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Lay Abstract

This thesis aims to investigate the interfacial interactions between graphene-based water
quality devices and aqueous electrolytes to enhance the functionality of graphene derivatives
in aqueous environments. The study focuses on the mechanisms through which graphene
devices respond to changes in electrolyte parameters such as pH, oxidation-reduction potential
(ORP), dissolved oxygen (DO) and ionic strength. In order to investigate the possible
interference of these environmental parameters with the detection of analytes in water, multiple
graphene devices (such as chemiresistive and Schottky diodes) were fabricated to better
understand how graphene perceives aqueous electrolytes. This thesis explores four groups of
interfacial interactions: electrostatic gating effect, surface charge transfer, substitutional
doping, and ion trapping, and strives to manufacture sensitive water quality sensors based on

graphene.
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Abstract

Since the discovery of thermodynamically stable monolayer graphene, it has succeeded in
overtaking a number of conventional materials in chemical sensing applications due to its
exceptional chemical and electrical properties. In addition to being electrically conductive,
graphene also has a large surface area which facilitates faster electronic interaction with
analytes. In spite of graphene's inherent potential for chemical sensing, its application to
aqueous electrolytes has been limited by an incomplete understanding of its interactions with
the electrolytes’ environmental parameters. This thesis focuses on mechanisms through which
graphene-based solid-state sensors (i.e., chemiresistors, Schottky diodes) respond to changes
in aqueous electrolytes. Multiple environmental parameters, including pH, ionic strength,
oxidation-reduction potential, as well as a target analyte (free chlorine), were chosen to

examine their impacts on the performance of devices.

To begin, graphene's pH response was explored, showing that its pH sensitivity is strongly
defect-dependent. The graphene defectivity was determined with the aid of Raman
spectroscopy and X-ray photoelectron spectroscopy (XPS). As revealed by measurements of
the oxygen-to-carbon ratio (O/C) in XPS and the D-band/G-band intensity ratio (In/Ig) in
Raman, graphene responds to pH in two main defectivity regions. In a low defect region, the
graphene surface was shown to mainly interact with corresponding ions (i.e., H3O* and OH")
through an electrostatic gating effect. However, in the high defect region, the response is
dominated by protonation-deprotonation of oxygen-based functional groups. Therefore, the
modulation of defectivity resulted in the change in pH responsivity. According to this result,
we demonstrated that thermally reduced graphene oxide could be highly pH-sensitive to the

pH range of 3-10 by dominating the defect induced pH response.

Aside from pH, the impacts of changes in ionic strength, DO, and ORP of the electrolytes were
investigated. We demonstrate that graphene chemiresistive devices can be used to investigate

deviations in experimental screening lengths from the theoretical Debye length. We also

il



Ph.D. Thesis — S. Angizi; McMaster University - Chemistry

present an overview of ion arrangements in the proximity of graphene, emphasizing the

importance of DO in the Stern layer.

Lastly, the development of an ultra-sensitive water quality sensor was shown by utilizing
monolayer graphene in Schottky diodes. For the case study, free chlorine, a primary
disinfectant of water, was chosen as the target analyte. Schottky diodes are demonstrated to
offer sensitivity and LOD values competitive with current literature when environmental
parameters are taken into account. I believe that this thesis provides a deeper understanding of
graphene's applicability in aqueous media and opens new research avenues in

graphene/aqueous interfacial interactions.
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Chapter 1 Introduction

1.1 Motivation

The rising importance of graphene has made it a pivotal part of future technology, particularly
chemical devices, from chemical sensing platforms' to energy devices?. Applications of
graphene as sensing materials mainly rely on its unique electronic properties, exceptional
conductivity, ambipolar characteristics together with the (ultra) large specific surface area and
modulable surface chemistry®#. Accordingly, graphene has become an irreplaceable part of
solid-state gas®, water quality®, and bio sensing technologies’. Most applications of graphene
involve the presence of aqueous electrolytes, which are comprised not only of water molecules,
but also ions, dissolved molecules, gases, and other chemicals. However, despite graphene’s
inherent potential, interpretation of graphene interaction with aqueous electrolytes has
remained a challenge. It is mainly because an aqueous electrolyte brings a multi-dimensional
interacting environment to graphene: i) graphene may interact with water molecules,
determined by its surface hydrophobicity®; ii) the arrangement of the ions at the
graphene/electrolyte interface, known as electrochemical double layer (EDL), may alter the
properties of graphene’; iii) dissolved gases and molecules in the solutions may cause surface
charge transfer'?. As a result of this interacting environment, it is often difficult to interpret
how graphene responds to changes in aqueous electrolytes. Moreover, the type and strength of
graphene interactions with aqueous electrolytes depends on its physical characteristics such as
thickness, lateral size, defectivity!!. Additionally, solution parameters, including pH,
oxidation-reduction potential (ORP), and ionic strength can add to this system’s complexity'2.
The motivation behind this thesis is to explore how graphene solid-state sensors respond to
changes in pH, ORP, and ionic strength of solutions. Chemiresistive and Schottky diode
devices having graphene transducer were utilized to trace the interactions through changes in

