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1 Introduction and Objectives

Pioneering research by K. Novoselov and A. Geim of the University of Manchester led to the
isolation and characterization of the single atom thick layer of the carbon nanomaterial
graphene in 2004 [1]. It can be described as a monolayer of sp? bound carbon atoms arranged
in a honeycomb lattice. In 2010, the two scientists also received the Nobel Prize in physics for
their innovative and groundbreaking studies. Starting from this, it has become one of the most
influential materials in science and technology in the last decade.

This is reinforced by the European Commission’s choice of graphene as a future emerging
technology. Research in Europe involving graphene will be funded in one of the first so-called
Flagship initiatives with 1,000 million euros over the next ten years [2]. The scientific and
technological roadmap of the graphene flagship describes graphene as a platform with many
beneficial properties. The two-dimensional material comprises extraordinary strength
(Young’s modulus of 1050 GPa) [3], but also high flexibility, having unique electrical (charge
carrier mobility at room temperature of up to 250,000 cm?V's™) [4] and optical (~98%
transparency) [5] properties. Further exceptional characteristics are its high thermal
conductivity of 5000 Wm™K™ and high surface to volume ratio of 2630 m°g™ [6].

First applications, which can be transferred from academic research to industrial products
were proposed for 2015. Transistors were predicted to lead the commercial success of the
graphene story, followed by spin valves, flexible displays, radio frequency identification tags,
ultra-light batteries, solar cells, ultrafast lasers, composite materials, and prostheses. Up to
now the nanomaterial can be found in only a few products like graphene based conductive
inks and a portable lightweight flexible power source from Vorbeck® [7], stronger and lighter
tennis rackets from HEAD [8], bicycle race wheels comprising graphene enhanced composite
materials from Vittoria [9] or graphene enhanced cycling helmets from Catlike [10]. This
gives a short impression about the current market situation and shows that graphene still has
not reached the market completely in the way it was proposed. However, many prototypes
have been demonstrated, e.g. a touch panels from Samsung [11] or further portable
supercapacitors from Zap&Go [12], and are expected to hit the market soon. Sensors and
biosensors based on graphene have been proposed by the Flagship initiative by 2018. For the

preliminary phase, a ramp up of 30 months with a total budget of 75 million euros is planned



by the European Flagship, where about 3-5% will be spent on the development of sensor
technologies. Not only in Europe, but also in Asia (mainly Singapore) and in the United
States, graphene is proclaimed as an important key technology. Therefore, the question arises:
Will graphene be smart enough to replace some of the materials currently used in sensor

technology? [partially adapted from P1]

Graphene holds great promise as tunable sensor material in miniaturized chemiresistive gas
sensing applications [13]. Simple and reliable monitoring of gas concentration is important in
everyday-life. In industrial processes hazardous gases need to be controlled to guarantee
safety. Controlling air quality can save energy in automated air conditioning. But also the
detection of environmental pollution (like NOy) is of great interest [14]. Up to now, solid-state
gas sensors based on metal oxide chemiresistors are well established in the field of chemical
sensors and widely used in detecting gases [15, 16]. They are operated at high temperature
[17], which consumes excessive energy and limits their long-term stability, thus leading to the
development of new gas sensor concepts which overcome these drawbacks. Similar to solid
state gas sensors, gas adsorption on graphene leads to a change in its electrical resistance.
Therefore, any kind of interaction between graphene sheets and adsorbates, influencing the
electronic structure of graphene, leads to an altered charge carrier concentration or
respectively electrical conductance of the material already at low operating temperature [18,
19]. One aim of this work was to study graphene in terms of gas adsorption and its potential

for gas sensor applications. [partially adapted from P2]

Since its discovery, it was suggested as highly sensitive material, allowing even the detection
of single molecules [20]. The ability to work as receptor and transducer, combined with the
high surface-to volume ratio results in fast and sensitive sensor responses. As a two-
dimensional material, all atoms can be considered as surface atoms providing a maximum of
surface, making it a very promising building block for sensor applications. Nevertheless,
experimentally measured surface areas (270-1500 m?g™) [21, 22] are remarkable but a little
lower than the theoretically predicted 2630 m?g™ [6]. Many different preparation methods for
graphene are known so far, but only a few of them are applicable in terms of sensor
preparation (chapter 3.1). Chemically derived graphene obtained by reduction of graphene
oxide (GO) [23, 24] is inexpensive, the synthesis is easily scalable and was therefore chosen
for sensor preparation. The electrical properties are not as outstanding as the ones of pristine
graphene due to a more defective structure [18, 25, 26]. However, it is also described that

graphene with a more defective structure shows an improved adsorption of gas molecules.



[27] Furthermore, reduced graphene oxide (rGO) can be dispersed in aqueous solutions,
simplifying the transfer to a substrate by e.g. spraying, printing and casting methods [28, 29].
[partially adapted from P2]

This work was motivated by the question how graphene can be modified to get a selective
receptor for a certain type of analyte, especially for discriminating individual gases.
Application of rGO via spin coating onto pre-structured microelectrodes comprising an
interdigital structure was optimized and resulted in consistent layers of reproducible quality in
terms of the electrical properties. The electrical resistance of such modified electrodes was
measured in the presence of various gases diluted in synthetic air (NO,, CH,, and Hy) at
moderate temperatures (85 °C). Chemical modifications were applied by insertion of
functional groups and by doping with metals and metal oxides. The resulting materials were
characterized and tested for their gas sensing behavior. It was demonstrated that a
combination of functionalization of rGO lead to sensors with different characteristics, suitable
to detect an individual by pattern recognition. Hereby, data analysis based on principal
component analysis (PCA) can help to classify the overall detection pattern and was therefore
applied. [partially adapted from P2]

Proving the feasibility of this sensor concept, another goal was to develop graphene based
sensors suitable for the room temperature detection of CO,. Since rGO itself provides bad
sensing performance towards the analyte gas, different graphene composite materials were
screened. Decoration with metal oxide nanoparticles (NPs) turned out to be an effective
strategy to improve the sensitivity towards CO,. Corresponding wet chemical and
electrochemical preparation methods were investigated for optimization of the sensors
response. Potential fields of application can be demand-controlled ventilation in buildings,
which is primarily based on CO; detection and basically reflects the presence of persons in a
room [30, 31]. This can help to reduce power consumption but also can be used in terms of

security issues.

Another broad field of research is the use of graphene as electrode material, particularly in
biosensing applications. It has also been reported that carbon nanomaterials comprise
electrocatalytic effects in electrochemical detection systems [32]. Therefore numerous studies
deal with graphene as electrode material in (bio)sensing applications [33], but often these
materials are not exactly defined in their chemical structure, shape, size, or number of
layers [34]. To date, most graphene employed in electrochemical analysis is chemically

synthesized via oxidative methods with subsequent reduction, introducing a lot of defects and
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heteroatoms [23, 35]. These materials still incorporate oxygen containing groups, which
tremendously influences the electrochemical properties. Graphene derived from other
methods like chemical vapor deposition (CVD) [36, 37] contain also structural defects or
impurities generated by its transfer from the metallic support to an insulating substrate. Many
other methods have been developed so far which allow the preparation of graphene of various
sizes, shapes and quality [38]. The methods most commonly used can be classified by
mechanical [1] or chemical exfoliation [39]. All of these methods are advantageous in some
ways, and except the mechanical exfoliation they allow to produce large quantities of
graphene. The defects in the carbon nanomaterials do not only negatively influence the
conductance [40] but also offer the possibility of functionalization with e.g. biomolecules
and/or metal and metal oxide nanoparticles. This step is mandatory to introduce selectivity to
the system with the perspective of creating sensor platforms in great variability. Tailoring the
size and morphology of the graphene in combination with other nanomaterials, results in
composite materials with enhanced sensing performance [41]. Hydrogen peroxide is one of
the most studied analytes in the development of amperometric detection systems based on
graphene materials. For example, an enzymatic system using horseradish peroxidase
immobilized onto graphene-based electrodes led to a limit of detection (LOD) of 0.1 uM [42].
Up to now there are still drawbacks assigned to this approach like complex immobilization
protocols, low temporal stability, and massive influence of pH, temperature, or humidity on
the enzyme activity. Therefore, great efforts have been paid for developing of non-enzymatic
peroxide detection systems, using noble metals [43, 44], metal oxides and sulfides [45], and
carbon nanomaterials composites [46]. These materials have been chosen for its enhanced
electron transfer rates and for catalytic activity, resulting in higher sensitivities. Lin et al. [47]
recently presented an electrochemical detection of H,O, based on a carbon nanotube MoS,
composite, with an outstanding LOD of 5nM. Nevertheless the role of the individual
materials within these composites is not fully understood yet. Another goal of this work was
to investigate the influence of the choice of the graphene material itself on the electrochemical
properties in direct detection of H,O,. Different prepared graphene materials where compared

in their ability to build an electrochemical biosensor. [adapted from P4]



2 The Author’s own Publications and Patents

Parts in this thesis were adapted from the author’s publications or patent. The adapted text
parts are indicated with [P1] - [P4]. The abstracts of the original publications are listed in this

section.
[P1]
Graphene for Biosensor Applications
A. Zopfl, W. Patterson, T. Hirsch

in Handbook of Carbon Nano Materials, Graphene - Energy and Sensor Applications
2014 6:83-145
Abstract

During the last decade there have been numerous studies on biosensors employing graphene
materials. In this chapter, the latest approaches reported on most relevant analytes such as
glucose, nucleic acids, proteins, H,O,, lipids, pesticides, ions and even whole cells and viruses

are summarized.



[P2]

Reduced Graphene Oxide and Graphene Composite Materials for Improved Gas

Sensing at Low Temperature
A. Zopfl, M. M. Lemberger, M. Konig, G. Ruhl, F.-M. Matysik, T. Hirsch
in Faraday Discussions 2014 173:403-414

Abstract

Reduced graphene oxide (rGO) was investigated as a material for chemiresistive gas sensors.
The carbon nanomaterial was transferred onto silicon wafer with interdigital gold electrodes.
Spin coating turned out to be the most reliable transfer technique, resulting in consistent rGO
layers of reproducible quality. Fast changes in the electrical resistance at a low operating
temperature of 85 °C could be detected for the gases NO,, CH, and H,. Especially upon
adsorption of NO, the high signal changes allowed a minimum detection of 0.3 ppm
(S/N=3). To overcome the poor selectivity, rGO was chemically functionalized with
octadecylamine, or modified by doping with metal nanoparticles such as Pd and Pt, and also
metal oxides such as MnO,, and TiO,. The different response patterns for six different
materials allow discriminating all test gases by pattern recognition based on principal
component analysis.



[P3]

Graphene Gas Sensor for Measuring the Concentration of Carbon Dioxide in Gas

Environments
A. Zopfl, T. Hirsch, G. Ruhl
Deutsches Patent- und Markenamt 2014 102014212282.1 Anmeldedatum:26. Juni 2014
Summary of the Invention

In one aspect the invention provides a gas sensor for measuring a concentration of carbon
dioxide in a gas environment, the gas sensor comprising: a graphene layer having a side
facing towards the gas environment; an electrode layer comprising a plurality of electrodes
electrically connected to the graphene layer; and a chalcogenide layer covering at least a part

of the side facing towards the gas environment of the graphene layer.

Of all materials known, graphene has the largest specific surface area (2630 m%g) and
changes its electrical conductance as a function of adsorbed gas molecules. Since graphene is
a p semiconductor under ambient conditions, the adsorption of electron donators (e.g. NHs)
reduces its electrical conductance, the adsorption of electron acceptors (e.g. NO,) increases its
electrical conductance. The amount of the change in electrical conductance correlates with the
concentration of gas molecules and returns to the initial value once the gas molecules desorb.
This change in electrical conductance may be measured by means of 4 electrodes structure. If
the sheet resistance is significantly higher than the contact resistance toward the electrodes, it

is also possible to use a 2 electrodes configuration.

The invention uses graphene, functionalized with chalcogenide, as the active sensor material.
Chalcogenide is a chemical compound consisting of at least one chalcogen anion and at least
one more electropositive element. The term chalcogenide refers in particular to sulfides,

selenides, tellurides, and to oxides.

The functionalization improve adsorption of the desired types of gas, namely carbon dioxide,
e.g. by chemically selective bonds, as well as possibly the extent of the charge transfer.
Surprisingly it has been found that a class of materials that can be advantageously used for

binding CO; is the class of chalcogenides.



[P4]

Signal Enhancement in Amperometric Peroxide Detection by Using Graphene

Materials with Low Number of Defects
A. zopfl', M. Sisakthi', J. Eroms, F.-M. Matysik, C. Strunk, T. Hirsch
submitted to Microchimica Acta
" These authors contributed equally to this work.
Abstract

Two-dimensional carbon nanomaterials ranging from single-layer graphene to defective
structures such as chemically reduced graphene oxide were studied with respect to their use in
electrodes and sensors. Their electrochemical properties and utility in terms of fabrication of
sensing devices are compared. Specifically, the electrodes have been applied to reductive
amperometric determination of hydrogen peroxide. Low-defect graphene (SG) was obtained
through mechanical exfoliation of natural graphite, while higher-defect graphenes were
produced by chemical vapor deposition (CVDG) and by chemical oxidation of graphite and
subsequent reduction (rGO). The carbonaceous materials were mainly characterized by
Raman microscopy. The electrochemical behavior of the modified electrodes deposited on a
carbon disk electrode were investigated by chronocoulometry, cyclic voltammetry,
electrochemical impedance spectroscopy and amperometry. It is shown that the quality of the
graphenes has an enormous impact on the amperometric performance. 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. The sensitivity is 173 mA-M™.cm? in case of
using CVDG which is about 50 times better than that of a plain carbon disc electrode and
about 7 times better than that of rGO. The limit of detection for hydrogen peroxide is 15.1 uM
(at a working potential of -0.3 V vs SCE) for CVDG. It is concluded that the application of
two-dimensional carbon nanomaterials offers large perspectives in amperometric detection

systems due to electrocatalytic effects that result in highly sensitive detection.



3 Background

3.1 Preparation Methods and Transfer Techniques of Graphene

Synthesis of uniform graphene sheets with consistent reproduction of high quality and in large
scale is still one of the main challenges for bringing graphene to commercial applications
[48]. In this chapter, the most popular and promising methods are displayed, ranging from
bottom-up preparation to top-down exfoliation of graphite (Figure 1). Especially the transfer
of graphene structures to the desired position in an application is a crucial issue limiting the

direct applicability.

| Top Down ‘
Liquid Phase Exfoliation J
(Using Organic Solvents Chemical Exfolitaion
and Surfactants) (Oxidative and

Reductive Methods)

Chemical Vapor
Deposition

Epitaxial Growth
on SiC

Total Chemical
Synthesis

Applicability for Mass Production

Mechanical Exfoliation
(Scotch-Tape Method)

l Bottom Up l

Level of Defects

Figure 1. Overview of preparation techniques of graphene and the influence on quality

and applicability in terms of industrial production.

The mechanical exfoliation of graphene as described by A. Geim and K. Novoselov [1] was
performed by the so-called Scotch-tape method: A piece of adhesive tape is placed onto a
piece of highly ordered pyrolytic graphite and is then removed. The graphite layers, which
stick to the tape will be cleaved by repeating this procedure again and again. Graphite flakes
are transferred from one piece of tape to another and in each step there is a chance that this
layered material gets disrupted. In the last step, the transfer of the graphene to a substrate, the
adhesive tape is placed onto and removed from a silicon wafer having a suitable oxide layer.
The remaining graphene can be identified simply by interference contrast with an optical

microscope [49]. This method allows single-, bi-, and multi-layer graphene to be
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distinguished and gives access to the study of the physical properties of this unique carbon
nanomaterial. Graphene obtained from this technique is of high quality and has a well ordered
crystal structure [50]. For practical application, this synthesis is too laborious and
inconvenient, since individual flakes of a size of few micrometers only can be produced. Two
identical graphene flakes can never be obtained due to the imprecisely handling of the tape
and diversity of the starting material. Therefore, nearly a dozen methods have been developed
so far which allow the preparation of graphene of various dimensions, shapes and

quality [38]. [partially adapted from P1]

Another method for the preparation of graphene is the epitaxial growth on SiC [51]. Single
crystal SiC is annealed at 1500 °C evaporating Si atoms from the surface resulting in a
formation of graphene on the SiC substrate. The crystallinity of these samples is very good,
but this technique is also accompanied with several drawbacks. The starting material is very
expensive and the transfer of the graphene is very difficult because of the interaction between
graphene and substrate. Devices fabricated from this graphene are usually made directly on
the substrate [52, 53].

One of the most promising approaches is the growth via CVD [36], utilizing the catalytic
graphitization of hydrocarbon gases at a metal surface, namely Cu, Co and Ni. Here, a carbon
feedstock decomposes at high temperatures of ~1000 °C and rearranges to form sp?-carbon
species [54]. The solubility of carbon in the metal is hereby of major importance. Copper
provides only a low carbon solubility of ~0.03% and carbon atoms are only dissolved at the
surface leading to the preferential growth of single layer graphene [55, 56]. This is a self-
limiting process, since once the metal is covered with graphene the decomposition of the
hydrocarbon precursor is terminated. With this technique 30-inch graphene films were
realized in 2010 [57] and also prototype touch screens made out of this material have been
presented in 2014 [58]. Despite the significant progress in this field, there are still some issues
remaining for commercialization. Graphene grown on a metallic substrate has to be
transferred for further use, usually involving wet chemical etching of the metal and stamping
methods with a polymer support. This leads to contamination, but also to mechanical
distortions and damage to the film and thereby has an impact on the performance in
applications like touch panels [11]. Although the feasibility of such graphene applications has
been shown, the material cannot yet compete with widely established materials like indium tin

oxide and further improvements are needed.
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The most popular concept for graphene production is the chemical exfoliation of graphite.
Oxidation of graphite with strong oxidizing agents and under harsh conditions leads to a
cleavage of the single carbon layers and single layers of graphene oxide (GO) are formed.
Here, the Hummers method is most often used involving stirring and/or sonication of graphite
in a solution of sulphuric acid and potassium permanganate [23]. The obtained product is
stable in suspension and can be further reduced chemically [59], thermally [60] or
electrochemically [61] forming rGO. Nevertheless, this material comprises a very defective
and ill-defined structure and its electrical properties are not as outstanding as the ones of
defect-free graphene. The oxidation leads to the insertion of hetero atoms like oxygen and
also many topographic defects [62]. Still, these features are not always considered as a
drawback. Functional groups like hydroxyl, epoxy and carboxyl groups are introduced, which
enables further modification of this material. The method has the main advantages of being
rapid, scalable and can be performed with basic requirements of equipment, but also the
resulting product is obtained in suspension and simplifies further use. Different transfer
techniques can be applied to generate graphene films and patterns, namely drop casting, spin

coating, spray coating [63], Langmuir-Blodgett assembly [64] or inkjet printing [65].

