immobilize the GOD enzyme for fabrication of a glucose biosensor.

The experimental procedures for graphene functionalization have been done by Eva-Maria
Kirchner from the department of analytical chemistry, Regensburg University.

8.2 Crosslinker mediated biofunctionalization of graphene
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Crosslinking is the process of chemically joining two or more molecules by a covalent bond.
Among various crosslinker reactive groups for protein conjugation, carbodiimide compounds
provide the most popular and versatile method for crosslinking to carboxylic acids.

Different literatures have previously reported the preparation of biosensors based on covalent
linkage between the carboxylic acid groups on graphene oxide sheets and the amines of the
enzyme in the presence of crosslinking reagents such as 1-ethyl-3-(3-dimethylaminoprophy)
carbondiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) [Putl13] [Liul0]
[Chil4]. NHS or its water-soluble analog (Sulfo-NHS) is often included in EDC coupling
protocols to improve efficiency or create dry-stable (amine-reactive) intermediates that are
considerably stable [The09].

In the present work, the amine groups of GOD were covalently attached to the edge and
defect site carboxyl groups of perforated graphene surface via EDC-NHS amine coupling
reaction, as schematically illustrated in Figure 8.1.

0
NHS
+H,N-GO, ——>
EDC
OH NH-GO,

Figure 8.1. Schematic immobilization of GOD into GO sheets via peptide bonds between the amine groups of
GOD and the carboxylic acid of GO

In the reaction, 2 mM EDC and 5 mM NHS were drop casted on the electrode and kept for 50
minutes to activate the COOH group of the perforated graphene. Then the electrodes were
washed thoroughly with PBS. 10 uL of GOD in PBS at 5 mg/mL conc. was drop casted on
the electrode and kept overnight at 4°C. Figure 8.2. shows the performance of the fabricated
sensors investigated by CV and amperometry.

As can be observed, except for the first injection, the sensor shows no obvious changes of the

peak currents after the addition of glucose, which represents failure in detecting glucose
levels.
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Figure 8.2. Sensing performance of GOD immobilized EDC/NHS/graphene to glucose. (A) CV of the
graphene-based electrodes in the absence and presence of 12.8 mM glucose in 0.1 M NaOH solution (B)
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Amperometric measurement under subsequent addition of glucose to cover a concentration range of 25 uM to
12.8 mM at a potential of 0.3 V

Since the use of EDC/NHS redox mediators was an unsuccessful method for immobilization
of GOD on our graphene substrate, another immobilization protocol needs to be applied.

An entrapment in polymer membranes is a general method for enzyme immobilization that
has been used for development of amperometric biosensors for glucose. In particular, Nafion
has proved to be a good protective coating material and a support for immobilization of GOD
on graphene [For92].

8.3 Nafion as a medium for glucose oxidase immobilization

Nafion encapsulation of enzyme is a common practice to prepare biosensors. Nafion is a
sulfonated tetrafluorethylene copolymer that has been used extensively for the modification of
electrode surfaces, offering great promise for oxidase-based amperometric biosensors. Having
been applied as a binder/stabilizing agent in many different glucose sensor designs [Mou94]
[Yan15], it has even proven to prolong the lifetime of the sensor in comparison to other
binding agents [Tur90], and to act as an excellent matrix to protect GOD from thermal
deactivation during glucose sensing, where the temperature can reach up to 68 °C and GOD
would lose activity [Tse09].

Pioneering work by Zhou et.al. shows that GOD may interact with graphene sheets by the
physical adsorption and since the GOD/graphene films are not stable, they can easily shed
from the electrode. Therefore, it is necessary to use Nafion as a binder to hold the GOD stably
kept on the electrode surface [Zho08].

However, a study by Lu et.al. shows that increasing Nafion concentration and adding an
additional layer of Nafion on the graphene film leads to significant reduction of the sensitivity
of the biosensor, because more Nafion could reduce the activity of enzyme and the additional
layer of Nafion could block fast electron transfer [Lu07].

In the present work, we first modified the perforated CVD graphene electrodes with GOD, by
drop casting the enzyme solution (500 U mL™). The enzyme modified electrodes were then
dried and successively dipped in 10 mM phosphate buffer to remove excess unbound enzyme.
After drying, 1 puL 0.1 wt% Nafion solution was spin coated onto the modified electrodes for
30 seconds at a speed of 3000 rpm. Amperometric measurements were performed under
subsequent addition of glucose to the solution. Cyclic voltammograms were also obtained
before and after the addition of 12.8mM glucose in the solution.

As illustrated in Figure 8.3, the Nafion/GOD/graphene electrode shows no redox peaks at the
CV experiment and the Nafion coated graphene does not respond obviously to the glucose
additions and is inapplicable for glucose detection.
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Figure 8.3. Sensing performance of GOD immobilized Nafion/graphene to glucose. (A) CV of the graphene-
based electrodes in the absence and presence of glucose in 0.1 M NaOH solution, (B) Amperometric
measurement under subsequent addition of glucose to cover a concentration range of 25 uM to 12.8 mM at a
potential of 0.3 V.

According to the obtained results, it can be concluded that in our experiment, the Nafion film
acts as a barrier to electron transfer and blocks the enzyme activity. Since this technigque
didn’t lead to fabrication of a glucose biosensor either, another approach was employed as an
alternative for graphene functionalization: surface modification by a spontaneous reaction
between a diazonium salt and the graphene layer.