the output signal.
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1.2 Structure of this Thesis

Chapter 2 begins by explaining the fundamentals of graphene’s crystallography, properties,
and synthesis processes. Then, special attention is given to reviewing the graphene’s defects
and derivatives. The chapter then continues by discussing the working principles of three most
used device configurations of chemiresistors, Schottky diodes, and Field Effect Transistors
(FETs). Afterwards, possible interfacial interactions between graphene and aqueous solutions
are discussed, categorizing the interactions into four sections of 1) electrostatic gating effect;
i1) surface charge transfer, iii) substitutional doping, and iv) ion trapping. In each mechanism,
the focus is given to explaining the chemistry of reactions followed by the literature review.
In chapter 3, the pH responsivity of graphene is shown to be caused by two simultaneous
mechanisms: electrostatic gating, and defects in the graphene material. We showed that charge
transfer caused by the electrostatic mechanism results in opposite charge doping of the
protonation-deprotonation of oxygen-containing functional groups. Accordingly, adjusting
graphene defectivity could result in the modulation of graphene pH sensitivity. The plot of
sensitivity in pH response as a function of defectivity (measured by Raman spectroscopy) was
presented, illustrating the regions in which each sensing mechanisms are dominant.

In chapter 4, we showed that modulating the defect density as well as the type of the defect on
graphene is an approach to developing highly pH-sensitive graphene derivatives. We utilized
pyrene-based molecules containing graphene’s functional groups to selectively module
graphene’s pH responsive sites. It is shown that the density and types of pH responsive sites
(i.e., carboxyl, hydroxyl, amine, etc.) influence its sensitivity. Moreover, multiple graphene
derivatives, including single-layer graphene, few-layer graphene, and graphene oxide, were
characterized by XPS and Raman spectroscopy, and tested against pH. As a result, a slightly
reduced GO (thermally reduced in N2/Hz) was developed that is sensitive to pH changes from

3-10 (up to 180% change in current).
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In chapter 5, the impact of the ionic strength of electrolytes on the performance of graphene
chemiresistors is explored. The alkaline chloride salts are used to adjust the ionic strength.
Then, the relationships among ionic strength, theoretical Debye length and sensor response are
obtained. The results reveal the deviation from the ideal behavior predicted by the Debye-
Hiickel theory occurs at low concentrations (50 mM for NaCl and 10-20 mM for KCI) in
graphene compared to commonly used substrates SiOz (500-600 mM). The crucial role of
dissolved oxygen (DO) in the EDL of graphene is also explored, demonstrating that the higher
ionic strength results in a larger graphene sensitivity to DO. This study aims to present a more
thorough understanding of how ions are arranged in EDL and how that affects graphene
properties through changes in experimental decay length.

In chapter 6, more advanced devices such as graphene/silicon Schottky junctions are
constructed to provide a deeper interpretation of the interactions. The formation of a potential
barrier against electron flow and the exponential dependence of junction resistance on change
in barrier energy provide an ultra-sensitive platform for interactions. In light of this, the study
focused on the detection of free chlorine as the model system since its addition simultaneously
alters the pH and ORP of the solution. The junction was also exposed to the change in pH,
ORP, temperature, and ionic strength, and descriptive explanations for the change in graphene
properties are reported. Lastly, the functionalization of graphene with external molecules (1-
aminopyrene) is explored to improve the sensitivity toward free chlorine detection, resulting in
a limit of detection (LOD) and sensitivity values of 59 nM and 0.53 uM !, respectively.
Finally, chapter 7 summarizes the main findings of each research study, focusing on their
contributions to the science. Also, some of the possible future projects are introduced to reveal
a pathway for future researchers to follow.
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Chapter 2 Graphene/Aqueous Electrolyte Interfacial Interactions