Other methods for the liquid phase exfoliation of graphite have been studied and hold great
promise for large-scale production [66]. A successful exfoliation requires the weakening of
the van der Waals attraction between the carbon layers in graphite. The interfacial tension
between liquid and solid should be low, hindering the exfoliated graphene sheets to
agglomerate again. Organic solvents like N,N-dimethylformamide, N-methyl-2-pyrrolidone,
or ortho-dichlorobenzene [67] and surfactants like pyrene derivatives [68] or sodium cholate
[69] are suitable for this propose. Exfoliation is achieved during sonication or by introducing
shearing forces. Recently, it has been shown that graphene can be prepared even with an
ordinary Kkitchen blender in large scale, using this concept [70]. Still one major drawback is

the residue of surfactant or organic solvent, which has to be eliminated after a transfer.

An interesting approach of a total bottom-up synthesis of graphene was presented by the
group of K. Miillen [71, 72]. Polymerization of rationally designed monomers and solution
mediated or surface assisted cyclodehydrogenation led to the formation of graphene
nanoribbons of precise length, width, edge structure and degree of heteroatom doping.
However, the solubility of the precursors is the main limiting factor and therefore the final

graphene sheets are only small in dimension (length x width) ranging from 50 x 50 nm,
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500 x 1.1 nm or 30 x 2 nm. Up to now, yields of this synthesis are rather low, disqualifying

this method for industrial application.

All of these methods are advantageous in some ways, and most of them are able to produce
large quantities of graphene. However, the resulting material does not always consist of well-
defined, two-dimensional nanocrystals of unique chemical composition. Oftentimes, even
within the same production technique, an ill-defined material will result and can have slightly
different properties from batch to batch. The ideal graphene is characterized by a quasi-
infinite size. This cannot be achieved by any preparation method. Graphene is comprised of
only a surface, having no bulk phase, but there is always a border. At these edges the carbon
atoms are chemically bound to hydrogen, hydroxyl, carboxyl and other impurities, influencing
the characteristics of the material. So, as for every nanomaterial, the properties depend
strongly on the dimensions of the material. The smaller an ideal single flake, the higher the
ratio of carbon atoms located at the border to the ones within the two-dimensional crystal, and
the more such a material will differ in its physical properties from pristine graphene.
Furthermore, the structure itself can contain chemical functionalities or impurities, introduced
by the synthesis or the transfer of this material. For rGO for example, elemental analysis
showed that oxygen remains in this material. This has a tremendous influence on the behavior
and the properties of rGO, which are no longer the same as found for graphene prepared by
the Scotch-tape method. Additionally, many of the graphene materials synthesized have not
been adequately classified and so the term ‘“graphene” is often used for materials that differ
significantly in chemical structure, shape, size, number of layers and, therefore, in their
properties. This problem was previously addressed [73], but remains unresolved. The term
graphene is often used without giving an exact characterization of the material. An urgent
need for all carbon nanomaterials from graphene to graphite is to come to a consensus to
describe this manifold of materials. Furthermore, standard characterization methods are
required whereby any researcher can immediately evaluate the quality of the material, in
terms of the number of layers, chemical doping, crystallite size, or presence of impurities.
Practically most of this information can be obtained from Raman spectroscopy studies [74].
Therefore, it should be a mandatory first step for all works regarding graphene synthesis to

present a Raman spectrum. [adapted from P1]

Despite all the advantages and drawbacks of different methods for preparing two-dimensional
carbon nanomaterials, the final application of the material will always direct to the method of

choice. Main issues are scaling, transfer, and reproducibility of the methods. Further possible
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modifications of the material have also to be taken into account. The broad variety of
graphene materials provides a versatile toolbox and therefore can be applied to many fields of
application ranging from electrical devices like supercapacitors and solar cells to textiles and
clothing; or ranging from flexible products like electronics to stiff lightweight applications
like wind turbine blades or even cycling helmets; or large area applications like conductive

paint and heating elements to nanoapplications in chemical sensors and electronic devices.

13



3.2 Graphene as Sensitive Material in Gas Detection Applications

3.2.1 Gas Sensing Fundamentals

Reliable detection of gaseous analytes is essential for many aspects of our everyday life.
Applications are ranging from air quality control in cars or buildings for controlled ventilation
[75-77], over quality control in food industry [78] to security and safety issues [79, 80].
Recognition of harmful, toxic and hazardous gases will improve quality of life. Gas sensors
used so far can be principally divided in three big groups, namely spectroscopic methods,
optical detection and electrochemical solid-state gas sensors. Spectroscopic methods are based
on the direct analysis the vibrational spectrum or molecular mass of a target analyte enabling
a guantitative detection with high precision. Optical sensors usually based on the adsorption
measurements (particularly infrared adsorption) provide a characteristic fingerprint. Whereas
both of these concepts are expensive and require a certain instrumental effort, sensing based
on changes of the electrical properties of solid state devices can be miniaturized easily and
therefore have a broader scope of application. In this context the analyte interacts with an
active sensor material transducing an electrical signal that is most often potential, electrical
conductance or capacitance. Depending on the measurement type, such sensors can be

classified as potentiometric, amperometric or conductometric.

Especially conductometric or resistive type sensors hold great promise for the development of
miniaturized chemical sensors. The change in electrical resistance due to the interaction of
analyte with the sensor surface leads to changes in charge mobility or doping level of the
material. Many metal oxides show response in their electrical conductance and are suitable for
this propose [16]. Semiconductors like ZnO and SnO, are widely applied in this technology as
thin-film or bulk resistor [81]. However, low electrical conductance and slow desorption
characteristics limit the operation temperatures of these sensors to 250-600 °C [17], having
negative effects on long term stability and power consumption [82]. A large surface area is
highly desirable, to absorb as much target analyte as possible on the surface, giving a stronger
response and better sensitivity. For all demands like fast response, large surface area and low
operation temperature, graphene offers a possible solution. Another key issue and major
challenge in the development of new sensitive materials is the cross sensitivity to other
species or external influences like temperature or humidity. Gas sensors often respond to a
broad variety of analytes limiting their potential fields of application. Multisensors, which
consist of an array of different sensors, can be a solution for improving the selectivity. Each

sensor element contributes to a dynamic response pattern helping to distinguish between
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certain gases or even quantify concentrations in gas mixtures. Such sensor systems produce
higher dimensional datasets, which have to be processed with multivariate statistics for
evaluation. Here, PCA offers a tool to reduce the dimensions of the dataset into a manageable

form enabling a simple readout.
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3.2.2 Graphene in Gas Sensing Applications

Carbon based nanomaterials, are promising candidates for electrochemical gas detection at
room temperature due to their intrinsic electrical properties, which are highly sensitive to
changes in the chemical environment [83, 84]. Extensive research has been carried out on
carbon nanotubes (CNTs) based chemical sensors [85]. A higher sensitivity compared to
CNTs, but also better opportunities for device integration and low cost, make graphene a

serious candidate for gas sensing devices in a commercial scenario [86].

The first graphene based gas sensor was presented by Schedin et al. [20] The device
comprised a field effect transistor (FET) made of mechanically exfoliated graphene tailored
and contacted by electron-beam lithography. Exposure to target gases like NO,, H,O, CO, and
NH; led to a response which was attributed exclusively to gas adsorption and LODs in the
ppb range, comparable to exiting technologies, were observed. In a complex Hall bar setup it
was possible to display even the event of adsorption and desorption of a single NO, molecule.
Nevertheless, the experimental conditions were far from reality, keeping the sensor under
vacuum, applying only one gas species and recovering the sensor material at 150 °C. But they
demonstrated the great potential of this material in gas sensing applications. The proof of
concept inspired many other researchers to further investigate this behavior theoretically [27,
87, 88] and experimentally [89-101]. An electrochemical detection based on a resistive setup
is here the most reasonable approach due to simplicity and applicability. The sensor concept is
similar to metal oxide solid-state chemiresistors and was also used in the frame of this work
(Figure 2). Graphene shows p-type semiconducting behavior, meaning that electron holes are
the dominant species involved in the charge transport [84]. Therefore, adsorbates on the
surface acting as electron donors lead to an increase of electrical resistance, whereas electron

acceptors result in a decrease, respectively.
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substrate

Figure 2 Scheme of the sensor principle of chemiresistor gas sensors based on

graphene. [adapted from P2]

Comparing the graphene materials investigated as sensor material, most studies are performed
with graphene of low quality like rGO. Less works deal with materials of higher quality
derived from more efficient preparation methods compared to mechanical exfoliation. The use
of free-standing epitaxial grown graphene enabled the detection of NO, in the sub-ppm
range [98]. But a recovery of the sensor material was only observed after heating to 150 °C.
Same observations were made by Yavari et al. presenting a chemiresistor based on CVD
grown graphene [99]. Unfortunately, the sensor needed a treatment of 200 °C and vacuum to
recover. Detection of NO, concentrations in the sub-ppt regime at room temperature was
shown by Chen et al. [100], using a CVD chemiresistor, with additional in situ cleaning of the
sensing material with UV light illumination. However, whereas most of the graphene
applications benefit from a pristine graphene structure, this is not necessarily required in
chemical sensors. Target gas molecules may not easily adsorb and desorb at the defect-free
graphene surface [102]. Introduction of defects can be a possible solution and has been shown
to improve sensitivity compared to pristine graphene [103-105]. The incorporation of hetero
atoms within the graphene structure through doping with boron, nitrogen or sulfur showed to
enhance the adsorption of various gas molecules [87, 106, 107]. Chung et al. [108] reported
on the improved detection of NO, using ozone treated graphene sheets compared to pristine
graphene. Theoretical studies underline these observations and the enhanced sensitivity was
attributed to the surface active defect sites like hydroxyl, epoxy and carbonyl groups [1009,
110]. These features are already apparent in GO and rGO. Chemically exfoliation of graphene
is the easiest way to obtain the material and the resulting aqueous suspensions are rather
simple to process. This may be also a reason why rGO is utilized as sensor material in most

17



studies. Numerous studies showed the highly sensitive detection of various gaseous analytes
like NO,, CO, NHs, H,, CH4, H,O, formaldehyde, ethanol and ‘propanol in the sub-ppm
range, applying rGO into a chemiresistor setup [18, 89, 91, 111-117]. However, the low
electrical conductance caused by the defects within the sp? structure by oxygen containing
groups has to be considered. Robinson et al. [18] found that sensitivity and noise level are
affected by the level of reduction from GO to rGO using hydrazine vapor. An increase of
response and recovery time with increasing level of oxidation was observed. They also found
that the noise level greatly decreased with increasing film thickness accompanied with an
increase of electrical conductance, but also sensitivity decreased. In another study, Prezioso et
al. [118] showed that good electrical properties are not necessarily needed. A LOD of 20 ppb
for NO, was observed applying highly oxidized GO in their device. The high sensitivity was
attributed to the increased number of oxygen functional groups serving as active adsorption
sites. Here, a tradeoff has to be found. Optimization of the defect density is required to

balance sensitivity, level of noise, response times and recovery rates of rGO-based sensors.

Nearly all of the devices presented in literature suffer from poor selectivity. Unprocessed
graphene materials are sensitive to nearly any kind of surface adsorbate, which alters its
electronic structure. Functionalization of the graphene material was shown to be the best way
to achieve improved sensor performance and was also a goal of this work. Introduction of
defects and hetero atoms [104, 119-121] or functional groups [122], decoration with metal,
[123-127] and metal oxide nanoparticles [93, 128-132], and polymer composite materials
[133-136] were shown to improve sensitivity to target analytes. The two major possibilities
are on the one hand, to enhance the gas adsorption process offering specific binding sites and
on the other hand it reduces nonspecific binding and therefore improves selectivity for a

certain analyte.
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3.2.3 Conclusion

Graphene based gas sensors display superior sensitivity, reversibility and lower detection
limits compared to conventional metal oxide chemiresistors. They can be operated at room
temperature still showing remarkable high and fast responses upon gas adsorption and
therefore the carbon nanomaterial is seen as the sensor material for next generation gas
sensors. However, despite all advantages some critical issues have still to be addressed. Main
problem is the poor selectivity since a variety of gas molecules absorbed to surface of
graphene lead to similar changes in electrical conductance. Here, chemical functionalization
and also composite materials can provide a solution. Up to now, it has not been shown that the
material can be tailored to superior selectivity for a single analyte. But the altered sensor
response in combination with the concept of a sensor array can enable pattern recognition of
single gases in complex mixtures. Another issue in terms of commercialization of such
sensors is the reproducible preparation of devices, which is rarely addressed in literature. The
right choice of graphene preparation, followed by specific modification of the material is
mandatory. Graphene obtained by chemical and liquid exfoliation or CVD methods combined
with a defined introduction of defects is supposed to be most suitable for this purpose.
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3.3 Graphene in Biosensor Application

During the last decade there have been numerous studies on biosensors employing graphene
materials. The following chapter summarizes approaches reported on most relevant analytes
such as glucose, nucleic acids, proteins, H,O,, lipids, pesticides, ions and even whole cells
and viruses. For modern biosensor applications, chemically exfoliated graphene is the most
frequently used type. It comprises many defects and high polydispersity, yet still has plenty of
interesting properties. The ability of GO being dispersible in aqueous solutions enables easy
modification with biomolecules via standard immobilization techniques. If the flakes are
small, the material shows weak fluorescence, which can be excited over nearly the entire
visible range. After a reduction step, the previously highly distorted aromatic system will be
recovered, and the resulting material has been shown to exhibit good electrical conductance,
as well as promising quenching abilities. The reduced chemically derived graphene (rGO) is
also dispersible in water, but does not form stable solutions. It has a high tendency to
aggregate due to excellent n-stacking properties. Nevertheless, chemically derived graphene
as well as GO can be processed in solution and therefore transferred to any sensor surface by
dip coating, drop casting or spin coating. As the material in solution is very inhomogeneous,
this is also the case for a sensor layer produced from such a solution. Furthermore, the desired
one atom thick layer will not result, but rather, most likely, few-layered graphene will be

deposited.

3.3.1 Biosensors for Glucose

Sensors for glucose have been now studied for more than 50 years since Clark and Lyons first
proposed the initial concept of enzyme-modified electrodes in 1962 [137]. One reason is that
diabetes continues to be an increasing worldwide public health problem. Sensors with good
precision and accuracy are already commercially available. Such sensors consume only
100 pL of whole blood for the measurement, and results are displayed within a very short
time. However, there are still many tasks and challenges for further research in glucose
biosensors, for example, the electrical contact between the redox center of the enzyme and the
electrode surface could be greatly improved [138]. Here, the electrical conductance of
graphene could be utilized. Another demanding need in the fabrication of enzymatic
electrochemical sensors is the immobilization of the biomolecule onto the electrode. In
principle one can entrap the enzyme in a thin polymer film or covalently attach it to the

electrode surface. For this first strategy, enzyme leaching can become an issue and long-term
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stability will be critical to monitor. The second approach is often accompanied by changes in
the conformation of the biomolecule and therefore, limitations in the enzyme activity are
observed. Furthermore, good electrical communication between the active site of the enzyme
and the electrode is mandatory for achieving high sensitivity. The ultimate compromise
between the choice of materials and immobilization strategies, which results in the best
biosensor for glucose detection, has yet to be established. Thus, research in the field of
glucose biosensors, which can achieve high sensitivity, long-term stability, and excellent
selectivity is still a hot topic. Carbon nanomaterials, and especially graphene, have become
more prevalent in this research due to its good electrical transport properties, high surface to

volume ratio, as well as numerous possibilities to attach biomolecules.

In amperometric glucose sensing, there are mainly two prominent detection strategies: First,
those that measure the direct electron transfer from the enzyme to the electrode during
oxidation of glucose. Second, those techniques, which catalyze the oxidation of the hydrogen
peroxide produced by the enzyme in the presence of glucose (Figure 3). Both strategies are

purported to enhance the performance by including graphene materials in the sensor design.
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Figure 3 Scheme of enzymatic detection of glucose.

In the case of monitoring the direct electron transfer from the enzyme glucose oxidase (GOXx)
to the electrode, electrodes where the enzyme is entrapped in conducting polymers have been
commonly used. However, by replacing the polymer with graphene, a mediator is no longer
required. Direct electron transfer has been observed thus far on electrochemically reduced
graphene (erGO) on polylysine [139], mixtures of 3-aminopropyltriethoxysilane and graphene
[140], a hybrid material of multiwalled carbon nanotubes and erGO [141], mesoporous
materials in combination with erGO [142], ionic liquid modified GO [143-145], bimetallic
Au/Pd NP decorated erGO [146], and on CdS quantum dot modified graphene [147].
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The simplest way to construct an amperometric glucose sensor containing graphene is to
immobilize a thin film containing both GOx and the carbon nanomaterial onto an electrode
[148-150]. Graphene oxide produced by chemical oxidation of graphite has been used in all
three studies. The sensor preparations differ by the fact that in the first case a simultaneous
deposition of graphene and enzyme was implemented, while in the second example, GOx was
physisorped in a separate step after graphene deposition on the electrode. The sensor
characteristics are nearly identical. As one example, Unnikrishnan et al. [148] dispersed GO
together with GOx in 0.1 M phosphate buffer of pH 7. After sonication for 30 minutes the
solution was drop-casted onto a glassy carbon electrode. In a further step the GO was
electrochemically reduced by continuous potential cycling between -1.5 to 0 V vs. Ag/AgCI
for 15 cycles. The authors propose that during the sonication a covalent linkage of the amino
groups of the enzyme to the oxygen containing moieties at the edge planes of the GO occur.
However, evidence for covalent binding was not provided. From the cyclic voltammogram of
such an electrode, a redox peak at -447 mV vs. Ag/AgCl can be ascribed to the reduction of
the FAD to FADH,, a co-factor of the GOx. A wide linear range for detecting glucose from
0.1 to 27 mM was found, with no interference from AA, UA or dopamine (DA) was observed.
The sensor was also successfully used to measure glucose in diluted blood serum. For
improvement of the selectivity as well as the stability, an additional layer of Nafion [140] or
chitosan [150, 151] was employed (Figure 4).
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Figure 4. Scheme of the fabrication of the electrochemical glucose biosensor with
APTES modified graphene for enzyme immobilization. (Reprinted from Ref. [140], Copyright
(2012), with permission from Elsevier.)
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Mesoporous materials such as ZrO, have been used as a support material for amperometric
glucose sensors [142]. The high surface area, large pore volume, narrow pore size
distribution, as well as the tunable pore size, together with a modest electrical conductance,
make this material an attractive host for enzyme immobilization. The sensor was fabricated by
electrochemical reduction of GO on a glassy carbon electrode followed by electrodeposition
of a thin chitosan film. This polymer layer provides positively charged amino groups, which
helps to attach the mesoporous ZrO, on top by drop casting. Following the deposition of the
ZrO, layer, GOx was loaded onto the electrode. Direct electron transfer could be observed
when glucose was added. A high Michaelis-Menten constant of 28.01 mM indicated
limitations in mass transport, which results in a slow response time in the minutes regime. The
sensor was operated at 400 mV vs. Ag/AgCI in phosphate buffer of pH 7.4. The detection
limit for glucose was reported as 46 UM with a linear range from 0.2 to 1.6 mM. There was no
study of interference and no real sample analysis presented. Nevertheless, the high sensitivity
of 7.6 pA-mM™.cm™ is remarkable. A comparison to the same sensor scheme without an
erGO-layer resulted only in poor redox peaks, therefore one can conclude that the carbon
nanomaterial is essential in providing the enhanced direct electron transfer. The simple
electrostatic adsorption of the enzyme suffers from long-term stability. Therefore, rGO was
modified with ionic liquids possessing positively charged groups [143]. The better adhesion
of the biomolecule to the carbon nanomaterial was proposed to be due to the ionic interaction.
In case of 1-(3-aminopropyl)-3-methylimidazolium bromide, the sensor covers a linear range
from 2 to 16 mM [143]. For the same sensor design with 1-vinyl-3-butylimidazolium bromide
as the ionic liquid a linear range from 0.8 to 20 mM was obtained [144] and with 1-butyl-3-
methylimidazolium hexafluorophosphate the linear range was reported between 2 and 20 mM
[145]. Such modifications using ionic liquids are not outstanding in their performance when

compared with other sensors, which use direct electrochemistry for transduction.