8.4 Covalent modification of graphene via diazonium salt chemistry

Another efficient method for the functionalization of graphene is based on the reaction of 4-
nitrobenzene diazonium tetrafluoroborate (NBD) salts with graphene surface, widely
employed for grafting aryl groups to the surface of sp>-hybridized carbon materials.

The most common reaction mechanism of covalent functionalization with aryl diazonium

salts is illustrated in Figure 8.4. The reaction intrinsically involves a spontaneous electron

transfer from graphene to the aryl diazonium cation, which becomes an aryl radical after

releasing a molecule of N». The aryl radical then forms a covalent bond with a carbon atom in

the graphene lattice, changing its hybridization to sp* and displacing it out of the plane by

~0.7 A [Jia06] [Pau13], finally leading to functionalization of the graphene with nitro groups.
O,N

NO,

Figure 8.4. Schematic illustration of grafting a diazonium salt to a graphene sheet.
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The electrochemical reduction of -NO, to -NH, is the key step in addressability, since the
primary amine (-NH;) groups produced by the electrochemical reduction are a ubiquitous
starting point for covalently linking biomolecules such as enzymes, DNA, peptides, and
antibodies to graphene surfaces as immobilization matrixes.

The diazonium coupling reaction of graphene is strongly dependent on graphene layers.
Strano, et al., found that single GNS are almost 10 times more reactive than bi- or multilayers
of graphene [ShalOb]. More interestingly, the reactivity of edges is at least two times higher
than the reactivity of the bulk single GNS. This suggestion is supported by the research by
Lim [Lim10] and Sinitskii, et al [Sin10].

In the present work, the functionalization was performed as follows: graphene was immersed
in an aqueous solution of 20 mM 4-NBD for two hours at room temperature and afterwards
rinsed with water. We should note that due to the photo instability of the diazonium salt, the
reaction vials had to be kept in the dark.

To generate 4-carboxy diazonium compound, a mixture of 2 mM NaNO; in 2 mM p-
aminobenzoic acid (PABA) in 5 mM HCI was stirred for 5 minutes and used as electrolyte in
the three-electrode arrangement for the subsequent diazotization reaction.

CV measurements were performed in a potential window from -0.6 V to +0.6 V at a rate of
100 mVs™. The attachment of the NBD group to graphene surface can be readily investigated
with Raman spectroscopy, where the conversion of sp® to sp® carbon atoms due to the reaction
leads to distinct changes in the Raman spectra, emerging mainly as a prominent D-band. The
Raman analyses (Figure 8.5) reveal a distinct D band after the reaction of the diazonium
compound, indicating the rehybridization of C atoms from sp? to sp® as a result of successful
binding of the diazonium compound to graphene surface.
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Figure 8.5. Changes in the Raman spectrum of graphene due to NBD-functionalization. The observation of two
sharp D peaks at 1345 and 1368 cm* together with the decreased G and 2D bands is characteristic of the
reduced periodicity of the t-bonds in NBD-functionalized graphene.
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In order to immobilize GOD, 4-nitrobenzene modified graphene was reduced
electrochemically to 4-aminobenzene modified graphene by doing CV in a potential range of -
1.1 V to 0 V at a rate of 100 mV.s™ for five cycles. The 4-aminobenzene modified graphene
electrode was then activated by immersion in 1 mL of a solution of EDC (B = 50 mg mL™) in
140 mM NaCl. After rinsing the electrode with water, the electrode was immersed in a GOD
solution (B =250 U mL™) in 10 mM phosphate buffer containing 0.1 M KCI (pH 7.4). The
electrodes were incubated in the enzyme solution overnight. Afterwards they were rinsed with
water and stored at 4 °C when not in use.

The electrochemical performance of the resulted bioelectrode was tested through CV and
amperometry as illustrated in Figure 8.6.

——in 10 mM NaOH
4,0E-44 —in 12.8 mM glucose 2,088
_ 0,0 -2,5E-84 M
< - Wy
S 4,0E-4 g
B saoeel Pt ob ot ottt ottt
3 H =E E E EEE 5 5 E E E
o
8,0E-4 FEE5FEE 5586
-3,5E-8. goecoonmwﬁ
-1,2E-3 |
I T T T A A’OE-R T T T T T IB
0,4 0,2 0,0 0,2 0,4 0 200 400 600 800 1000 1200
Potential (V) Time(s)

Figure 8.6. Sensing performance of GOD immobilized Nafion/graphene to glucose. (A) CV of the graphene-
based electrodes in the absence and presence of glucose in 0.1 M NaOH solution, (B) Amperometric
measurement under subsequent addition of glucose to cover a concentration range of 25 uM to 12.8 mM at a
potential of 0.3 V.

According to the obtained results, the use of diazonium salt for graphene functionalization
didn’t satisfy our needs for fabrication of a sensitive and stable glucose biosensor with low
detection limit. The current response of the fabricated biosensor toward glucose reduction
appeared at a limited range of concentration (0.4-3.2 mM) and did not show stability after
repeating the experiment under the same conditions. Once more, a new approach needs to be
applied for graphene modification, in order to provide a reliable substrate for enzyme
immobilization.
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