This chapter focuses on investigating the interfacial interactions between graphene derivatives
and aqueous electrolytes. For this purpose, the properties of graphene are initially reviewed,
particularly physical characteristics that influence surface chemistry. In addition, the
relationship between graphene properties and its synthesis approach is described, emphasizing
the importance of surface pre-treatment. Next, the working principles and fundamentals of two-
terminal graphene-based solid state sensing devices are described. It is elucidated how the
device configuration can influence electrical output signal. Every section begins with a
literature review that examines the limitations of practical application and understanding of the
performance of graphene-based devices in aqueous solutions. Then, interfacial interactions
between graphene and electrolytes are discussed, revealing four charge transfer mechanisms of
electrostatic gating effect, surface charge transfer, substitutional doping, and ion trapping. The
final section focuses on the future possibilities for better interpretation of electrolyte
interactions with aqueous media.

2.1 Graphene

Graphene refers to a monolayer of carbon atoms bonded through sp? hybridized networks. Such
structure (with lateral sizes above 20 nm) was believed to be thermodynamically unstable till
2004 when Andre Geim and Konstantin Novoselov successfully isolated a monolayer of carbon
atoms through a scotch tap exfoliation process!. In a graphene lattice, the sp? hybridization is
made by 2s, 2px, and 2py orbitals, forming three bonds per carbon atom. The nature of the bonds
is considered purely covalent and due to the existing 2p; electrons, a pi-electron cloud exists
above the surface??. This electron cloud is made by two 7 electrons in each hexagon resulting
in superior conductivity of graphene, making graphitic films a candidate for applications in
which the electrical transducer material is required. Accordingly, many chemical or electrical

properties of graphene heavily depend on the symmetry of the electron clouds in the lattice*>.
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2.1.1 Synthesis

A graphene film can be synthesized in two ways: top-down and bottom-up (Figure 2.1). In a
top-down method, graphite precursors are broken down into smaller flakes and undergoes two
size reduction events: i) exfoliation, and ii) lateral size reduction®’. The former means that the
stacked graphene layers in graphite structure are diverged by dominating the applied forces to
7-Tr interactions between two adjacent layers®. These forces are often provided by external
sources. Examples of such exfoliation are liquid exfoliation (e.g., sonication processes’, ball
milling'?, etc.), where the solvent's chemical and mechanical interactions with the edges of
graphite sheets cause the lattice expansion and exfoliation. In a sonication process, the applied
sonic forces through the solvent yield the local temperature to increase and intensify the
solvent/graphite interactions'!. Similarly, the explosion of solvent bubbles generated by the
sonication applies both normal and shear forces to the graphite lattice, leading to a reduction
in lateral size and thickness, respectively®. According to the method of synthesis, the symmetry
of graphene's electron cloud, number of layers, and lateral dimension differ significantly.
Notably, even though the exfoliation product may contain defects, it is cost-effective and could
be scaled up. One issue with liquid exfoliation of graphene is the use of toxic solvents such as
Dimethylformamide (DMF)!?2, Dimethyl sulfoxide (DMSO), or N-Methyl-2-pyrrolidone
(NMP)!3. In fact, overcoming the - 7 interactions requires solvents with surface tension larger
than the surface energy of graphene to facilitate intercalation processes!*. Nevertheless, recent
examinations have employed solvent chemistry to utilize greener alternatives such as water,
isopropanol, ethanol, or acetone!>17,

The bottom-up processes include the reactions in which sp? networks of carbon-carbon bonds
are assembled gradually to build graphene sheets!®. Chemical Vapor Deposition (CVD) and
Physical Vapor Deposition (PVD) are the most commonly used approaches for the bottom-up

synthesis of graphene. However, other liquid-based syntheses, such as solvothermal or
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hydrothermal methods, have recently been developed to synthesize GQDs or GNPs!*-2°,
Comparing graphene properties produced by top-down and bottom-up approaches commences
with the film quality. The former usually results in smaller flakes unsystematically shaped via
a procedure with many external chemical species (defect). While in the latter, the reaction
kinetics are directed, and optimization of parameters leads to an exceptionally smooth, large

area, atomically thin graphene with a well-defined electronic structure?!
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Figure 2.1. Synthesis methods of graphene 22. Reprinted with permission from Elsevier ©
Copyright 2018.