Direct electron transfer in amperometric enzyme sensors, with and without the use of
graphene, is limited due to the same reasons. The redox center is buried inside the structure of
the protein, which hinders the transfer of the electrons to the electrode. Therefore, electron
transfer mediators have been widely used. Qiu et al. [151] describe such a system which uses
graphene. Their sensor is fabricated by dropping ferrocene branched chitosan, GO and GOx
onto a glassy carbon electrode, as can be seen in Figure 5. Two effects are observed: First the
immobilization of the enzyme is improved due to the electrostatic interaction of the naturally
negatively charged enzyme in a positively charged polysaccharide. The native structure of the

protein was not destroyed and no leaching was observed. Second, by the use of the redox
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mediator ferrocene, the sensitivity could be enhanced to 10 pA-mM™.cm™. A Michaelis-
Menten constant of 2.1 mM was calculated. The capability of this biosensor was demonstrated
in measuring plasma glucose level. The response displayed a linear glucose concentration
range from 0.02 to 6.78 mM with a LOD of 7.6 uM. By comparison of the resulting current
densities this sensor shows 2.7 times higher signal when GO is used. The working potential of
the electrode is lowered to 300 mV vs. Ag/AgCl, which increases the selectivity. No

interference of AA or UA was found.
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Figure 5. Sensor design of a glassy carbon electrode modified by ferrocene modified

Chitosan (CS-Fc), GO and GOx. The sensor exhibits excellent sensitivity and a low working
potential of 300 mV vs. Ag/AgCl. (Reprinted from Ref. [151], Copyright (2011), with

permission from Elsevier.)

A novel platform for the in situ chemical immobilization of GOx was developed by Chen et
al. [152] Citric acid, which was applied to the Au NPs, was used as a capping and reducing
agent. The carboxyl groups of the citric acid, along with the amino groups of the GOx, form a
peptide bond when immobilization takes place. After drop casting the composite material onto
a glassy carbon electrode, glucose could be detected within the range of 0.1 to 10 mM, with
an LOD of 35uM. An enhancement was found when electrochemically reduced GO
decorated with bimetallic nanoparticles of 1:1 Au:Pd was used. Extreme high sensitivity of
267 uA mM™ cm™ was reported. The enzyme was simply physically adsorbed on top of the
composite material and covered by a thin film of Nafion [146]. A detection limit of 6.9 uM

with linearity up to 3.5 mM was found.
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Amperometric Glucose Biosensors with Detection of H,O;

The glucose level often is indirectly monitored using amperometric biosensors by measuring
the current in the oxidation of H,O, produced during the enzymatic reaction of GOx with
glucose. In the case of a glassy carbon electrode coated by a thin polymer film of chitosan
incorporating rGO and GOx, the oxidation occurs at 780 mV vs. Ag/AgCI [153]. To enhance
the kinetics and to minimize high over potentials, metal and metal oxide nanoparticles are
often introduced. Low working potentials are desired to diminish the risk of interference by
other electroactive substances such as ascorbate, ureate, acetaminophen, etc., which are often
present in complex matrices. The introduction of additional nanomaterials for catalytic
purposes is favorable for large surface area materials such as graphene. Furthermore, a
support with high electrical conductance is needed to attach the nanoparticles without
agglomeration. For this reason graphene materials are of great interest, as they promote fast
electron transfer kinetics and allow simple preparation strategies with respect to decoration by

metal nanoparticles.

Composite materials consisting of Pd NPs attached to graphene are very popular in the design
of amperometric glucose sensors [154, 155]. Synthesis can be performed in one step by
simultaneous reduction of PdCI, and GO in an 85% hydrazine solution [154]. The resulting
nanoparticles are attached to the carbon nanomaterial. With this method agglomeration of the
rGO is prevented. The electrode is modified by drop casting the nano-hybrid material. For
such electrodes an increase in the LOD to 1.0 uM for the oxidation of hydrogen peroxide at
500 mV vs. Ag/AgCl was found. For an identical sensor but without Pd NPs, the detection
limit was reported at 2.3 pM. To fabricate an amperometric glucose sensor further
immobilization of the enzyme is needed. This was performed by a well-known chemical
coupling procedure via glutaraldehyde, which results in a peptide bond between GOx and
rGO. Additional blocking is accomplished in the same way by the use of bovine serum
albumin (BSA). An alternative strategy is the functionalization of GO with chitosan and
reduction of GO with hydrazine in a solution containing PdCl, [155]. A homogeneous
distribution of Pd NPs within the rGO-chitosan is found. This composite material was drop
cast onto a glassy carbon electrode. In a last step the GOx was chemically coupled to the
electrode via glutaraldehyde chemistry. Such a sensor shows best glucose detection properties
at a working potential of 700 mV vs. SCE with linearity in current response in the
concentration range from 1 to 10 mM. The LOD was reported to be 0.2 uM for glucose. It

was found that AA as well as UA interfered with the detection of glucose at such a high
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electrode potential. Therefore, a suggestion was made to operate this sensor at -50 mV.
Although this change in working potential increased the selectivity, the sensitivity of the
system decreased by 93%.

A similar sensor concept was adapted by Claussen et al. [156] using Pt NPs to catalyze the
oxidation of hydrogen peroxide. In contrast to other reports, they do not use a glassy carbon
or a metal electrode; they used graphene on a SiO, wafer as the electrode material. The
graphene was produced by CVD and consists, on average, of 12 layers. It was functionalized
by an oxygen plasma treatment and Pt NPs were electro-deposited on the edges. The GOx
was encased in a conductive polymer, poly(3,4-ethylenedioxythiophene). This glucose sensor
exhibits a broad linear range from 0.01 to 50 mM, with a detection limit of 0.3 uM. The
advantage of this complicated technology to produce such a sensor is to have the ability to
create a sensor array by structuring the graphene by plasma treatment.

When platinum is used as a metal coordination polymer (which allows an effective adsorption
of GOx), the LOD for glucose decreases to 5 nM [157]. Graphene oxide, modified with
poly(N-vinyl-2-pyrrolidone) and reduced by hydrazine was suspended together with p-
phenylenediamine and H,PtCl, before being drop cast onto the electrode. The electrode
potential was adjusted to -300 mV vs. SCE and the sensing behavior was not influenced by
common interfering substances such as DA, AA or UA. Another approach describes graphene
decorated with platinum-gold alloy NANOPARTICLEs, synthesized by simultaneous
reduction of Pt- and Au-salts in the presence of GO [158]. As expected, such an electrode is
capable of detection of glucose. An LOD of 1 uM is reported. The drawback of this study is
the high working potential of 700 mV vs. Ag/AgCl, which limits the selectivity of this system.

Composite materials in electro-analytical sensors are most often prepared by simple drop
casting of a relatively complex sensor cocktail. There has been little work done in the
optimization and characterization of the resulting layer. By this simple technique in sensor
fabrication it is very easy to fabricate hybrid materials consisting of different nanomaterials.
Gu et al. [159] describe a system consisting of a composite layer of rGO with Au NPs
(G-AuNP), together with quantum dots (CdSe-CdS), Au NPs and GOx within a Nafion
membrane, drop casted onto a gold electrode. The electrocatalytic oxidation scheme is
depicted in Figure 6. This sensor exhibits a low working potential of -200 mV vs. Ag/AgCl,
which could increase the selectivity. One drawback of such systems may be the elaborate
synthesis of the nanomaterials required to produce high quality materials in a reproducible
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manner. Also such approaches often lack thorough explanations as to why exactly that

particular combination of materials works best.
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Figure 6. Electrocatalytic oxidation of glucose in a GOx/AuNP/CdTe-Cd-S/G-AuNP/GE
sensor scheme. (Reprinted from Ref. [159], Copyright (2011), with permission from Elsevier.)

Other nanomaterials that have demonstrated their ability to sense glucose which have been
used in combination with graphene (albeit, reported without detailed analytical figures of
merit) are ZnO [160], Pt-Au [158] and Au NPs [158]. In the case of ZnO, the hybrid material
was encased with graphene, together with the enzyme, in a Nafion film. One purported
advantage it that this sensor layer has excellent antibacterial properties. In another work rGO
modified with ZnO was used on a glassy carbon electrode for detecting glucose via direct
electrochemistry [161]. Glucose oxidase was attached by the electrostatic interaction between
the enzyme and the graphene-hybrid material. The linear range of the sensor was reported
from 0.02 to 6.24 mM, which in contrast to many other systems is quite narrow. A great
enhancement in the sensor properties is reported when using fast Fourier transformation
continuous cyclic voltammetry as a detection method in a flow injection system [162]. The
sensor was fabricated by the drop casting of a dispersion of graphene and ZnO NPs onto a
glassy carbon electrode, which was finally covered by a thin film of Nafion. When integrating
the signal from -200 to 600 mV a LOD of 0.02 uM was found for glucose and a linear range
up to 20 mM was obtained.

A layer-by-layer fabrication approach using ionic liquid modified reduced graphene oxide (ll-
rGO) and sulfonated rGO (S-rGO) results in a hybrid material with a top layer of Il-rGO. As
has been described by Gu et al. [163], the II-rGO layer provides a positive surface charge for
the electrostatic attraction of GOx and a thin film of Nafion on a glassy carbon electrode. The
best sensor response was obtained using an assembly of five alternating layers. The LOD was
estimated to be 3.3 uM for glucose. This sensor, operated at a low potential of -200 mV vs.

Ag/AgCl, was applied to a micro-dialysis probe, which was successfully implanted into the
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striatum of a rat. A glucose concentration of 0.38 mM was monitored online. After an
injection of insulin into the striatum of the rat, a decrease in the glucose level could be
observed for about 25 minutes.

In contrast, by covalent attachment of GOx via glutaraldehyde coupling, a sensor based on
ERGO maodified with an ionic liquid exhibits a greater linear range (0.005 to 10 mM) with an
LOD of 1 uM [164]. This illustrates the fact that it is not always clear which kind of
immobilization works best. Although these sensors were both operated under the same
conditions and exhibit the same selectivity, the chemically immobilized enzyme sensor [164]
exhibits a sensitivity that is three times higher than the sensor where the enzyme was

immobilized by ionic interaction [163].

Alwarappan et al. [165] report a unique strategy for enhanced glucose biosensing. Here they
develop a glassy carbon electrode which is electrochemically modified by polypyrrole that
acts as a host material for the immobilization of GOx which is chemically functionalized by
graphene. Unfortunately the covalent modification of the enzyme with the graphene was not
described in a convincing way. There is no real characterization of the formation of a specific
bond between graphene and GOx. The protocol involves simply mixing rGO with the enzyme
in phosphate buffer and vortexing for 50 s. Further purification of this mixture from unreacted
enzyme as well as excess graphene was also not described. Also the immobilization protocol
of the graphene-enzyme-conjugate to the polypyrrole is completely absent. Therefore, one can
only say that graphene and GOx was applied to a polypyrrole modified electrode.
Nevertheless, this system is reported to detect glucose with linearity in the range of 2 to
40 puM with an LOD of 3 pM.

Most studies of biosensors used for the detection of glucose use chemically derived graphene
[141-155, 157, 158, 161, 163-170], with various strategies for the reduction of the GO.
Electrochemical reduction has the advantage of convenience; electrode deposition can be
performed simultaneously with the reduction step. In contrast, dispersed GO allows easy
modification of the carbon nanomaterial with molecules, nanoparticles or biomolecules. To
recover the high electrical conductance, the functionalized GO is reduced afterwards. Many
studies lack proper characterization of the carbon nanomaterial and the final composite
material. Therefore, it is often not clear which parameter contributes most to the enhanced
sensor characteristics. To date, there has been little work on the investigation of the influence
of the doping of the graphene itself. Wang et al. [170] present a study where they use

nitrogen-doped graphene in electrochemical biosensing. Nitrogen-doping could be a potential
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strategy to regulate the electronic properties in carbon nanomaterials. By treating a chemically
derived graphene with nitrogen plasma, it was possible to control the content of nitrogen
atoms of the graphene from 0.11 to 1.35%. This was achieved by mixing rGO with chitosan
and drop casting this mixture onto a glassy carbon electrode. The electrodes where then
exposed to a nitrogen plasma for a specified time. Finally, GOx was physisorbed onto the
modified electrodes. A comparison of undoped with N-doped graphene shows that there is an
enhancement in the resulting peak current. This sensor could be used either to monitor the
direct electron transfer from GOXx or to measure the oxidation of hydrogen peroxide. The later
technique was performed at 150 mV vs. Ag/AgCl to achieve an LOD of 10 uM and a linear
range of 0.1 to 1.1 mM for glucose. Uric acid (UA) as well as ascorbic acid (AA) showed no

significant interference.

In summary, much research has been made into the use of graphene in enzymatic
electrochemical glucose sensing. Regarding hybrid materials, direct electrochemistry
involving metallic nanoparticles for the oxidation of hydrogen peroxide was well studied.
However, one can conclude that similar trends were found for the monitoring of glucose
sensors with and without the use of graphene. It is interesting to note that in most published
works the outstanding properties of graphene are discussed to be beneficial for the biosensor
design. Alwarappan et al. [171] systematically investigated the influence of the graphene
material itself on the immobilization of GOx and the resulting electrochemical sensor
properties. It is reported that there is almost no difference in the amount of immobilized
enzyme as well as in the resulting current density for single layer graphene, few layer
graphene and multilayer graphene. This is surprising due to the fact that it is well known that
single layer graphene is a semi-metallic conductor, whereas the multi layered material acts as
a metallic conductor [172]. Therefore, one can conclude that for glucose biosensing
applications, it is less important which kind of graphene material is used. The greater
challenge is to find a proper way to immobilize the enzyme or to design a hybrid material,
which can really improve the sensing properties in terms of better selectivity and higher
sensitivity. To date, hybrid materials with Pt NPs perform best in terms of sensitivity and the
indirect detection of glucose by oxidation of hydrogen peroxide is superior to the direct

electrochemical detection.

29



3.3.2 Biosensors for Nucleic Acids

Detection, monitoring and analysis of DNA play an important role in human health aiding in
the diagnosis of diseases and genetic mutations, fast detection of biological warfare agents
and in the development of improved pharmaceuticals. Thus, the development of DNA
detection methods with increased sensitivity and accuracy is highly desirable and is

anticipated to play an ever increasing role in the future of medicine.

A typical DNA biosensor system consists of a transducer surface with an immobilized single-
stranded DNA (ssDNA) probe. Upon binding with the complementary single stranded nucleic
acid sequence, hybridization occurs and the pair is detected. The hybridization event is most
typically measured optically, electrochemically or by mass sensitive detection. Historically,
the greatest strides in DNA detection using biosensors have been made with the
implementation of new or enhanced sensor materials. Such enhancers, or additives, have been
critical to the advancement of this field. Various carbon nanostructures (such as carbon
nanotubes) have been widely implemented in DNA biosensors. Among them, graphene has
recently received particularly strong attention. This section will focus on the developments of
graphene-based biosensors, which employ a variety of detection schemes, sensor additives

and types of graphene for the detection of oligonucleotides.

Graphene-based DNA biosensors show great promise when applied to diagnosis of genetic
diseases and environmental monitoring. The interaction between DNA molecules and
graphitic materials has been studied theoretically and experimentally [173-176]. It is
understood that the binding between graphene and nucleotides is dominated by the non-
electrostatic n-stacking interaction [174, 175, 177-179], which explains how probe DNA is
immobilized on graphene. Primarily, fluorescence and electrochemical methods are used as
the sensor detection method, with other optical and electrical methods becoming more
prevalent. It has been well demonstrated that the hybridization of complementary strands can

be monitored with graphene-based sensors.

DNA hybridization can be detected using optical techniques such as fluorescence,
chemiluminescence, surface plasmon resonance or interferometry. Fluorescence quenching is
the most common and least complicated detection method used for DNA-sensors employing
graphene [180-189]. A single strand of nucleic acids has a natural affinity to the aromatic
system of graphene via m-stacking of its nucleobases. In this system, fluorescently labeled

ssDNA adsorbs onto the surface of the graphene. The interaction between the dye molecule
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and the graphene brings them in close proximity, allowing energy transfer to occur,
effectively quenching the fluorescence of the fluorophore. Upon hybridization of the sSDNA
with its complementary strand, the DNA desorbs from the graphene, and the fluorescence of
the system is restored, as depicted in Figure 7. In such a way, so called “turn-on”/’turn-off”
sensors can be constructed. Advances in the field of fluorescence DNA-graphene sensors
include the implementation of multicolor monitoring for improved specificity [190]. Although
fluorescence detection methods have proven to be highly sensitive, these sensors often suffer
from low vyield due to limited labeling efficiency, contamination issues and require complex

purification steps.
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Figure 7. Mechanism of DNA detection via fluorescence quenching of molecular
beacons.