The synthesis process of monolayer graphene is CVD technique in which gaseous precursors
are introduced to the preheated substrate surface, mainly Cu and Ni. The produced graphene
layer should be transferred to the desired substrate for subsequent applications?’. Since the
quality of the graphene strongly depend on the transfer method, various techniques such as
wet?*, dry?®, Electrochemical delamination?, roll-to-roll?’, and support-free transfer methods?®
have been developed. Although the processing details of each method are different, they will
contain at least a few of the following steps: 1) Formation of a layer of flexible polymers such
as polymethyl methacrylate (PMMA) or Polyvinyl alcohol (PVA) on graphene film; ii) etching

the substrate and obtaining floating graphene in the etching solutions; iii) rinsing graphene

sheets to eliminate the excess solvents and chemical species; iv) transferring to the desired
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substrate followed by heat treatment. In the first step, a thin layer of PMMA or PVA is spin-
coated on graphene to form a transparent flexible support layer for when the substrates are
etched off %%, For etching the substrate, ammonium persulfate and iron (IIT) chloride solutions
have been the most used etchants for Cu and Ni, respectively®!. For Cu, binary solutions (H2Ox:
HCI, 1:2) or other mixtures such as HCl: H>O2:CuSO4:5H>0 (50 mL:50 mL:10 g) have also
been utilized. In practice, however, they are not commonly used due to complications
associated with subsequent contamination removal3!-2,

2.1.2 Nanomorphology and Derivatives

To this moment, a variety of graphene-based nanomaterials have been introduced. The most
standard (and thermodynamically stable) ones are as follows: single layer graphene (SLG),
few-layer graphene (FLG), Graphene nanosheets (GNSs), graphene oxide (GO), reduced GO,
graphene nanoribbons (GNNRs), and graphene quantum dots (GQDs)*. A complete
demonstration of graphene derivatives can be found in Figure 2.2 The term SLG refers to a
one-atom-thick sheet of graphene. Since the thickness is atomically thin, the surface chemistry

is significantly stimulated by the surroundings, particularly the substrate. The provided surface

area by monolayer graphene can be as high as 2640 m?/g, much higher than carbon nanotubes
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(100-1000 m?/g) or even carbon black (850-900 m?/g). Also, monolayer graphene is low in

defect and is used to devise (ultra) sensitive chemical sensors due to its surface sensitivity3?.

Graphene
Nanosheet

Graphene Reduced
Quantum Graphene
Dot Oxide

Few Layer Graphene
Graphene Oxide

Graphene Multilayer
Nanoribbon Graphene

Figure 2.2. Graphene derivatives.

2.1.3 Properties

Graphene's unique optoelectronic properties have become the center of its popularity, in
addition to its synthesis and physical characteristics. The conjugation of p electrons in graphene
generates 1t (valence) and n° (conduction) bands. In defect-free graphene, the Fermi energy is
defined where the valence (HOMO) and conduction (LUMO) collide®*. According to the tight-
binding model resolved for honeycomb lattices, the graphene Bravais lattice involves two
atoms of A and B in a repeating order. In the momentum space called Brillouin Zone (BZ),
there are still six points (two non-equivalent sets of three points) named K and K', acting as the

neutrality or Dirac points of the graphene®-7.

Moreover, the linear dispersion of electrons in graphene leads to a zero effective mass at the
Dirac point. Graphene's unique band structure can also be explained in more detail by

considering it a zero-band-gap semiconductor®®. Considering the Fermi energy at the charge
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neutrality point of pristine graphene, any shift in the Fermi energy causes it to cross over the
Dirac point, into the conduction or valence layers. This means that depending on the chemistry
of graphene, both p-doped and n-doped graphene are possible, carrying the hole and electrons
as majority carriers, respectively®®. In other words, graphene is ambipolar and can be
electrically doped through chemical absorption or electric fields to tune the charge carriers
between electrons and holes*. This phenomenon is essential in graphene sensing applications
since a single interaction with the target analyte can be detected by the change in the current
density of graphene, depending on its p- or n- doping. The graphene ballistic transport
mechanism is another reason for its extensive functionality as a transducer in the presence of
external media*!. This property determines the electron's ability to travel across the film (order
of sub-micrometer) without facing electric resistivity caused by external adsorbates or

topographical disturbance.