As an alternative, electrochemical sensing is often employed as a label-free, low cost,
selective and sensitive method, which detects the hybridization event and typically requires
only a very small volume of material. An additional benefit of using GO in electrochemical
sensing methods is that the GO can be electrochemically reduced, resulting in a more
environmentally friendly and consistent rGO material. Among all types of electrochemical
DNA sensors, those based on the direct oxidation of DNA are the simplest [33, 191]. In such
a system, the current signals of all four free bases DNA bases (guanine, adenine, thymine, and
cytosine), as well as those of ssDNA and dsDNA can be separated when chemically reduced
graphene oxide is used as a mediator [192-194]. In contrast, graphite, CVD-produced
graphene and glassy carbon are significantly less sensitive and thus rGO is the material of
choice for most graphene-based DNA biosensors [195-198]. The very low LOD reached by
using rGO as a component of a DNA biosensor for electrochemical detection methods is
attributed to the high electron transfer kinetics of the system. Most attribute this to the high
density of edge plane like defect sites and oxygen containing functional groups in rGO, which
provide active sites beneficial for accelerating electron transfer between the electrode and

species in solution. DNA biosensors based on electrochemical detection techniques also offer
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the flexibility of various labels such as enzyme and metal complexes and various organic
compounds. Methylene blue is a common label used in DNA biosensors for electrochemical
detection. A further significant advantage of such a system is that label-free systems can also
be constructed when desired. Examples of such a system are detection based on a change in
capacitance or detection of the oxidation of guanine (the most redox-active nitrogenous base
in DNA).

Less widely implemented is the detection of DNA by direct electrical methods [199]. The
complementary DNA interacts with graphene and an n-doping (electronic doping) effect,
based on the graphene-nucleotide interaction, is observed and measurable. Another up and

coming technique, which has been applied to DNA biosensors is FETs [200, 201].

The immobilization of the probe DNA plays a key role in determining the final sensitivity of
the sensor [202]. In that regard, graphene materials have emerged to efficiently immobilize
DNA. With few exceptions [203-205], rGO or GO is used for graphene-based DNA
biosensors. However, as previously discussed, due to the lack of characterization of the
graphene, which is very often not included in most works involving graphene-based
biosensors, it is difficult to properly categorize and compare sensor systems. Most of the
recent studies of DNA-graphene-based sensors specifically involve chemically processed,
multilayer rGO. This material contains a high density of reactive edges providing functional

groups and adsorption sites.

It is evident when the literature is viewed as a whole while sorted by graphene type that rGO-
based DNA sensors perform best when tested using electrochemical detection methods. It also
appears that GO is perhaps a better choice for fluorescence based detection methods for DNA
biosensors. GO acts as a weak acid cation exchange resin due to its carboxylic groups located
at the basal plane (edge sites) of the GO [206]. A simple ion exchange, typically with a dye, to
form an energy/charge transfer complex for complexation with GO is a common explanation
for the mechanism [207, 208]. Additionally, GO is a highly suitable material for interaction

with biomolecules as the carboxylic groups render the material soluble in aqueous solutions.

The sensitivity, that is, the ability of the biosensor to detect low DNA concentrations, is
essential as is the selectivity and ability to detect a point mutation. With few exceptions, most
sensors based on graphene detect in the nM range. It appears that rGO is the preferred type of

graphene material, giving detection limits in the range of fM to aM, with graphene oxide also
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giving excellent lower limits of detection in the pM to fM range. By comparison, CVD and

epitaxial graphene do not provide the low limits of detection offered by rGO or even GO.

In order to meet ever-increasing demands for the detection of trace amounts of DNA, new
strategies for enhanced detection and signal amplification are quickly evolving. Many past
reports were based on the use of single or duplex DNA signal amplification strategies,
although triplex sensing schemes are gaining more attention. The labels used in DNA
biosensors are used as a storage reservoir for electrical charge. Multiple labels can be
combined, often having different amplification mechanisms, to achieve excellent sensitivity.
In such strategies, enzyme schemes are often combined with inorganic nanoparticles such as
Au NPs. For example, in the case of one of the lowest reported LODs, Dong et al. [197] have
developed a triplex amplification strategy, which enabled them to achieve an LOD of 5 aM
with the combination of Au NPs, horseradish peroxidase (HRP) and functionalized carbon
nanoparticles. This sensor was highly selective to various single-base and three-base

mismatched sequences of DNA.

To further increase sensitivity, many DNA-graphene biosensor systems employ the use of
nanoparticles such as quantum dots [184, 209], upconverting nanoparticles [210] or metal
nanoparticles (most typically silver or gold) [186, 187, 193, 197, 199-201, 211-215], with
varying degrees of success for signal enhancement. Au NPs are considered to be
biocompatible and highly stable. However, inconsistent signal amplification using metal
nanoparticles remains a problem. They are often used in the immobilization layer to increase
the quantity of DNA, which is often functionalized with an amine group. The other benefit of
Au NPs in such a sensor system is the enhanced signal provided by the plasmon resonance
inherent in the properly engineered Au NPs. The adherence of such Au NPs effectively
magnifies the hybridized signal, and overall, aims to provide enhanced sensitivity and a lower
LOD. On a case-by-case basis, when sensors are developed with or without nanoparticle
enhancers, researchers do note an improvement, albeit typically not significant, in the sensor’s
performance. However, to date, only a few of the top performing sensors employ such sensor
additives, but rather contribute the enhanced signal to other material additives or improved

detection schemes.

Another area where graphene-based DNA biosensors have recently found moderate success is
in the detection of adenosine triphosphate (ATP) [183-185, 188, 210, 216-219], a nucleoside
triphosphate used in cells as a coenzyme. Most biosensors in this category use

carboxyfluorescein tagged ATP, adsorbed onto GO, which quenches the fluorescence. Upon
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hybridization, the dye labeled ATP molecule is released from the GO, and fluorescence is
restored. The LODs usually lie in the nM range. Application of some of the advanced
techniques mentioned in this section could aid in the further reduction of the LOD for such

biosensors.

Recently, graphene-based DNA biosensors have found application for highly sensitive virus
detection [184, 189, 194, 220-224] by employing specific recognition DNA elements. SARS
[189], Simian [221], and Hepatitis B [184] viruses have been detected in the nM range.
Exceptional sensitivity has been obtained in the detection of HIV virus [220, 222-224], with
Hu et al. [222] reporting an LOD as low as 34 fM. It is worth noting that the authors also
tested the same sensor system with [222] and without [223] the addition of Au NPs and found
no discernible difference in the achieved LOD.
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3.3.3 Biosensors for Proteins

Biosensors for the detection of proteins are found in the literature with growing numbers.
These are mostly developed as an immunosensor, that is, a device comprised of an antigen or
antibody coupled to a signal transducer, which detects the binding of the complementary
species. Miniaturization and production of small compact biosensors with sensitive detection
for diagnostic use is one main area of modern biochemical and biomedical research. Indeed,
graphene has the potential to play a major role in future diagnostics. To date, the role of
graphene materials in biosensors has been primarily to increase of the surface area of the
transducer. This sensitive layer is often comprised of a hybrid or composite material, in
combination with metal nanoparticles, ionic liquids or membranes made of Nafion or

chitosan.

Due to the specific binding of an antibody to its antigen, biosensors based on this interaction
are widely used for the specific detection of different targets. The most common way is to
immobilize antibodies onto a graphene sensor platform to form enzyme-linked
immunosorbent assays (ELISA), which are more sensitive than conventional approaches.
Another prominent way is the usage of dye labeled antibodies or specific aptamers. The
readout is performed by electrochemical methods such as differential pulse voltammetry,
FETs and impedance, or optical methods such as fluorescence or electro-chemiluminescence.
In such biosensors, mainly chemically and thermally reduced GO was used for
electrochemical detection and GO for optical detection approaches. Optical biosensors
employing fluorescence readout schemes seem to be more sensitive by an order of magnitude
in comparison with electrochemical detection methods. This section highlights the different
sensor strategies by providing examples of the most prominent protein analyte targets, such as

cancer biomarkers, thrombin, but also single amino acids and immunoglobulins.

Cancer Biomarkers

A major research field, which pushes the development of smaller and more sensitive
immunosensors, is the detection of biomarkers. Their sensitive recognition is essential for
early disease diagnosis and offers highly reliable predictions [225, 226]. Therefore, many
works investigate and optimize the detection of model markers, especially cancer biomarkers
such as alpha-fetoprotein [227-230], prostate-specific antigen (PSA) [231-233], cyclin A2
[234, 235], phosphorylated p53 [236, 237], carcinoembryonic antigen [238, 239], Integrin
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avb3 [240], or progastrin releasing peptide [241]. Nearly all of the works combined a
sandwich assay with electrochemical readout of the coupled enzymatic reaction.

A very representative electrochemical immunosensor was prepared by Yang et al. [242]
investigating the detection of PSA, an important tumor marker for clinical diagnosis of
prostate cancer. In their work, thermally reduced GO was used in two ways (see Figure 8) to
promote the sensitivity to a LOD of 1 pg mL™. On the one hand, it was applied as an electrode
material for the immobilization of a primary antibody via =m-m-interactions of a linker
molecule. On the other hand, it was used as a support to build up a label consisting of a
secondary antibody, HRP and a mediator thionine. The biosensor was prepared by incubating
the electrode with PSA solutions of different concentrations, washing, incubating with the
label and washing again. The more PSA that was bound, the fewer labels that were attached to
the electrode, resulting in a lower amperometric response against fixed H,O, concentrations.
This leads to a wide linear sensitivity of 0.002 - 10 ng-mL™. The large surface-to-volume ratio
(leading to a high enzyme loading of the label) and the good electrical conductance of
graphene are the main reasons for the improved sensitivity. To test interference and
applicability, the immunosensor was tested towards human immunoglobulin G, BSA, vitamin
C, glucose, and human serum samples. Satisfactory test results were obtained in comparison
with a commercial ELISA system.
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Figure 8. Schematic representation of preparation (A) and mechanism (B) of the

graphene (GS) based immunosensor for PSA. (Reprinted from Ref. [242], Copyright (2010),

with permission from Elsevier.)
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The main challenge in constructing good labels is to obtain a high loading of enzyme and
secondary antibody onto a support material. Therefore, Au NPs, but also several carbon
nanomaterials and their composites were demonstrated to be applicable.

Another promising amplification strategy for clinical screening of cancer biomarkers and
point-of-care diagnostics was developed by Du et al. two years before [243]. Here, the
primary alpha-fetoprotein antibody was attached to a screen-printed carbon electrode, which
modified with thermally reduced GO and chitosan. The label was comprised of carbon
nanospheres loaded with a secondary antibody and HRP. Using two carbon nanomaterials as a
support for the antibody coupling also resulted in a quite low LOD of 0.02 ng-mL™ and a
linear sensitivity up to 6 ng-mL™. In contrast, measurements without graphene showed a
7-fold decrease in detection signal. With this sensor approach, graphene-based biosensors
became competitive with common ELISAs in terms of reproducibility and precision for the

investigation of human serum samples.

The detection of biomarkers is also possible via electrical conductance measurements, as was
demonstrated by Zhang et al. [244] Their biosensor was built-up like a common sandwich-
assay as previously mentioned, with rGO as support and HRP bound to a secondary antibody.
But instead of detecting only H,O,, AA was converted by the enzyme and led to a local pH
shift at the graphene surface, resulting in a change of the electrical conductance of the
graphene itself. Though PSA could be detected down to an incredible range of 4 fg-mL™ to
0.4 pg-mL™?, the sensor was highly unspecific. The electrical conductance of graphene is
highly sensitive to any molecule adsorbing onto its surface. Operating such a senor under real
conditions could cause some problems due to unspecific binding.

A solution was given here in a recent study of Kim et al. [231] by implementing a FET,
consisting of an electrically contacted layer of rGO, modified only with a PSA antibody. In
addition, they presented an efficient scheme for the formation of homogeneous sensor layers
due to the self-assembly of GO on a positively charged support with subsequent chemical
reduction. To prevent unspecific binding, the modified rGO as well as the Au electrodes used
for contacting were blocked. This enabled the specific binding of only the analyte with the
immobilized antibodies and therefore the detection of PSA in real blood samples in the range
of 0.1 - 10 ng-mL™.
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Thrombin

In addition to the detection of cancer biomarkers, thrombin is an important analyte in
molecular biology in terms of regulation of tumor growth, metastasis and angiogenesis [245].
One of the most commonly used strategies for thrombin detection is based on aptamers, which
are selected single-stranded oligonucleotides, which bind with thrombin with excellent
specificity [246, 247]. The sensor principle is similar to the typical DNA detection scheme
using graphene and has been previously explained in Figure 7. The analyte in this case is a
peptide, which binds to the fluorescently labeled aptamer. The pair is then released from the
graphene, whereby fluorescence is restored. This was shown in the work of Chang et al.
[248], where by simply using rGO and a FAM-labeled aptamer, they were able to detect
thrombin down to an impressive LOD of 31.3 pM. Although the system led to good results in
serum samples, the linear range was only in the region of pM. One major criticism was the
poor long-term stability of the rGO suspensions. By simply applying the not reduced GO, it is
possible to detect thrombin in concentrations ranging from 40 pM to 10 nM [218] or even
higher [188, 249, 250].

There are also some approaches to detect thrombin electrochemically [251-254]. For
example, an ELISA-like biosensor has been constructed by replacing primary and secondary
antibody by the aptamer as was shown by Bai et al. [253] With their system, they were able to
improve the sensitivity to a LOD of 11 pM and a wide linear range up to 45 nM, which are
impressive results for electrochemical detection. Label free biosensors showed comparable
and even slightly better results [251, 252, 254]. For these aptasensors, an electrode was
modified with rGO, and a thrombin binding aptamer was immobilized on top. If the analyte
now binds on the surface of the electrode, an electron transfer barrier for redox probes is
formed and leads to a decrease in current with increasing thrombin concentrations. Here, one
outstanding work of Wang et al. [251] achieved a sensitivity range on the level of fM.
Readout via EIS without any redox probe was also possible [252]. The benefit of the graphene
in this sensor platform is explained by the greatly enhanced charge transfer of the carbon
nanomaterial. Therefore, one main reason for the outstanding sensitivity could be the linkage
of the aptamer to the electrode. In the work of Wang et al., this was accomplished via
covalent peptide bonding, whereas other studies only coupled the compounds via physical

adsorption onto rGO [252] or thiol-gold molecules [254] which resulted in poorer sensitivity.

38



Amino Acids

Aptamers can also be used for the detection of smaller peptides such as glutathione [255, 256]
or even single amino acids such as L-histidine [257], L-tyrosine [258], and especially cysteine
(Cys) [249, 255-257, 259-261]. Cys has many vital biological functions and a wide range of
physiological and pathophysiological effects [262]. For this category of biosensors, most
works gain improved sensitivity by taking advantage of the high quenching efficiency of GO
and DNA hybridization. Often dye labeled ssDNA is used, which in the end binds to GO in
the absence of Cys or is released in the presence of Cys (Figure 9) and leads to an increase in

fluorescence intensity.
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Figure 9. Schematic illustration of a turn-on fluorescent detection of cystein by using GO

as quencher. (Reprinted with permission from Ref. [261], Copyright (2011), WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.)

Here, Lin et al. [261] used a thiol-activated ssDNA, which is bound to Ag NPs and is
complementary to the dye labeled strand. Cys then binds to the Ag surface and releases the
previously bound ssDNA, which itself causes the release of the dye labeled DNA from the
GO. This leads to detection in the nM range. This was also achieved by Xie et al. [260] by
using Ag" ions and a cytosine-rich DNA probe, which interacts with the ions in absence of
Cys. This system was also capable of detecting Ag® also in the range of nM. However, all of
these approaches are based on metal/thiol interaction and are therefore not specific to different
thiols. In real samples one should always consider other biothiols, which could interfere
[255]. Measuring biothiols in general is still of great interest, as its level in plasma is a
diagnostic tool and is related to diseases such as HIV [263].
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Immunoglobulins

The detection of immunoglobulins is often performed in blood serum samples and the
preferred sensor concepts on this field are ELISAs with electrochemical readout [264—266].
This concept has been previously described and can be adapted by simply changing the
recognition antibody. Additionally, there are other approaches such as the development of
specific G-FETs with single graphene flakes (Figure 10) [267-269]. In FET devices, electrical
detection is used which exploits the change in electrical conductance that arises when
molecules adsorb on the surface of the sensors. Benefits of FETs are label-free and online
detection, but also the possibility of miniaturization towards a nanoscale-size complete sensor.
There are different strategies for the recognition element on graphene, either applying specific
antibodies on Au NPs [269] or aptamers via m-w interaction of linker molecules [268, 269].
All of these schemes realize selective detection in the nM range and are promising for the
electrical detection of biomolecules. There are varying feasible explanations for the
mechanism as to how analyte binding influences the electrical conductance of the graphene
[270, 271], but none of them have been explicitly proven.
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Figure 10.  Schematic of the measurement setup using a G-FET for the detection of IgG.
(Reprinted with permission from Ref. [269], Copyright (2010), WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.)

Finally, many other biosensor approaches with graphene for different protein analytes have
been investigated, including model analytes such as BSA [272], streptavidin [273] or TATA-
binding protein [274], but also clinical and biological relevant substances such as platelet-
derived growth factors [253, 275], lectins [276], hemin [277] or vasopressin,
neurohypophysial hormone [278, 279]. There are also various enzyme assays Wwith
fluorescence readout, using graphene and phosphorylase D [280], captase-3 [281], matrix
metalloproteinase 2 [265, 282] or lysozyme [283]. In these works, graphene (mostly GO and
rGO) was again used as a support material, electrode surface or quencher as described

previously. The sensor concepts differ only slightly from those mentioned above.
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This section illustrates the versatility in graphene application for protein analytics. By
immobilization of specific recognition elements such as enzymes, antibodies or aptamers in
combination with graphene, a broad spectrum of selective biosensors with impressive LODs
were constructed. Many of the sensor strategies could be adapted for other biomarkers, target

protein or other immuno targets.

However, explanations as to why certain combinations of materials result in better sensitivity
are lacking and descriptions of particular mechanisms with respect to the graphene are often
missing. Major advantages are improved sensitivity, less expensive production and smaller
sensor device, which could enable better point-of-care diagnostics and aid in early disease
recognition. However, to date, there is no commercial biosensor based on graphene, which

could potentially replace the older and more laborious techniques.
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3.3.4 Biosensors for other Biologically Relevant Analytes

Aside from carbohydrates, nucleotides and proteins, there are several approaches to detect
smaller biomolecules such as lipids and biologically relevant substances such as pesticides,

alcohols single cations, anions and also whole cells and viruses.

Cholesterol is an important lipid and its accumulation in blood is related to hypertension,
arteriosclerosis, and heart disease [284, 285]. Conventional methods such as spectroscopic,
colorimetric, non-enzymatic and other electrochemical approaches suffer from poor
specificity and difficulty of analyte standardization [286, 287]. Using a graphene electrodes
modified with cholesterol oxidase enables electrochemical detection in the range of uM,
whereas an additional decoration with Pt NPs [288] or Au NPs [289, 290] leads to more
sensitivity. Further attachment of cholesterol esterase enables the detection of cholesterol
esters [288, 291]. But in principle the concept is analogous to the electrochemical enzymatic
detection of glucose, as described previously. Metal nanoparticles enhance the conversion of
H,0, and their attachment to a graphene modified electrode surface leads to more sensitive
recognition. The readout of the H,O, produced could also be realized via ECL with luminol,
additionally catalyzed by the iron ions of hemin, which was attached to the graphene [292].
This resulted in an LOD of 0.06 uM, which is two orders of magnitude lower compared to the

biosensors mentioned above.

Hydrogen peroxide is an important molecule in biological processes. It occurs as enzymatic
byproduct of oxidases or as substrate of peroxidases [293]. Furthermore it is an essential
mediator in food, pharmaceutical, or clinical analyses [33]. Therefore, also a lot of sensor
approaches, which are using graphene materials are described. The sensor principles are
almost the same as have been presented for the glucose sensors, except the usage of other
enzymes. Horseradish peroxidase is the most common enzyme to detect hydrogen peroxide
[294-307]. The enzyme is adsorbed or immobilized on electrodes surfaces together with GO
or rGO. The working potential could be decreased from -400 mV vs. SCE [296] by additional
incorporation of metallic nanoparticles [294, 298, 299, 305] to -200 mV vs. Ag/AgCl, which
makes these sensor more selective towards other electro active substances such as AA, UA or
DA. The selectivity could also be enhanced by applying perm-selective membranes, which
keep away potential interfering substances from the electrode surface. Nafion [302], chitosan
[306] or poly-lysine [297] have been used. Remarkable high sensitivity, with a LOD of 10 nM
is reported for a system comprising of rGO, HRP, Au NP and thionine [299]. The linear

change in the sensor signal ranges from 0.5-10° to 1.8 mM. Yet, most sensors reported so far
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cannot compete with luminescent probes, which may have the additional benefit that they can

be used for the detection of hydrogen peroxide in cellular analysis [308].

The detection of alcohols is easily achievable by also simply changing the enzyme. The
enzymatic detection of ethanol with alcohol dehydrogenase (ADH) always involves the
sensitive recognition of the cofactor NADH. In conventional electrodes, the over-potential of
NADH is greater than 0.6 V (vs. Ag/AgCl) [309], which could lead to interference problems
in real samples [310]. When graphene is implemented as an electrode material, rGO is
typically used, as it enables oxidation of NADH at lower potentials and therefore leads to less
cross sensitivity. Many works investigated different sensor electrode additives such as Nafion,
[311] chitosan [312] or methylene green [313]. They yield good results, even for common
samples, such as wine or beer [312]. Simply casting ADH onto an rGO modified electrode
leads to sensitive detection in the range of uM, at a very low potential [314]. Like in other
sensor approaches, the question here arises, as to whether complex graphene composites are
even necessary at all, since they do not appear to drastically improve the sensitivity. By
applying a ruthenium (1) complex to the biosensor, the detection of NADH could be
performed again via ECL and was a slightly more sensitive than other approaches [315].

Other biological compounds of interest which have been investigated with graphene-based
biosensors are acetic acid, DA [316], UA [316, 317], glucosamine [318], acetylcholine [319],
oxygen [302, 320] and clenbuterol [321]. Since all of them use similar strategies that were
previously discussed, they will not be explained here again in detail. Again, rGO and GO are
used mainly as an electrode, substrate or label material due to their outstanding features.
Biosensors with remarkable sensitivity and selectivity were prepared by simple attachment of

enzymes, antibodies or aptamers.

In addition to small molecule detection, there are also approaches to detect even whole
bacteria or image cells with techniques previously. E.coli bacteria were detected by attaching
a specific antigen onto a CVD graphene FET and monitoring the change in electrical
conductance when the bacteria are bound to the sensor surface [322]. Although the detection
is not completely selective, and the sensing parameters are not suitable for a portable
biosensor, this could still find application in assays for drug screening. Sulfate reducing
bacteria were detected by a common assay with specific antibodies where GO enhanced the
potentiometric stripping analysis (PSA), but also the colorimetric detection [323]. GO sheets
were labeled with secondary antibodies, which bind to target bacteria previously attached to

the assay. In a further step, GO promotes the reduction of Ag(l) to Ag NPs, which are needed
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for a further readout (Figure 11). In another study, they used an electrode covered with rGO
covalently modified with aptamers for the specific capture of different cancer cell lines [324].
Only upon cell adhesion, the redox signals of a mediator decreased due to the formation of an

inert barrier by the cells.

Figure 11.  Schematic representation of a GO based immunoassay combined with silver
enhancement for the detection of sulphate-reducing bacteria (SBR). (Reprinted with

permission from Ref. [323], Copyright (2010), American Chemical Society.)

An optical readout was used for the detection of a rotavirus [325]. GO was used here as
transparent substrate material, which was further functionalized with antibodies via peptide
bonding, but also served as fluorescent dye. A secondary antibody was labeled with Au NPs
and through FRET the fluorescence of GO was quenched. With this setup they were able to
selectively detect the virus to an LOD of 10®° pfu-mL™, comparable to common ELISA

technology [326].

In a different optical approach, GO was applied as quencher of dye-labeled aptamers, as
described previously in the DNA section. Pei et al. [272] were able to detect and distinguish
between different proteins and also various cell types with the appropriate aptamer receptor.
This again demonstrated the broad and easy adaptation of affinity-receptor based applications
for which GO can be used. The detection of cancer cells could be one interesting application
for this setup and has already been demonstrated in a microfluidic system [327].
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3.3.5 Conclusion

The research discussed in this chapter shows that graphene has been extensively studied in
biosensors for the detection of glucose, DNA, various proteins, bacteria, and even whole cells.
Nevertheless, the advantages of including graphene in a biosensor scheme are not always
readily apparently. The lack of a consistent preparation method for large scale-synthesis of
well-defined graphene complicates the situation greatly. Most studies are based on rGO which
itself is an inhomogeneous material. The oxygen containing groups enable the adaption of
well-established immobilization techniques for biomolecules, receptors and linking
molecules. Working with this material and the severely lacking material characterization
make it difficult to compare results from one sensor concept. This is viewed as a severe

hindrance to the success of graphene-based biosensor development.

In order to exploit all of the extraordinary properties of graphene at once it is necessary to
produce high quality material on insulating, flexible substrates. The development of
ultrasensitive devices is challenging, but the impact of such technology can be great. Novel
concepts for surface nanostructuring based on semiconductor technology and for
nanopatterning using chemical approaches are needed. Graphene on its own has high
sensitivity but without any selectivity at all. One possibility to introduce selectivity is direct
chemical modification. Another possibility is to design composite materials together with

other nanomaterials.

For all of the optimistic and promising perceptions of graphene, three essential questions for
becoming a commercial success in chemo- and biosensors still remain: 1) Is there anything
beyond a good paper? 2) Will it be possible to produce more than one device? 3) Can it
compete with already existing products? As of now, these questions still are open. Yet, the
material cannot compete with existing biosensors, but the constant development and
improvement of the preparation and processing techniques can change the situation. One
exception seems to be the detection of oligonucleotides using graphene-based biosensors.
Electrochemical detection methods provide the best sensitivity when combined with rGO,
with typical detection limits in the range of fM to aM. Although GO also yields excellent
lower limits of detection in the pM to fM range, CVD and epitaxial graphene do not provide
the low limits of detection offered by rGO or even GO. Additionally, the immobilization of
DNA onto graphene is relatively easy and understood. With the advancement of sensor

additives such as polymers and nanoparticles, and improvements in detection schemes,
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graphene can be a leading sensor material in DNA biosensors competitive with other

technologies.

The most significant strides will not be made by imitating or improving well-established
sensor technologies, but rather by focusing on exploiting the truly unique properties of carbon
nanomaterials and in finding new applications and markets. Some of these properties include
extremely high surface-to-volume-ratio of graphene, together with its transparency, high
electrical conductance, as well as its flexibility, which could lead to new miniaturized
biosensors and sensor arrays having high sensitivity, long term stability, multi-detection

capabilities and ultrafast response.

[Chapter 3.3 was mainly adapted from P1]
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4 Experimental

4.1 Materials and Instrumentations

Unless otherwise stated, all chemicals were of analytical grade and purchased from Merck
(www.merck.de, Darmstadt, Germany) or Sigma-Aldrich (www.sigma-aldrich.de, Steinheim,
Germany) and used without further purification. Ultra-pure water (0.055 pS-cm™) was used in
all experiments. All gases and mixtures were purchased from Linde AG (http://www.linde-
gas.de, Pullach, Germany).

Characterization with Raman spectroscopy was performed on a Thermo Scientific DXR
Raman microscope with a 532 nm excitation laser (10 mW). Optical images were made with a
Leica DMRB microscope. Scanning electron microscopy (SEM) was performed with a Zeiss
Ultra 55 and on a JOEL JSM-6700F, as well as the energy-dispersive X-ray spectroscopy
(EDS), and thermogravimetric analysis coupled to IR spectroscopy (TGA-FTIR) with a
Netzsch Iris TG209 connected to a Bruker Equinox 55, all at Infineon Technologies AG
Regensburg. Transmission electron microscopy (TEM) was performed using a 120 kV Philips
CM12 microscope. Electrochemical characterizations and measurements were performed on a
CH Instrument electrochemical analyzer Model 602a, using a three-electrode system
consisted of a Pt wire as counter electrode and a saturated calomel electrode (SCE) as
reference electrode and graphene electrode as working electrode (chapter 4.4). [partially
adapted from P2 and P4]
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4.2 Preparation of Different Graphene Materials

Single layer graphene (SG) was obtained through micromechanical exfoliation of graphite
flakes (NGS Naturgraphit GmbH, Leinburg, Germany) using an adhesive tape, and
transferred onto a Si substrate with a 300 nm thick SiO, insulating layer. This kind of

graphene flakes is random in shape and size, with a typical size of about 50 pm?.

Graphene obtained by CVD (CVDG) was purchased on Si/SiO; substrates
(www.graphenea.com, San Sebastian, Spain). Electron beam lithography and reactive ion
etching (O,/Ar) was used to remove excess graphene, forming rectangular graphene

electrodes of about 0.04 mm? in size.

Reduced graphene oxide (rGO) was prepared by a slightly modified Hummers method [23]
with subsequent reduction [24]. Briefly, 1 g of China flake graphite (K. W. Thielmann & Cie
KG, Grolsheim, Germany) was mixed with 0.75 g NaNOs in 75 mL conc. H,SO,4 and 4.5 9
KMnO,4 was added in small portions under vigorous stirring and cooling in an ice bath. The
mixture was sonicated for 3 hours and stirred for 3 days at room temperature. After the
addition of 75 mL of 5% H,SO, the mixture was heated at 100 °C for 2 hours, followed by an
addition of 15 mL of 30% H,0O, and constant stirring for 1 hour at room temperature. For
purification, the produced GO was washed with the following solutions: four times in 3%
H,SO, containing 0.5% H,0,; two times in 3% HCI; three times in water. Finally it was
dialyzed against 2 L water (14 kDa cut-off) for 10 days, changing the water three times. For
the chemical reduction of GO, 7 mL of a GO suspension (0.5 g-L™*) were mixed with 31 uL of
32% NHs;. After adding 5 pL of 98% hydrazine hydrate the reaction mixture was refluxed for
1 hour at 100 °C. The resulting black suspension was washed with water and isolated by

centrifugation. [partially adapted from P4]
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4.3 Modification of Graphene Materials

Functionalization of Reduced Graphene Oxide with Pd and Pt Nanoparticles

Both approaches were adapted from a preparation of graphene-metal nanocomposites by Xu
et al. [328] and modified slightly. 5 mL of a GO suspension (1 mg-mL™) were mixed with
10 mL ethylene glycol. Afterwards 0.5 mL of a 0.01 M solution of metal precursor (K,PtCly,
respectively PdCl,) in water was added and the mixture was first stirred for 30 min at room
temperature and then 6 hours at 100 °C. During the heating in both cases the color changed to
black indicating that the GO was reduced by ethylene glycol. The resulting suspensions
containing the metal-doped carbon nanomaterials (rGO-Pd and rGO-Pt) were centrifuged and

washed three times with water. [adapted from P2]

Functionalization of Graphene Oxide with MnO,

A synthesis for GO-MnO, nanocomposites was adapted [329]. 5.1 mg GO and 21 mg
MnCl,-4H,0 were dispersed in 5mL ‘propanol and sonicated for 30 min. The reaction
mixture was refluxed at 83 °C under vigorous stirring. Afterwards a solution of 12 mg
KMnO, in 0.4 mL water was added and the slurry was refluxed at 83 °C for another 30 min,
before it was cooled to room temperature. The composite material was then centrifuged and
washed twice with water. The resulting brown product was dried at 60 °C over night. Thermal
reduction of GO was performed after the composite was applied to a microelectrode (chapter
4.4.1) heating it to 230°C for 30 s. [adapted from P2]

Functionalization of Reduced Graphene Oxide with TiO,

For the functionalization of carbon nanomaterials Li et al. [330] have reported the
modification of single-walled carbon nanotubes by TiO,. In analogous way rGO was modified
with TiO, (rGO-TiO2): 1 mg of TiO, with an average particle size of 1 um was ground
thoroughly. Subsequently, the powder was dispersed in 2 mL water, sonicated for 1 hour and
1mL of an aqueous rGO suspension (0.5mg-mL™?) was added. After another 1 hour
sonication a grey suspension was formed where the modified rGO flakes highly tended to

aggregate. [adapted from P2]
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Functionalization of Graphene Oxide with Octadecylamine

To modify rGO with octadecylamine (ODA), a synthesis of surface functionalized graphene
by Wang et al. [331] was adapted. 5 mg GO were suspended in 5 mL dichlorobenzene. After
adding 50 mg ODA, the reaction mixture was sonicated for 24 hours at 80 °C. To get rid of
excess ODA and dichlorobenzene, the reaction mixture was treated with 40 mL ethanol
resulting in a black precipitate. The mixture was centrifuged and the resulting solid was
washed twice with ethanol and toluene. This washing step was repeated once more and the
product was dried at air. Thermal reduction of the product was performed after the composite
was applied to a microelectrode (chapter 4.4.1) heating it to 230°C for 30 s. [adapted from P2]

Functionalization of Reduced Graphene Oxide with CuO Nanoparticles

Deposition of CuO nanoparticles was achieved through a wet chemical procedure in a
water/'propanol reaction system [332]. Different mass ratios of GO/CuO (1:2, 1:1, 1:0.2,
1:0.02, 1:0) were applied to alter the level of metal oxide doping within the nanocomposite. In
the following a typical reaction for e.g. a GO/CuO mass ratio of 1:2 is described: 5 mg of
freeze dried GO were dispersed in 5 mL ‘propanol and sonicated for 30 min. After the
addition of 28 mg Cu(CH3COO), H,O and further 5 min of sonication, the mixture was
heated to reflux at 86 °C under vigorous stirring. The temperature was maintained for 30 min
and 0.5 mL water was rapidly introduced into the boiling reaction mixture. The reaction was
kept at 86 °C for another 30 min and cooled to room temperature. The product purified by
centrifugation, washing with EtOH and water and was dispersed in 5 mL water with 30 min
sonication. The resulting suspension was drop casted (1 pL) on the microelectrodes (chapter
4.4.1), dried at room temperature and heated to 230°C to thermally reduce the GO.

Microelectrodes modified with rGO (chapter 4.4.1) were used for the electrochemical
deposition of Cu nanoparticles with subsequent oxidation to CuO at 230 °C in air. The
deposition of metal nanoparticles on rGO was carried out from a solution of 10 mM CuSQ, in
0.5 M H,S0O4. A short reduction pulse (10s) at -1.2 V vs SCE was applied. The electrode was
washed with water and heated to 230 °C for 30 s.

50



4.4 Fabrication of Graphene Electrodes

4.4.1 Sensor Preparation for Gas Sensing Applications

Suspensions of rGO and modifications were deposited on the microelectrodes via spin coating
as not mentioned otherwise. The microelectrodes consist of gold conducting paths Si/SiO,
substrate comprising an interdigital structure (Figure 12) and were cleaned before usage. The
treatment included 5 min sonication in CHCI3, washing with water, 10 s treatment with a
mixture of conc. H,SO,4 and 30% H,0, (3:1) and again washing in water. Afterwards they
were kept under ethanol and dried in a stream of nitrogen before usage. For deposition of rGO
and composite materials, the respective suspensions were sonicated in a 1:1-mixture of water
and 'propanol (0.25 mg-mL™) for 10 min and 2 pL were spin coated onto the interdigital
electrode structure with a Laurell WS-400BZ-6NPP/LITE spin coater (5 s at 500 rpm; 20 s at
3000 rpm). Afterwards the electrodes were heated to approximately 230 °C for 30 s on a hot
plate. The electrical resistance between the nearest two gold conducting paths was measured
with a UNI-T 109 multimeter and the electrodes have been examined under the microscope to

control quality. [partially adapted from P2]
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Figure 12 Microelectrodes with interdigital structure consisting of gold conducting paths
on Si/SiO, wafer substrate.
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4.4.2 Preparation of Graphene Electrodes for Electrochemical Comparison

The graphene was partially metallized through evaporation of Ti/Au (5 nm / 60 nm), followed
by an acetone/'propanol lift-off process, to provide an electrical contact for SG and CVDG
(Figure 13a,b). Electrodes consisting of rGO (Figure 13c) were produced via drop casting of
1 pL of an aqueous rGO suspension (0.25 g-L™) on microelectrodes with interdigital structure
(chapter 4.4.1) and dried at room temperature. A final annealing step of 230 °C for 30 s was
applied afterwards. All gold areas in contact with the electrolyte were shielded by dipping the
electrode into a solution of 100 uM 1-mercaptooctadecane in ethanol, to form a self-
assembled monolayer. The different types of graphene modified electrodes on silicon

substrates are depicted in Figure 13. [adapted from P4]

Figure 13 Microscopic pictures of electrodes prepared with different graphene materials:
(@) SG, (b) CvDG and (c) rGO. In (a) and (b) the graphene can be visualized by the
microscope due to the interference between reflection paths of the air-SiO, and SiO,-Si
interface [49]. [adapted from P4]
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45 Gas Measurements

Gas measurements were performed on a homemade gas-mixing device, consisting of mass
flow controllers (UFC-8160A and UFC-1660 from Unit Instruments Inc.), a flow cell with

two heating elements for temperature control, and a Pt-100 temperature sensor (Figure 14).