2.1.3.1 Number of Layers (thickness)

The graphene's electronic properties depend on multiple parameters, including the number of
layers, edge configuration, and defectivity. Varying the number of layers impacts the electronic
structures so that SLG is deemed a zero-bandgap semiconductor while graphite with n=co is a
semi-metal with nearly 40 meV overlap of conduction and valence bands*!. Therefore, based
on the thickness, graphene is categorized as follows: monolayer (n=1), bi-layer (n=2), and multi
layers (2<n<10). Based on recent publications, the band overlap of graphene with n=11 is only
10% different from that of graphite *2. Also, the thinner film may contain higher degrees of
unwanted chemical species in a liquid exfoliation process. Since the presence of external
chemicals causes disturbing symmetry of electron clouds, the exfoliation process deteriorates
the overall conductance*>*}. The surface current generated by the adsorbates can also be
affected by the thickness of the graphene. The surface current in a thin graphene sheet
dominates the carriers moving across the film. Upon increasing the thickness, however, the

bulk current is added to the overall current; therefore, the ratio of the surface to bulk current

10
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decreases significantly. This observation was verified by a reduction in the graphene-based
sensor's surface sensitivity to analytes by increasing the thickness**. This balance between
conductivity enhancement and preserving the surface current is the key challenge in selecting
thickness for graphene application.

2.1.3.2 Edge termination

The edge configuration of graphene is also a determining factor in graphene's properties. The
edges could have either zigzag (Figure 2.3.a), armchairs (Figure 2.3.b), or arbitrary
configurations (Figure 2.3.c). Based on the tight bonding approaches, the zigzag edges show
the edge-band near the Fermi level due to the delocalized orbitals caused by the presence of
dangling bonds. In contrast, the armchair edge configuration in GNRs shows semiconductive
characteristics and is strongly sensitive to the width of the sheet. Moreover, due to high edge
formation energies in graphene (10 eV nm™), the edges are prone to interact actively with the
surroundings®. These interactions can be amplified by edge stresses, commonly found after
high-intensity fabrication methods of graphene (i.e., probe sonication or ball milling).
Understanding the edge configuration and its impact on the properties becomes a complex topic
when the number of layers increases. Stable crystallographic configurations of graphene layers
can be either ABA (Bernal — Figure 2.3.d) or ABC (Rhombohedral - Figure 2.3.e). Although
nearly 80% of the graphite powder in nature is found in Bernal configurations, introducing

chemical species during the synthesis may disrupt the arrangement of layers and edges*.

11
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Therefore, the edge chemistry of graphene should be monitored for a deeper understanding of

its electronic properties and chemical reactivity.
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Figure 2.3. a) zigzag, b) Armchair and c) arbitrary edge configuration of graphene#. Reprinted
with permission from Royal Society of Chemistry (RSC), © Copyright 2013. Two possible
graphene layer sequences of d) Bernal and €) Rhombohedral#. Reprinted with permission from
I0P, © Copyright 2020.

2.1.3.3 Defectivity

The defectivity of graphene is also a vital parameter determining the performance of graphene
devices. The term 'defect' refers to the presence of non-sp? networks of carbon atoms. The
infinite symmetry of the graphene lattice is disrupted when hybridization is altered*’. These
defects could be point defects, one-dimensional defects, dopants, or functional groups. While
point defects could be produced during exfoliation or post-heating steps, they are more often

created through bottom-up reactions when precursor reactions are not stoichiometric*®. The
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most expected point defects in monolayer and multi-layer graphene are as follows: Stone-
Wales, single vacancies, multiple vacancies, and edge defects*. The Stone-Wales defects are
triggered by the existence of non-hexagonal rings that do not require removed or added atoms
to the structure. The stress applied to the graphene sheets causes hexagons to be repositioned
to two pentagons and two heptagons through the rotation of C-C bonds*. Stone Wales defects
are not easily made due to high formation energy (Er = 5 eV) and are difficult to identify
through spectroscopic measurements. Accordingly, high-resolution electron microscopies are
usually employed to detect these atomic dislocations in graphene lattice®® (Figure 2.4.a). The
single vacancy defects are caused by missing one lattice atom. Notably, single vacancies could
create up to three in-plane dangling bonds, enhancing the surface energy of graphene *° (Figure
2.4.b). Multiple vacancies, also called double vacancy defects, are created when two atoms are
missing, initiating a complex defect configuration. Remarkably, the odd numbers of bonds are
ascertained to be energetically favored. Therefore, the double vacancy configuration may be
adjusted to preserve one or three dangling bonds. This will later enhance the surface energy

and, subsequently, the chemical reactivity of graphene film considerably.