Figure 14 (a) Gas mixing device, (b) flow cell, (c) corresponding lid with implemented
gold pins for contacting of the microelectrode. [adapted from P2]

Measurement of electrical resistance was accomplished by contacting the two gold conducting
paths in the mid-position of the interdigital electrode structure (Figure 12), at constant bias

voltage of 50 mV.

Synthetic air (N2: 80%, O,: 20%) was used as carrier gas and was mixed with 300 ppm NO,
1% H; or 1% CH,. The test gases were all diluted by synthetic air. Furthermore gas
adsorption tests were accomplished at constant gas flow at 100 sccm (300 sccm for
concentration dependency of NO,) and at constant temperatures of 85 °C. It was also
necessary to heat the electrodes 20 s at 230 °C before each measurement, ensuring that no
analyte gas was adsorbed previously by reaching the initial electrical resistance. For
measuring the influence of air humidity, the gas flow was piped through the head-space of a
flask containing water. [adapted from P2]
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Measurements with CO, were performed in analogous way, mixing 3000 ppm CO, to a
constant flow (100 sccm) of synthetic air, in order to achieve concentrations ranging from 150
to 1500 ppm. The flow cell was held at a constant temperature of 25 or 60°C, respectively.
Cross sensitivity was tested in the presence of 100 ppm NO,, 3000 ppm H,, 3000 ppm CH,,
and 100 ppm CO. Temperature dependency was measured in synthetic air in the range from
25 to 85°C.

Additionally, microelectrodes modified with rGO-CuO (with a GO/CuO ratio of 1:2) were
compared to a commercial sensor device. A CDM4161-L00 CO, Module from Figaro was
applied to the flow cell and sealed. The sensor was run with 4V power supply and the signal
output voltage was measured with an UNI-T UT109 multimeter. The output voltage measured
in mV is directly proportional to the concentration of CO, in ppm. The sensor was calibrated

for 2 hours in air before measuring.
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4.6 Electrochemical Characterization and Measurements

A custom build carbon disc electrode, comprising a carbon fiber composite (www.conrad.de,
Regensburg, Germany) with 2 mm diameter implemented in Teflon or the differently
prepared graphene materials (SG, CVDG, and rGO, chapter 4.4.2) assembled on a silicon

wafer substrate electrically contacted by gold leads were used as working electrode.

The modified electrodes and the carbon disc electrode were characterized with cyclic
voltammetry, chronocoulometry, electrochemical impedance spectroscopy (EIS) and
amperometry. For electrochemical experiments, the supporting electrolytes were 0.1 M KCI
or 10 mM phosphate buffer with 140 mM NaCl (pH 7.4). Before each measurement Argon
was bubbled through the solutions to remove dissolved oxygen. All experiments were
performed at room temperature. The amperometric response towards H,O, was investigated
in a continuously stirred electrolyte solution (10 mM phosphate buffer, 140 mM NacCl,
pH 7.4) by doubling the concentration of peroxide with each addition. The studied analyte

concentration covers a range from 25 uM to 25.6 mM. [adapted from P4]
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5 Results and Discussion

5.1 Signal Enhancement in Amperometric Peroxide Detection by Using

Graphene Materials with Low Number of Defects

In this chapter, graphene materials prepared by mechanical exfoliation (single layer graphene,
SG), chemical vapor deposition (chemical vapor deposited graphene, CVDG) and chemical
exfoliation (reduced graphene oxide, rGO) were investigated as electrode material for the
reductive amperometric detection of H,O, (Figure 15). For the development of
electrochemical biosensors based on graphene the choice of preparation technique has to be
considered, since it significantly influences further functionalization, transfer and therefore

device fabrication.

[Chapter 5.1 was mainly adapted from P4]
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Figure 15 Scheme of reductive amperometric detection of H,O, utilizing a graphene

electrode.

5.1.1 Characterization of Graphene Materials with Raman Spectroscopy

Raman spectroscopy is established as a versatile characterization method for 2D carbon
nanomaterials. Information regarding the number of layers, the amount of defects and
impurities can be obtained. Therefore all graphene modified electrodes have been investigated
by Raman microscopy. Signals at around 1600 cm™ are usually described as G Peak and
originate from the in-phase vibration of the graphene lattice (Eoy mode) [74]. The D peak at

around 1350 cm™ is caused from structural disorders, which can be found at defects and edges
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[333]. Signals above 2400 cm™ can be assigned to secondary peaks or a combination of the
peaks mentioned above. As can be seen in Figure 16, no observable D peak, which indicates
defects in the aromatic system of the graphene, is evident in the spectrum of SG, which
proves the high structural order for this type of graphene. For CVDG a small D peak is
observed at 1342 cm™ and especially for rGO the D band at 1352 cm™ becomes dominant and
broader, indicating a high level of disorder [334]. A symmetric single 2D peak can be found
in the spectra of SG and CVDG at 2676 cm™ and 2684 cm™, respectively. Further, the
significant higher intensity compared to the G band at 1583 cm™ and 1590 cm™ indicate that
these materials consist of high quality single layer graphene [74]. In rGO, the noticeable
change in shape and intensities of the D, G, and 2D band illustrates the significant presence of
multiple layers, lattice disorder and inhomogeneity in this type of graphene. Applying an
empirical Tuinstra-Koenig relation [335] which refers to the crystallite size of graphite, the

diameter of the sp® regions in rGO was calculated to approximately 19 nm.
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Figure 16 Raman spectra of SG-, CVDG- and rGO-modified electrodes.
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5.1.2 Electrochemical Characterization of Different Graphene Electrode Materials

The graphene materials were contacted by deposition of gold conducting paths either onto it
(for SG and CVDG) or drop casting a suspension of rGO on prestructured microelectrodes.
Gold exposed to the electrolyte was shielded by the formation of a self-assembled monolayer
of 1-mercaptooctadecane. As the thiol groups are attached to the gold, the hydrophobic long
alkyl chains form an electrically passive layer. The successful shielding of the gold contacts
exposed to the electrolyte was proven by cyclic voltammetry (Figure 17). A clean
microelectrode comprising only gold as electrode surface was used as model substrate. After

thiol treatment, oxidation and reduction peaks of a ferro/ferricyanide redox system vanished.
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Figure 17 Cyclic voltammograms of 5 mM K[Fe(CN)g] recorded in 0.1 M KCI (scan rate
0.2 V-s') with a bare gold electrode before (black line) and after passivation with 100 pM

1-mercaptooctadecane (red line).

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 gives only a rough estimation, therefore chronocoulometric measurements in
the presence of 0.1 mM Kj[Fe(CN)s] were performed in order to estimate the total
electroactive area of each electrode. The effective surface area of the carbon disc electrode
was calculated to be 2.9-10° pm?, 2.6-10° um? for rGO, 3.9-10* um?, for CVDG, and 51 pm?
for the SG electrode, respectively. These values were further used for the calculation of

current densities.

Electrochemical impedance spectroscopy provides information of the interfacial properties of

the electrodes. In Figure 18 the Nyquist and Bode plots of the three types of graphene
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modified electrodes and the carbon disc electrode in presence of 5 mM Ky[Fe(CN)g]
containing 0.1 M KCI at 0.2 V vs SCE are shown. Electrodes modified with SG, CVDG and
rGO cannot be fully described by a Randles equivalent circuit, consisting of the electrolyte
resistance R in series with a parallel combination of double-layer capacitance (Cgj), an
impedance representing the charge transfer resistance (R.) and the Warburg element (Zy)
taking diffusion into account. The results from the electrochemical impedance spectroscopy
do not take into account that there is a huge difference in the electrode surface area as can be
seen from the results of the chronocoulometric measurements. For high frequencies the
impedance (Z) for all systems is approaching the electrolyte resistance. For small frequencies
the charge-transfer resistance increases for the different electrodes in the order carbon disc,
rGO, CVDG to SG. The behavior of the CVDG can be explained by impurities adsorbed on
the graphene. These can be a consequence of the transfer process [36]. Here, a polymer layer
will deposited on top of the graphene layer; the metallic substrate where the graphene was
deposited is etched away so that the polymer modified graphene flake swims on top of the
solution. After transfer to the silicon wafer the polymer on top of the graphene is washed
away by organic solvents. By this process it is likely that polymer residues can remain. The
Nyquist plot in Figure 18a 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 modified electrode 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 modified electrodes 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 of carbon disc electrode is approximately 1.2-10° times higher than
for the SG modified electrode, for CVDG R per area is 1.7-10° times, 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 differences
between the three different types are in accordance to the increase of the number of defects of
the two-dimensional carbon nanomaterial. The numbers given here are only rough estimations
not taking into account the influence of the border of the CVDG and SG. A detailed

investigation of different flake sizes will complete this picture.
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Figure 18 Nyquist plot (a) and Bode plot (b) derived from electrochemical impedance
spectroscopy in 0.1 M KCI and 5 mM K,[Fe(CN)g] for carbon disc, rGO, CVDG and SG
modified electrodes (at 0.2 V vs SCE with an amplitude of 5 mV).
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5.1.3 Direct Amperometric Detection of H,O;

The reduction of H,O, on the different graphene electrodes was studied with cyclic
voltammetry (Figure 19) in the presence of 10 mM H,0, in phosphate buffered saline at
pH 7.4. Comparison of the cyclic voltammograms before and after applying 10 mM H,0O,
shows that after the addition of H,O,, the cathodic current increased. The increase for
electrodes modified with CVDG and SG can be already observed at low potentials of -0.1 V
vs SCE. This is at lower potentials than for rGO and carbon disc electrode and can be

attributed to an electrocatalytic effect of the carbon nanomaterials.

The change in the current density under exactly the same conditions is significantly higher for
the graphene materials than for the carbon disc electrode (Figure 20). At a working potential
of -0.3V 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, maybe due to the

best ratio of pristine graphene lattice to defects and edges.
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Figure 19 Steady state current density/voltage cycles of (A) rGO, (B) CVDG, (C) SG, and
(D) carbon disc electrode in phosphate buffered saline pH 7.4 and after addition of 10 mM

H,0, vs SCE (scan rate 0.1 V=s™).
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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 20). 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,O,.
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Figure 20 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™).

All three different types of graphene modified electrodes have been tested in an amperometric
setup to detect peroxide (Figure 21). A constant potential of -0.3 V vs SCE was applied. From
Figures 21a,b it can be observed that the reductive current response of all electrodes increase
with increasing H,O; concentration. For low concentrations of the analyte one can see that 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. After normalization of all signals to the
total electroactive surface area, the situation changed (Figure 21c): the sensitivity of SG for
low amounts of H,O, can be seen. 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,O,. 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
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amperometric electrode is closely associated with Cy and the quality of attachment to the
support. Calculating the LOD from a signal-to-noise ratio of three, values of 9.2 uM for rGO,
15.1 uM for CVDG and 651.5 uM for SG electrodes are obtained.
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Figure 21 (a) Amperometric recordings at -0.3 V (vs SCE) for successive addition of
0.025-25.6 mM H,0, into continuously stirred phosphate buffered saline pH 7.4. (b)
Response after first addition. (c) Normalized amperometric response referring to the

electrodes size.(d) Concentration dependency of the amperometric response.

These findings indicate the great perspective of graphene in amperometric detection systems.
For comparison, the H,0O, sensing performance of different graphene based electrode
materials from previous reports are displayed in Table 1. All these works are based on
chemically derived graphene, which has been further modified with metal or metal oxide
nanomaterials to improve sensitivity. One can clearly see that hybrid nanomaterials lead to
better sensitivity. From our study one can suggest that there could be further improvement by
using graphene of low number of defects. For taking benefit of 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 is challenging to provide such a high quality
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graphene on an insulating material with electric contacts in reasonable quantities and of
adequate size for developing sensor applications operated with a low cost potentiostat. By
taking a look to 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 due to an
enhancement 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 [336] or by plasma treatment [337]. 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.

Table 1 Comparison of analytical performance of different graphene and graphene

composite materials used for the electrochemical detection of H,0,.

Electrode Material Potential [V] [mS:.r}\s/:H\./Clgl_z] LOD [uM] Reference
PB/Graphene -0.05 (vs Pt) 196.6 1.9 [338]
CoOxNPs/ERG 0.75 (vs SCE) 148.6 0.2 [45]
MnO,/GO -0.3 (vs SCE) 8.2 0.8 [339]
AgG'\::;/hF;?i” -0.4 (vs Ag/AgCI) 56.6 28 [340]
PO'{g‘g’/aA“é'”e' -0.5 (vs Ag/AGC) 355.8 2.1 [341]
rGO-PMS/AuNPs  -0.75(vs Ag/AgCl) 39.2 0.06 [342]

rGO -0.3 (vs SCE) 25 9.2 This Work

CVvDG -0.3 (vs SCE) 173 15.1 This Work

SG -0.3 (vs SCE) 202 651.5 This Work

PB: Prussian Blue; CoOxNPs: Cobalt oxide nanoparticles, ERG: Electrochemically reduced
graphene oxide, AgNPs: Silver nanoparticles, PQ11: Poly[(2-ethyldimethylammonioethyl
methacrylate ethyl sulfate)-co-(1-vinylpyrrolidone)], PMS: Periodic mesopourous silica,

AuNPs: Gold nanoparticles, Ag/AgCI: Saturated silver / silver chloride reference electrode
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5.1.4 Conclusion

The non-enzymatic detection of H,O, was studied using electrodes based on various types of
graphene, without utilizing any functionalization or modification steps. All three graphene
materials exhibit sensitivity to the catalytic reduction of H,O, and are able to detect H,0,
concentrations in the pM range, showing fast amperometric response upon successive
additions of analyte. 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. However, due to the laborious process needed for production of exfoliated
graphene and its irregularity in shape, size and location, this type of graphene is more suitable
for theoretical study and proof-of-concept demonstration. In comparison, the CVDG suits
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 high sensitivity biosensors and sensor arrays. Such carbon nanomaterials can

also be used as biosensors by further functionalization with enzymes.
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5.2 Reduced Graphene Oxide and Graphene Composite Materials for Improved

Gas Sensing at Low Temperature

In this chapter, rGO was investigated as sensitive material for gas sensors in a chemiresitive
setup. Reduced graphene oxide was chosen due to features like solution processing, high
sensitivity and simple methods for functionalization owed to its defective structure. Covalent
attachment of functional groups or doping with metal and metal oxides can change the
electronic structure within the material, but may also increase the sensor surface or have a

catalytic effect on the gas adsorption.
[Chapter 5.2 was mainly adapted from P2]

5.2.1 Characterization of Reduced Graphene Oxide and Composite Materials

Oxidation of graphite with subsequent reduction leads to a material with inhomogeneous
shape and size of graphene sheets. The size of the graphene flakes ranging from 100 nm to
about 1 um as it is indicated by SEM studies (Figure 22a). Characterization with Raman
spectroscopy also indicates the inhomogeneity of the material, showing a broad G and

D peaks and was discussed previously (chapter 5.1.1).

Regarding the thermogravimetric analysis (TGA) of GO and rGO (Figure 22b) a loss of mass
can be observed at temperatures of about 200 °C. In FTIR-TGA this effect can be ascribed to
a thermal reduction, where CO and CO; is released [343]. Graphene oxide loses about 25% of
its mass, while rGO loses around 15% and shows that the reduction by hydrazine is

incomplete.
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Figure 22 (a) SEM of rGO on a Si/SiO; substrate and (b) thermogravimetric analysis of
GO and rGO.
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Functionalization of rGO was performed by wet chemical methods. Generally, all dopants

primarily bind/coordinate with the oxygen functionalities of rGO. Whereas ODA reacts with

the epoxy groups of GO [331], doping with metals and metal oxides usually includes the

interaction of a precursor metal ion with the carboxyl groups of rGO [328, 344]. The

successful modification of rGO was revealed by Raman studies. Peaks at 1125 and 1489 cm™
(ODA), at 140, 392, 510 and 644 cm™ (TiO,), and at 579 and 633 cm™ (MnO,) were found
and can be attributed to the respective modification (Figure 23). Whereas Pt and Pd do not

show any prominent Raman modes, the spectra of the graphene-metal composites resemble

the spectrum of rGO.
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Figure 23  Raman of rGO moadified with (a) ODA, (b) TiO,, (c) MnO,, (d) Pd and (e) Pt
NPs. Peaks at 520 cm™ and 970 cm™ can be attributed to the Si/SiO, substrate.
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Therefore, these composite materials where additionally examined with TEM (Figure 24). A
partial coverage of metal nanoparticles (black dots) on distinct regions of rGO was found. The

average particle size was below 20 nm for Pd NPs and 10 nm for Pt NPs.

Figure 24  TEM images of rGO modified with (a) Pd- and (b) Pt NPs.

The decoration of rGO with metal oxides could be observed in SEM images (Figure 25a,b).
Whereas modification with TiO, led to a partial coverage of rGO, modification with MnO,

resulted in a complete coverage of rGO with rod-like nanocrystals of the metal oxide.

Figure 25 SEM images of rGO modified with (a) TiO,, and (b) MnO,.

The elemental composition of the different modified materials was confirmed by EDS
(Figure 26). Signals at 0.3 keV can be ascribed to the k-alpha line of rGO and additional
peaks around 2 keV represent the background signal of the substrate comprising silicon and
gold. For every modification the characteristic lines of the appropriate elements could be

found and are highlighted within the spectra.
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Figure 26  EDS spectra of rGO modified with (a) ODA, (b) TiO,, (c) MnO,, (d) Pd, and
(e) Pt. Peaks of Au, Si and partially O can be attributed to the microelectrode substrates.
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5.2.2 (Gas Sensor Response

The transfer of graphene materials is still a critical step in sensor preparation using this type
of carbon nanomaterial. Aqueous suspensions of rGO can be easily processed and the
interdigital electrode structure was covered with a thin layer of rGO via spin coating.
Parameters affecting spin coating as the concentration of rGO, the rotation speed and time as
well as the usage of certain additives, like 'propanol for improvement of the spreading of the
suspension, were optimized to obtain consistent layers with reproducible total electrical
resistance. Further, the rGO modified electrodes were heated to 230 °C to guarantee a thermal
reduction. During this step, the electrical resistance dropped from about 8.0 MQ £ 3.8 MQ to
180 kQ + 78 kQ. The oxidation process of graphite introduces many defects to the sp?
structure which act like a barrier for the electron flux, resulting in better electrical

conductance at higher level of reduction.

To assess the effect of gas adsorption on the conductance of rGO, the electrical resistance of
coated microelectrodes was measured for different gases in various concentrations mixed in a
constant flow of synthetic air. An operating temperature of 85 °C was chosen to exclude the
influence of humidity on the sensor response (Figure 27c¢). Furthermore, heating to 85°C
improved the response time (< 1 min), and an increase in the signal change and the recovery
rate was found. Figure 27 displays the change of the relative resistance (R/Ro) in the presence
of different gases, such as NO;, Hy, and CH4. R is hereby the initial electrical resistance right

before the addition of a test gas.
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Figure 27 Change in electrical resistance of rGO layer at 85 °C in the presence of (a)
different concentrations of NO, and (b) 3000 ppm H; or CHy,. (c) Influence of air humidity on

conductance of an rGO based sensor at 25and 85 °C.

Reversibility and concentration dependence of the sensor was evaluated by continually
adsorption and desorption of the different gases. The results for NO, are shown in Figure 27a,
and the changes in electrical conductance for other gases are listed in Table 2. A linear
behavior within the applied concentration range (25-150 ppm), a sensitivity of 0.56 ppm™ and
a detection limit of 0.3 ppm (S/N = 3) was observed. In contrast to the signal drop for NO,,
the adsorption of H, and CHy led to an increase in the electrical conductance (Figure 27D).
The electron withdrawing effect of the adsorbed NO, leads to more positive charge carriers,
since rGO is described to show p-type semiconducting behavior [26]. Such gases as H, or CH,4
cannot act as electron donor or acceptor. It can be assumed that previously physisorbed
molecules from synthetic air (most probably oxygen) at the surface of the graphene are

replaced by H, or CHy, leading to an increase in electrical resistance [345].

These results clearly demonstrate that rGO on the one hand is an excellent sensor material for

detecting gases. In contrast to metal oxide sensors, which are the most common gas sensors so
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far, sensors based on graphene can be operated at low temperatures with fast response times.
On the other hand it is demonstrated that graphene based sensors lack on selectivity. Nearly
all adsorbates will result in signal changes, therefore they can only be used in detecting
analytes in an atmosphere of inert gases [125, 345, 346]. To overcome this drawback
graphene was functionalized graphene in different ways and the resulting materials were
investigated in their gas sensing behavior. The sensor responses of different functionalized
rGO materials towards NO,, H, and CH, (Figure 28) are summarized in Table 2. A
representative measurement of different concentrations of NO, and H, with a sensor based on
rGO-Pd is shown in Figure 28d.
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Figure 28 Concentration dependencies of rGO (1) and graphene composites (2 to 6) for
different concentrations of NO, (a), H, (b) and CH, (c). The composites are rGO-ODA (2),
rGO-TiO, (3), rGO-MnO, (4), rGO-Pt (5), and rGO-Pd (6). (d) Change in electrical
resistance of rGO-Pd for H; (red) and NO; (black). The concentration ranges from 25 (A), 50
(B), 100 (C) and 150 (D) ppm for NO; and from 500 (E), 1000 (F), 3000 (G) and 5000 (H)
ppm for H,.

Chemical insertion of ODA led to slightly increased signal changes towards H, and CH,. For

NO, detection almost no influence of the modification could be found. The composite
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material with TiO, showed unaffected behavior towards H, and CH,4, but a lower response
towards NO,. This indicates that adsorption sites for NO, may be blocked. Electrodes coated
with rGO which was doped with MnO, showed almost no signal change to all of the utilized
gases. Therefore, this modification only could deal as a reference signal to compensate small
fluctuations in temperature. The most significant change in response was achieved by
chemical doping with Pd and Pt NPs. The resulting composite materials showed an increased
sensitivity towards H, (Figure 28b). Same observations with comparable results have been
made with carbon nanotubes decorated with Pt and multilayered graphene nanoribbons doped
with Pd. Though, the composite material with rGO is easier to produce and to process. In
summary, all composites of rGO are rather simple to prepare and show different behavior in
their electrical conductance upon the presence of various gases.
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Table 2 Comparison of the response of unmodified rGO and modifications in the presence of
different concentrations of NO,, H, and CH,4 at 85 °C.

Signal [R/Ry]

Gases rGO rGO-ODA rGO-TiO; rGO-MnO; rGO-Pd  rGO-Pt
150 ppm NO, 0,419 0,436 0,718 0,929 0,358 0,758
125 ppm NO, 0,430 0,437 0,733 0,958 0,387 0,810
100 ppm NO, 0,445 0,442 0,751 0,959 0,441 0,840
75 ppm NO; 0,494 0,456 0,768 0,969 0,461 0,849
50 ppm NO; 0,545 0,481 0,773 0,971 0,489 0,861
25 ppm NO; 0,578 0,559 0,801 0,974 0,607 0,870
5000 ppm H, 1,035 1,037 1,026 1,017 1,615 1,135
3000 ppm H, 1,025 1,027 1,011 1,012 1,508 1,095
1000 ppm H; 1,012 1,004 1,004 1,010 1,188 1,049
500 ppm H; 1,005 1,000 1,001 1,004 1,114 1,011
10000 ppm CH,4 1,033 1,069 1,021 1,022 1,029 1,023
5000 ppm CH4 1,023 1,048 1,012 1,019 1,019 1,016
3000 ppm CH,4 1,015 1,021 1,008 1,010 1,010 1,010
1000 ppm CH4 1,006 1,004 1,000 1,006 1,005 1,002
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5.2.3 Principal Component Analysis for Pattern Recognition of Different Gases

The altered sensitivity of every sensor towards different analyte gases enables pattern
recognition using multivariate analysis based on principal component analysis (PCA). With
this chemometric technique it is possible to simplify multidimensional datasets without
crucial loss of information. Here, the data matrix (Table 2) contains of the normalized sensor
response of each sensor material to a certain gas and concentration. This multidimensional
matrix can be reduced to two principle components (PC1, PC2). The variance of PC1
(95.75%) and PC2 (2.94%) is above 98% and therefore these components already contain
significant information to represent the data in two dimensions (Figure 29). Clear separation
between the clusters representing the individual gases with no overlap and a recognizable
trend of concentration allows the identification of all analytes with a set of six different
electrodes.
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Figure 29 Pattern analysis based on PCA using six different sensors (modified with rGO,
rGO-ODA, rGO-TiO,, rGO-Mn0O,, rGO-Pd, and rGO-Pt) for various concentrations of
individual gases (NO2, Hy, and CHy,).

Regeneration of the sensor material still is a crucial issue. In this study the regeneration was
mostly performed by a short term heat treatment at 230 °C between the measurements to
ensure complete desorption of physisorbed impurities. In an application this can be realized

by different operation temperatures with short regeneration cycles.
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5.2.4 Conclusion

Reduced graphene oxide is an ideal sensor material for chemiresistive gas sensors, due to the
simple preparation and functionalization enabling an altered sensitivity. Compared to
commercial solid state gas sensors, such sensors have the advantage of being operated at quite
low temperatures of 85 °C to exclude the strong influences of humidity. It was demonstrated
that spin coating of rGO composites result in reproducible sensor behavior suitable for well-
established fabrication technologies. In a chemiresistor setup, unmodified rGO showed high
sensitivity towards NO; in the ppm level at ambient conditions. The sensor was rather
unselective and showed also responses towards H, and CH,4. Upon different functionalization,
it was possible to achieve different sensor behavior for different gases. This can be used to
apply PCA and discriminate each individual gas. It is expected that this approach can be
extended to build up sensor arrays for detecting the concentration of many individual gases in

a complex matrix at low temperature.
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5.3 Graphene Gas Sensor for the Detection of Carbon Dioxide at Room

Temperature

In the following chapter, rGO was investigated for its capability to detect CO,, in order to
develop a miniaturized gas sensor which can be operated at room temperature and therefore
has low energy consumption. Previous studies shown that single graphene flakes and GO
reduced by hydrogen plasma show a decrease of electrical resistance upon CO, adsorption
[92, 347]. Similar observations have been made in preliminary experiments using rGO as
sensitive receptor layer. But one major drawback was the poor regeneration of the sensor after
gas adsorption. As seen in Figure 30, the sensor response towards 1000 ppm CO, is
remarkable, but no regeneration of signal occurs while flushing with synthetic air. This
indicates a strong interaction of the analyte with the graphene leading to an irreversible
binding at ambient conditions. The analyte could be desorbed by heating the sensor to 400 °C
and was reflected by reading the initial value of conductance. Such a regeneration step did not
influence the sensor itself. In succeeding measurements of CO, the sensor behavior was found
as before. Ghosh et al. [348] reported earlier that CO, can adsorb to the honeycomb structure
of the graphene, but also an adsorption at the defective structures was proposed. They

calculated a desorption temperature of 384 °C at 1 bar of pressure.
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Figure 30 Change in electrical resistance of a freshly prepared rGO based sensor (solid
line) and the same sensor regenerated by heating to 400 °C in between the measurement
(dashed line) for CO, (1000 ppm, 25 °C).

An operating temperature or heating cycles of at least 400 °C do not give any advantage over

commercial solid state gas sensor based on metal oxides, which are also maintained at
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elevated temperatures above 250°C. It consumes too much energy, but also limits their long
term stability [17].

In the field of solid state gas sensors based on metal oxides, a tremendous amount of metal
oxides have been reported to show enhancement in sensitivity towards various gas analytes by
introducing new binding sites or catalytic effects [349-351]. In this context, different rGO
metal oxide composite nanomaterials had been synthesized and tested for their ability to
detect CO, at room temperature. Modifications with different semiconductor nanoparticles,
like CuO, SnO,, Co304, TiO,, MNO,, NIO, and ZnO were screened. Only doping with CuO
showed promising first results in terms of high signal change, no drift of signal during gas
measurements, stability and especially regeneration of signal and was further investigated in

detail. The results are displayed in the following chapter.
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5.3.1 Formation and Characterization of CuO Modified Reduced Graphene Oxide

A wet chemical approach for the decoration of graphene by oxide nanoparticles was adapted
[332]. A water/'propanol system (1:10, v/v) turned out to result in CuO rod-like crystallites. It
is reported that the Cu®* ions, which are formed in ‘propanol, interact with the oxygen
functionalities of GO and nucleation and growth of CuO nanoparticles occurs directly at the
surface and edges of the GO sheets [332]. The addition of a small amount of water at a high
temperature of 86 °C leads to large amount of nuclei owing to the hydrolysis reaction of
Cu(CH3COOQ),. The concentration of the copper precursor has been adjusted to achieve
different levels of metal oxide doping to assess its effect the sensitivity of the material
towards CO,. Subsequent heating to 230 °C at atmosphere, GO was thermally reduced to rGO

and the material became conductive.

The formation of CuO nanoparticles at the surface of GO could be observed with different
techniques. In SEM pictures, CuO nanoparticles of diameters ranging from 50 to 200 nm have
been found, decreasing in size using lower concentrations of copper precursor. Whereas a
mass ratio of 1:2 (GO:CuO) led to a complete coverage of the GO by CuO (Figure 31a), using
the same ratio of GO and CuO (1:1) resulted in a defined doping of the graphene material
(Figure 31a). Hereby, rGO flakes appear as darker areas and the lighter spots reflect the CuO
nanoparticles. Lower concentrations of CuO resulted in a composite material which does not

show any changes in electrical resistance when applying CO..

An alternative route for the functionalization with CuO nanoparticles is the electrochemical
reduction of a copper precursor directly at the surface of rGO. This can be an option for later
industrial production of such devices and was shown here as a proof of concept. Applying a
reduction pulse of at -1.2 V versus SCE in a 10 mM solution of Cu?* leads to a formation of
Cu nanoparticles on rGO. Whereas a longer pulse of 10 s result in a complete coverage of
rGO (Figure 31e), a shorter pulse led to a partial decoration of nanoparticles with a diameter
of around 200 nm (Figure 31f). Subsequent heating of the electrodes to 250°C at atmosphere
results in an oxidation of the deposited Cu to the thermodynamic more stable CuO.
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Figure31  SEM images of rGO modified with different amounts of CuO nanoparticles.
The GO/CuO ratio was (a) 1:2, (b) 1:1, (c) 1:0.2, and (d) 1:0.02. Electrochemical deposited
Cu nanoparticles on an rGO modified electrode with a reduction pulse of () 10 sand (f) 1 s
at-1.2V vs SCE.

The chemical nature of the copper nanomaterials was revealed by EDS measurements
(Figure 32). Peaks around 2 keV can be ascribed to the substrate and the gold electrodes. A
synthesis of copper oxide nanoparticles only resulted in a product, showing signals of oxygen
and copper. The peak at 0.93 keV represents the L-alpha line of copper and for the rGO-CuO
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composite signals at 0.3 keV can be ascribed to the k-alpha line of carbon of rGO. The

decreasing intensity of the Cu peak also indicates a different level of doping.
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Figure 32 (a) EDS spectra of rGO-CuO composite materials with a GO/CuO ratio of (A)
0:1 (B) 1:2, (C) 1:1, and (D) 1:0.2. (b) Magnification of the region of carbon, oxygen and

copper peaks.

To complete the picture, the different nanocomposites have been investigated by Raman
spectroscopy. The spectra are displayed in Figure 33, peaks at 1353 cm™ and 1606 cm™ can
be assigned to the D- and G-peak of rGO. Peaks at 298 cm™, 346 cm™, and 630 cm™ can be
attributed to Aq and By modes of the CuO [332, 352]. From this one can conclude that other
copper oxides like CusO3 or Cu,0O are not present at significant amounts. The characteristic
peaks for CuO decreased for lower the levels of metal oxide doping and could not be
observed for smallest ratio (1:0.02). A characterization of the electrochemically deposited Cu
nanoparticles with subsequent oxidation shows the same characteristic peaks for CuO and
rGO mentioned above (Figure 33b).
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Figure 33 Raman spectra of (a) of rGO-CuO composite materials with a GO/CuO ratio

of (A) 0:1 (B) 1:2, (C) 1:1, (D) 1:0.2, (E) 1:0.02 and (b) electrochemical produced CuO

nanoparticles on rGO with a reduction pulse of (A) 10 s and (B) 1 s at -1.2V versus SCE.

Additional peaks at 520 and 980 cm™ can be ascribed to the Si/SiO, substrate.
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5.3.2 Detection of Carbon Dioxide

Nanocomposites of rGO and CuO turned out to have a huge impact on the sensing behavior of
the material towards CO,. Whereas sensors based on rGO showed nearly no regeneration of
signal, combination with the metal oxide nanoparticle led to higher sensitivity and also to an
enhanced regeneration, even at room temperature (Figure 34a). The electrical resistance of
sensors modified with a GO/CuO ratio of 1:2 dropped by 40% while being exposed to 1000
ppm CO,. The response time changed from several minutes for rGO to less than 30 seconds
for the nanocomposite. The main benefit here is a nearly complete reversibility after flushing
200 seconds with synthetic air. Whereas a complete loading of rGO with metal oxide
nanoparticles, leads to an increased sensitivity, a decrease of the level of doping also results in
a decreasing sensitivity towards CO, (Figure 34b). The electrical resistance dropped only by
7% and 1%, using a GO/CuO ratio of 1:1 and 1:0.2 respectively. A lower ratio of 1:0.02
resulted in a material comparable to rGO, with no signal changes in the presence of 1000 ppm
CO,. This shows the importance of the metal oxide in the gas sensing mechanism. Since
sensors with a GO/CuO ratio of 1:2 showed highest sensitivity towards CO; and also stability,
further experiments were performed with this material referring to it as rGO-CuO.

Sensors with a layer comprising only CuO without involving any rGO show also a change in
electrical resistance upon exposure to 1000 ppm CO, of about 15% (Figure 34c). Here, a
continuous drift of signal and no equilibration in a reasonable time are major drawbacks of
this system. One reason might be the mechanical instability of the sensor layer, consisting

only of metal particles and the use of rGO is mandatory for a stable sensor response.

Electrochemical preparation of the rGO-CuO composite resulted in a sensor material which
electrical resistance dropped by 6% in the presence of 1000 ppm CO, with good regeneration
characteristics (Figure 34d). Though this approach did not yield in a sensor material with best
sensitivity, it reveals an alternative to the wet chemical synthesis and could be used in terms

industrial production.
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Figure 34 Relative change in electrical resistance (R/R) of sensors based on (a) rGO and
composites with CuO using a GO/CuO ratio of 1:2, (b) different levels of CuO doping, (c)
CuO without rGO, and (d) electrochemically deposited CuO on rGO with different times of
reduction pulse in the presence of 1000 ppm CO, at 25 °C.

The gas sensing mechanism involving metal oxides is usually based on the surface properties
of the sensing material [353]. For metal oxide based gas sensors it is described that first,
oxygen in the air gets adsorbed and dissociates molecular oxygen ions O™ and O* [349].
Interaction of CO, leads to a change in the electronic depletion layer formed by the oxygen
affecting the conductance of the metal oxide. The introduced analyte gas can either react with
the oxygen species or a competitive adsorption and replacement of the adsorbed oxygen can
take place. It is believed that CO, is oxidized to carbonates and releases electrons to the
surface material. This would lead to an increase of electrical resistance, because CuO is a p-
type semiconductor. Therefore, a mechanism through competitive gas adsorption, where the
introduced adsorbent creates more positive charge carriers through charge transfer is more
plausible. The interior regions of the metal oxide nanoparticles do not contribute to the sensor
response and therefore a high surface area is mandatory. This was achieved by using CuO

nanoparticles attached to rGO.
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An increase of the temperature from 25 to 85 °C, leads to a drop in signal of rGO-CuO
modified electrodes by 91% (Figure 35a), in contrast to a drop of 58% for rGO modified
electrodes. The decrease of electrical resistance with increasing temperature is a well-known
characteristic feature of semiconductors [25]. The charge transport occurs through variable
range hopping between the crystalline graphene structures in rGO which are separated by
defects. This mechanism is affected by temperature. The much higher drop of electrical
resistance at rGO-CuO indicates that the charge transport of this material is preferable
conducted by the metal oxide. A drop by 91% also fits with the temperature dependency of
polycrystalline CuO films found earlier [354]. Heating to 60 °C during the measurements had
only a slight effect on the sensors response towards 1000 ppm CO, (Figure 35a). The overall
signal towards the analyte gas stays the same, indicating that the sensing mechanism
described above is not affected in this temperature range. The wavelike response curve at
60 °C can be ascribed to the heating cycles of the gas chamber and the high temperature

sensitivity of the material.
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Figure 35 Influence of temperature on (a) the relative resistance of rGO and rGO-CuO in
synthetic air and (b) the response of an rGO-CuO modified electrode towards 1000 ppm CO..