Another point defect is the one-dimensional defects observed in numerous experimental
studies on graphene (Figure 2.4.c)’!. This defect is shaped when two graphene domains with
different crystal orientations meet at the interface. These tilt boundaries could either be
dangling bond-free (hexagon) or produce pairs of pentagons at the junction. These boundaries,
in addition to other point defects, could be utilized for many subsequent surface treatments due
to readily available bonds and controllable grain sizes of graphene’!. A change in the edge
termination of graphene sheets due to the removal of one or more carbon atoms is called an
edge defect. Thus, the armchair edge can be converted to a zigzag upon removing one atom. In
contrast, removing one atom from zigzag termination leads to forming (open) pentagons. The
chemical/physical adsorption of atoms to the edge to saturate the dangling bonds could also

vary the lattice parameters, enhancing the disorder level of graphene™.
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Figure 2.4. High resolution electron microscopy images of a) Stone Wales, b) single vacancys.
Reprinted with permission from American Chemical Society (ACS), © Copyright 2008, and
c) one-dimensional defects in graphenest. Reprinted with permission from Springer Nature, ©
Copyright 2010. d) Schematic of graphene sheets containing oxygen-based functional groups
on the plane and edge. e) example of covalent functionalization of graphene planes and edges
using azomethine yildess. Reprinted with permission from Royal Society of Chemistry (RSC),
© Copyright 2010. f) An example of non-covalent functionalization of graphene using aryne
cycloaddition reactionsst. Reprinted with permission from Royal Society of Chemistry (RSC),
© Copyright 2010.

The chemical or physical interactions of foreign atoms with graphene mainly result in doping.
Dopants could replace or displace carbon atoms in the hexagonal rings and form other point
defectss. Inspired by doping processing in semiconductor research, dopants can modulate the
majority carriers in graphene. The most common dopant of graphene is oxygen, which can
replace carbon and leave behind one single vacancy per ringss. However, due to the atomic radii
difference between oxygen and carbon, the lattice expansion causes topographical distortion,
affecting carrier mobilityss. As discussed in the properties of graphene, shifting the Fermi level

away from the Direct point causes a change in the balance of electrons and holes. By
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introducing the oxygen dopants, the graphene is hole-doped due to larger electronegativity
values than carbon, leading to lowering the Femi energyss. Studies have revealed that a small
amount of oxygen (O/C~0.01) is nearly unavoidable in graphene; therefore, graphene
derivatives are considered intrinsically p-dopeds’. Hence, CVD-grown SLG transferred on SiO2
may still show a carbon-to-oxygen atomic percent ratio of 0.01-0.02. Nevertheless, besides
oxygen, graphene has been reported to be doped by many other atoms such as alkaline metalsse,
alkaline earth metalss, transition metalsss, halogenss. In addition, graphene hybridization with
external molecules or functional groups has also been considered a defect. The formation of
various oxygen-based functional groups such as carboxyl (—COOH), hydroxyl (—OH), ether
(—O-), carbonyl —C=0), aldehyde (—~CHO) and ester (—COOQO-) has frequently been reported
upon oxidation of graphene during the synthesis or transfer processes (Figure 2.4.d). In fact,
by increasing the oxygen content above a certain level, graphene enters the GO region. In GO,
oxygen content can be as high as 40%, creating semiconductive characteristicsst. Other
common functional groups of graphene are amine and amide, mainly based on nitrogens:.
Besides, graphene has also been frequently functionalized with external molecules via covalent
(Figure 2.4.e) or non-covalent interactions (Figure 2.4.f). On one side, @ electrons provide a
fertile surface for molecules to bind through n-n or Lewis acid-base interactionss¢¢z. On the
other side, direct covalent binding with carbon atoms converts the sp? hybridization to sp,
altering the defectivity level. Notably, the nature of m-complexes could vary classified as
follows based on the condition: cation-m interaction, anion-rt, H-7 interaction, ©-7t interaction,

and nonpolar interaction of gas-mez.

2.2 Graphene-Based Chemical Sensors
In order to understand the interfacial interactions between aqueous electrolytes and graphene,
it is necessary to understand the working principle of devices. These devices are made of

graphene derivatives (i.e., monolayer, few-layer graphene, graphene oxide) as electrical
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conductors and often operated at an applied potential. Below, three main categories of
graphene-based solid-state devices have been discussed, focusing on the advantages and
shortcomings of their operations in aqueous electrolytes.