The concentration dependency and reversibility of the sensors was evaluated by continuous
adsorption and desorption of different concentrations of CO, ranging from 150 to 1500 ppm
(Figure 36a). The signal drops faster for higher concentrations leading to a linear detection
range from 150 to 1250 ppm. For higher concentrations the sensors showed saturation.
Adjusting the thickness of the sensor layer and also the level of metal oxide doping may tune
the sensitivity towards favorable directions. Nevertheless, this nearly covers the range of CO,
concentration typically found indoor which is considered to be of good quality below

800 ppm, average from 800 to 1400 ppm and bad above 1500 ppm CO; [355]. The sensors
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also show good reversible behavior (Figure 36b), making it suitable for e.g. indoor air quality

management in terms of air conditioning.
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Figure 36 Changes in relative resistance of (a) different rGO-CuO (1:2) based sensors

prepared in the same way in the presence of different concentrations of CO, at 25°C, (b)

using different concentration profiles. (c) Concentration dependency of an rGO-CuO (1:2)

based sensors.
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5.3.3 Cross Sensitivity

Selectivity is a key issue in developing new sensor materials and concepts. Often sensors
show cross sensitivity to other gaseous analytes, disallowing the detection of single gases in a
gas mixture. A solution could be a sensor array consisting of different modified sensor
materials with altered sensitivities. The sensor response of the rGO-CuO composite is
characterized by high sensitivity for CO,, in contrast to rGO. Therefore, these type of sensors
were also tested against various analyte gases like NO,, CH,4, H, and CO (Figure 37a). The
sensor behavior is very similar to unmodified rGO. Oxidizing gases like NO, transfer an
electron to the surface layer of CuO and therefore lower the concentration of charge carriers,
since CuO as well as rGO show p-type semiconductor behavior. Carbon monoxide can get
oxidized at metal oxides, but only at elevated temperatures [349]. The low signals for CO and
H, are probably due to a competitive adsorption of the introduced gas molecules and
previously adsorbed oxygen. In the presence of CH,4 no signal change occurs, assuming that
either there is no adsorption to the CuO surface or it no effect on the electrical resistance of

the sensor material.
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Figure 37 (a) Response of sensors based on rGO-CuO composite with a GO/CuO ratio of
1:2 in the presence of 100 ppm NO,, 3000 ppm, CH,, 3000 ppm H,, and 100 ppm CO at 25°C.
(b) Plot of two principle components (scores plot, black) using a sensor array consisting of
unmodified rGO and rGO-CuO electrodes and the contribution to the signal of each sensor

(loadings plot, blue).

Whereas a single sensor based on rGO shows high changes in signal in the presence of NO,,
but cannot detect CO,, devices based on rGO-CuO are sensitive towards both gases. A
combination of both would capable to distinguish between these gases. Applying PCA, as

shown in the previous chapter (5.2.3), leads to a clear separation pattern of the applied gases
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in the scores plot (Figure 37b). In the loading plot it is shown that the rGO-CuO sensor
mainly contributes to the CO, detection, the rGO sensor is responsible for the NO, signal and
both of them contribute to the detection of the other gases in nearly the same amount. The
resolution for test gases like CO, CH,4 and H, is rather low and other sensors with altered

sensitivity are needed for a clear separation of signals.
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5.3.4 Comparison to a Commercial Sensor

An optimized sensor consisting of rGO-CuO composite was compared to a commercial sensor
device. Therefore, a CDM4161-L00 CO, module from Figaro (Figure 38) was measured
under the same conditions as used for the other CO, tests. The sensor principle is based on
potentiometric measurements using a solid electrolyte. It has a detection range of 400 to 4500
ppm CO,, with £20% accuracy and a response time of 2 minutes. The integrated electronics
process the signal and an amplified voltage is generated proportional to the concentration of
CO..

Figure 38 CDM4161 CO, Module from Figaro [356].

Figure 39a shows the result of the comparison of the Figaro sensor and an electrode modified
with rGO-CuO composite material. Both show similar characteristics in signal change in the
presence of different concentrations of CO,, except the commercial device is a little bit faster
in signal regeneration. The linear detection range of the sensor developed during this work
goes down to 250 ppm CO, whereas the Figaro sensor is adjusted to concentrations above
400 ppm (Figure 39b). Sensitivities are 2.3 10° ppm™ and 3.2-10"* ppm™ for the Figaro sensor
and the rGO-CuO device, respectively. Therefore, the commercial sensor is more sensitive by
the factor of 20. This is still a remarkable result for the sensor prepared in the frame of this
work, considering the signal amplification build within the commercial module. In this state
of development, the commercial sensor is surely outperforming the rGO-CuO based sensor,

but it holds great promise for the development of miniaturized chemical nanosensors.

Such sensors can be scaled to the micrometer or maybe even nanometer range, because of
simplicity of the setup. Resistive type sensors comprise only a sensitive layer contacted by
two or more electrodes, if e.g. a four point measurement is required to eliminate the contact
resistance. In contrast, a potentiometric setup consists of measurement electrode, electrolyte,
reference electrode and a compartment for the reference gas. Further solid electrolyte based

gas sensors usually need an elevated temperature to improve the ionic conductivity of the
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electrolyte material, while this chemiresistive type gas sensor is optimized to work at room

temperature. Heating cycles can be implemented to refresh the sensor layer by desorption of
previously bound gas species, if necessary.
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Figure 39 (a) Response characteristics of the Figaro sensor device and a sensor based on

rGO-CuO composite material in the presence of different concentrations of CO, at 25°C. (b)
Calibration curve of both sensors.
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5.3.5 Conclusion

It was demonstrated that decoration of rGO with CuO nanoparticles leads to an improved
sensitivity of the material towards CO; in a chemiresistive setup. The sensor material was
optimized in terms of level of doping with metal oxide. Complete coverage of rGO with a
ratio of GO/CuO ratio of 1:2 turned out to have highest sensitivity (3.2-10* ppm™) even at
room temperature and showed a linear behavior from 150 to 1250 ppm CO,. The sensor
performance was compared to a commercial sensor under identical experimental conditions
and showed great potential in this stage of development. The cross sensitivity of such a device
was rather low towards H,, CH4 and CO, but high towards NO,. Combination with an
unmodified rGO based sensor showed a clear recognition pattern utilizing PCA. An array of
these two electrodes is expected capable for a distinct detection of CO, and NO; at room

temperature.
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6 Summary

The variability of graphene with its exceptional properties gives rise to improve material
chemistry in various fields of applications. The development of graphene is still in the
beginning and up to now only a few niche products have reached the market and are
highlighted as well as the aim of this work in chapter 1. The goal of this thesis was the
investigation of graphene in electrochemical sensor applications. It holds great promise in
terms of miniaturization, improving sensitivity and developing new sensor concepts. Many
approaches are already described for biosensor applications, often utilizing graphene in an
amperometric detection scheme. Therefore, the impact of preparation technique on the
detection of the model analyte H,O, was investigated, applying different graphene materials
as electrode material. Further, graphene was studied as tunable sensor material in gas sensing

applications and how it can be customized for the room temperature detection of CO,.

Chapter 2 summarizes the author’s publications and patents developed in the frame of this

work.

The perspectives of graphene in electrochemical sensors were investigated by the means of
research performed in this field and are described in chapter 3. The most prominent
preparation techniques and the application in biosensor and gas sensor technologies are
discussed. Every method provides graphene materials of different characteristics, scalability
and further usability. It was shown that defects in the ideal sp® carbon lattice decide on the
sensor performance, but also on device fabrication and appropriate functionalization. A higher
quality of graphene can lead to more sensitivity and reliable device production in
electrochemical biosensor technologies. In contrast, a defective structure can enhance the

sensitivity and applicability in gas sensing applications, providing additional adsorption sites.

In chapter 4, the experimental work, performed during this work, is described in detail.
Chapter 5 comprises the results on graphene and graphene composite materials applied in the
electrochemical detection of H,O, and as tunable recognition element in gas sensors. In a first
part, graphene materials derived by different preparation techniques were studied as electrode
material. The electrochemical behavior of the different materials has been investigated as well
as the feasibility in device fabrication was compared. It was shown, that the quality of the

graphene has an enormous impact on the reductive amperometric detection of H,0,. A
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defective structure like in reduced graphene oxide leads to almost no significant improvement
in signal enhancement compared to a standard carbon disc electrode. In contrast, fewer
defects like in graphene prepared by chemical vapor deposition, resulted in a higher
sensitivity, which is 50 times better compared to reduced graphene oxide. This technique was
found to be most suitable for the production of highly sensitive electrodes to be further used

in amperometric detection and development of biosensors.

Whereas, a material of high quality is desired in electrochemical biosensor applications,
defects are beneficial using graphene as transducer in a chemiresistive setup for the detection
of gaseous analytes. In the next part of the work, reduced graphene oxide was demonstrated to
be an applicable candidate for gas detection at moderate (85 °C) or even room temperature.
Analyte gases like NO,, CH, and H; were detected due to fast changes in the electrical
resistance at of 85 °C. To overcome the poor selectivity, the material was further altered with
octadecylamine, metal nanoparticles such as Pd and Pt, and metal oxides such as MnO,, and
TiO,. This changed the sensor response towards the studied gases and the different response
patterns for six different materials allowed a clear discrimination of all test gases by pattern
recognition based on principal component analysis.

Based on the feasibility of this concept, a graphene-based sensor for the room temperature
detection of CO, was developed. Decoration of reduced graphene oxide with CuO
nanoparticles led to an improved sensing performance for the target analyte. Different levels
of metal oxide doping were applied by wet chemical and electrochemical preparation methods
and the resulting composite materials were characterized. It was shown that a complete
coverage obtained by wet chemical functionalization leads to highest sensitivity, comparable
to a commercial CO, sensor, which was also tested in the frame of this work. An array
consisting of reduced graphene oxide and the composite with CuO nanoparticles was capable
to differentiate CO, from NO,, CO, H, and CH,. This sensor material can lead to the
development of miniaturized chemical sensors comprising high and adjustable sensitivity,
which can be applied for monitoring air quality and ventilation management. The presented
sensor concept based on customized graphene materials can be tailored for the versatile use in

appropriate applications.

One of the main challenges remains the reproducible large-scale production of graphene and
functionalized graphene combined with reliable transfer techniques in terms of an industrial
application. This problem has not been solved completely up to now. But the extensive

research going on in this field will lead to a solution in near future and will help graphene to
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find its way to be integrated into many electrochemical sensor devices. Further studies should
preferably aim for large scale production of the material and devices. The use of high quality
graphene with a distinct introduction of defects and a better controlled way of

functionalization may be a route to tune the material properties in favorable directions.
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7 Zusammenfassung

Graphen birgt grof3es Potential in den unterschiedlichsten Anwendungsgebieten, aufgrund der
bemerkenswerten Eigenschaften, die es in einem Material vereint. Bis jetzt kann es jedoch nur
in einigen wenigen kommerziellen Nischenprodukte wiedergefunden werden. Das Ziel dieser
Arbeit war es, die Anwendung von Graphen in elektrochemischen Sensoren zu untersuchen.
In diesem Zusammenhang kann es dazu beitragen, Bauelemente zu miniaturisieren, die
Empfindlichkeiten von Sensoren zu verbessern und neue Messkonzepte zu entwickeln. Viele
Studien auf dem Gebiet der Biosensorik befassen sich mit der Anwendung von Graphen und
basieren meist auf einem amperometrischen Detektionsprinzip. Hierzu wurden
unterschiedlich hergestellte Graphenmaterialien als Elektrodenmaterial zum Nachweis eines
Modelanalyten (H20,) eingesetzt und der Einfluss der Materialqualitdt untersucht.
Desweiteren wurde gezeigt, dass sich chemisch hergestelltes Graphen als Sensormaterial zur
Detektion von Gasen eignet und wie dessen Ansprech-verhalten zur selektiven Detektion von

CO; angepasst werden kann.

Kapitel 2 gibt einen Uberblick tiber die Publikationen und Patente des Autors, die im Rahmen
dieser Arbeit entstanden sind.

Kapitel 3 beschreibt die Perspektiven von Graphen und dessen Einsatz in elektrochemischen
Sensoren anhand der Ergebnisse aktueller Forschung. Zunéchst wird auf die bedeutendsten
Methoden zu dessen Herstellung eingegangen und deren Anwendbarkeit in Gas- und Bio-
sensortechnologien diskutiert. Dabei liefert jede Herstellungsmethode Graphenematerialien
mit unterschiedlichen Eigenschaften und in verschiedenen Dimensionen und Mengen, was die
weitere Verarbeitung stark beeinflusst. Es zeigte sich, dass Defekte in der sp? Struktur der
Kohlenstoffschichten malgeblich die Leistungsfahigkeit der Sensoren, als auch deren
Herstellung und entsprechende Funktionalisierung beeinflussen. Graphen von hoher Qualitét
zeigt erhohte Sensitivitat und zuverldssigere Produktion in elektrochemischen Biosensoren.
Im Gegensatz dazu profitieren Anwendungen in der Gassensorik von Defekten im Material,

da diese zusatzliche Bindungstellen fur Analyten aufweisen.

In Kapitel 4 werden die experimentellen Einzelheiten dieser Arbeit beschrieben. Die dabei
entstandenen Ergebnisse zu Graphen und Kompositmaterialien, angewandt zur elektro-

chemischen Detektion von H»O, und als variables Sensorelement zur Detektion von Gasen,
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sind in Kapitel 5 dargestellt. Im ersten Teil wurden die elektrochemischen Eigenschaften von
Graphenelektroden, welche auf unterschiedliche Weise hergestellt wurden, verglichen. Es
wurde gezeigt, dass die Qualitdt des Graphens einen erheblichen Einfluss auf die reduktive
amperometrische Erfassung von H,O, hat. Eine defektreiche Struktur, wie in reduziertem
Graphenoxid, zeigte dabei nur geringfugige Signalverstarkung verglichen mit einer
herkdmmlichen Kohlenstoffelektrode. Graphen, welches durch chemische Gasphasen-
abscheidung hergestellt wurde und eine geringere Anzahl an Defekten aufweist, zeigte im
Gegensatz dazu eine um den Faktor 50 hohere Sensitivitat als reduziertes Graphenoxid. Daher
eignet sich gerade diese Methode der Graphensynthese zur Herstellung von hochsensitiven

Elektroden und Entwicklung amperometrischer Biosensoren.

In elektrochemischen Biosensoren ist eine hohe Materialqualitat wiinschenswert. Bei der
Detektion von Gasen konnen sich jedoch Defekte im Material vorteilhaft auswirken. Im
néchsten Teil der Arbeit wurde reduziertes Graphenoxid als signalgebendes Element in
chemischen Leitfahigkeitssensoren eingesetzt. Diese Sensoren konnten bei niedrigen
Temperaturen von 85 °C oder sogar Raumtemperatur betrieben werden. Eine schnelle
Anderung des elektrischen Widerstandes, bedingt durch die Adsorption von Gasmolekiilen,
ermoglichte eine Erfassung von NO,, CH,4 und H,, jedoch mit schlechter Selektivitat. Um
diese zu verbessern, wurde das Material mit Octadecylamin, Metallnanopartikeln (Pd, Pt)
sowie Metalloxiden (TiO,, MnO;) modifiziert und ein veréndertes Ansprechverhalten
gegeniiber der getesteten Gase festgestellt. Das Erkennungsmuster von sechs verschiedenen
Sensormaterialien kombiniert mit einer Datenverarbeitung mittels Hauptkomponentenanalyse

ermdglichte schliellich eine klare Unterscheidung der Gase.

Basierend auf diesem Konzept, wurde im néchsten Teil der Arbeit ein Sensor zur Detektion
von CO, bei Raumtemperatur entwickelt. Das Ansprechverhalten von reduziertem
Graphenoxid konnte durch Abscheidung von CuO Nanopartikeln erheblich verbessert
werden. Reduziertes Graphenoxid wurde mittels nasschemischer und elektrochemischer
Methoden in unterschiedlichen Verhdltnissen mit dem Metalloxid beladen und die
entsprechenden Kompositmaterialien charakterisiert. Eine vollstdndige Bedeckung mit
Metalloxidpartikeln flihrte dabei zur hdchsten Sensitivitat gegeniiber CO,. Im Rahmen dieses
Projekts wurde ein solcher Sensor mit einem kommerziell erhéltlichen CO,-Messgerat
verglichen und lieferte durchaus gleichwertige Resultate. Zusatzlich wurde gezeigt, dass ein
Verbund aus zwei Sensoren, basierend auf reduziertem Graphenoxid und dem

Kompositmaterial mit CuO Nanopartikeln, CO, gegeniiber NO,, CO, H, und CH, selektiv
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unterscheiden kann. Das Kompositmaterial kann zur Entwicklung von miniaturisierten
chemischen Sensoren mit hoher und einstellbarer Sensitivitat beitragen und konnte in der
Uberwachung von Luftqualitit und automatischer Beliiftungssteuerung Anwendung finden.
Das hier vorgestellte Sensorkonzept, bestehend aus individuell modifizierten Graphen-

materialien, bietet ein vielseitiges Spektrum an Einsatzmdglichkeiten.

Die reproduzierbare Herstellung von Graphen und funktionalisierten Materialien im
Zusammenspiel mit geeigneten Transfertechniken ist bis heute der limitierende Faktor, um es
letztendlich fir industrielle Anwendungen verfligbar zu machen. Dieses Problem ist noch
nicht vollstandig geldst. Jedoch lasst der Fortschritt auf diesem Gebiet auf Lésungsansétze in
naher Zukunft hoffen. Graphen wird damit voraussichtlich den Weg in viele elektrochemische
Sensoren finden. Weiterfuhrende Studien sollten sich daher vor allem mit der grol? angelegten
Produktion von Materialen und Sensoren befassen. Eine Mdoglichkeit ist hierbei die
Verwendung von Graphenmaterialien von definierter Qualitat, in die auf kontrollierter Weise

Defekte und entsprechende Funktionalisierungen eingebracht werden.
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