2.2.1 Chemiresistors

Chemiresistive devices are solid-state platforms in which the transducing material is located
between two contacts and applied potential to the contacts generates a current across the film%.
The design of a chemiresistor is depicted in Figure 2.5.a Chemiresistors follow Ohm's law,
meaning the voltage-current relationship is linear. After exposing the active film to the analyte
and possible interactions, the change in the current (or resistance) is recorded over time®.
Therefore, graphene resistance may increase or decrease depending on the type of interaction.
This should be noted that no current passing through the solution or the bulk of the active layer
contributes to the chemiresistive measurements. Also, a significant portion of the device
resistance results from contact resistance®*.

Chemiresistors are relatively simple to fabricate, straightforward to use, and cost-effective.
There are numerous reports on the gas sensing application of graphene chemiresistors for
detecting NOL®°, H,%, CH4%7, and NH;3%. This extensive use of graphene for gas sensing relies
on the simplicity of prediction of the direct interactions between analyte and graphene. For
example, the chemiresistive resistance increases upon the interaction of electron-withdrawing
groups such as NOyx with graphene®>. However, once the chemiresistor is placed in an aqueous
electrolyte, in addition to the analyte, parameters such as pH, ORP, and ionic strength will
interfere with the detection mechanism®. This issue can be addressed by the interpretation of
interfacial interactions and enhancing the sensitivity toward the target using surface
modification. In 2017, it was demonstrated that noncovalent functionalization of a graphite
film by phenyl capped polyaniline tetramer (PCAT), as a molecular switch, can enhance the

graphene sensitivity towards water oxidants (i.e., free chlorine, HOCI/OC17)"%"!. Accordingly,
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oxidizing the PCAT increases the sensor selectivity and sensitivity, giving the quantification
range of 0.1-12 ppm. Our recent study also demonstrated that the SLG functionalized with 1-
amino pyrene could result in LOD and sensitivity of 16.1 ppb and 51 ppm™!, respectively, for
free chlorine detection®. The mechanism for such sensitive detection was proposed as
chloramination of amine groups and covalent bonding. The enhanced sensitivity was revealed
due to chloramination of amine groups, directly detecting both HOCI and OCI™ species®’.
Graphene chemiresistors have also been used to detect ions in water. Modifying reduced
graphene oxide (r-GO) with a PASE linker was shown to enhance nucleophilic substitution
reaction upon interacting with Hg?* 72, The mercury ions hole-dopes the surface through direct
charge transfer and reduce the resistance over time’?. Graphene modification by self-
assembling Au nanoparticles on 1-pyrenemethylamine was another method for detecting Cr
(VD). The subsequent noncovalent modification with 1,4 dithiothreitols could also facilitate
disulfide bond formation and produce Cr**7?. In 2021, Dalmieda et al. 7* revealed that surface
treatment of FLG with bathocuproine could create a selective surface for detecting silver ions
(Ag") in water. The authors demonstrated a pH treatment for resting the sensors with nearly
100% recovery in Ag* response’.

2.2.2  Field Effect Transistors

Graphene-based Field effect transistors (GFETs) consist of a graphene conductive channel
between two terminals named drain and source. The third terminal, called the gate electrode,
is either located at the back of the substrate (Figure 2.5.b), or far in the solution (Figure
2.5.¢)’>76. The voltage applied between the drain and source generates a current across the
graphene, while the applied voltage between the gate and source modulates the electric field
produced by the gate electrode’’. The drain and source electrodes are often covered by an
insulator to avoid bypassing the current to the solution. By applying a gate voltage (Vg), an

electric field is generated perpendicular to the graphene surface and influences the current’”.
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Since graphene demonstrates ambipolar charge characteristics, modulation of Vg results in a
change in Fermi energy. The voltage in which graphene’s neutrality point is obtained is usually
called Vpirac. Accordingly, if VG < Vpinc, graphene becomes a hole conductor while Vg >
Vpirac results in electrons as the majority carriers’®. The current passing through graphene
modulated by V, can be obtained by Eq. 17%:

las = = HCilVy = Vpirac|Vas (1)

where Igs is the current between drain and source terminals; W is the width, L is the length of
the graphene channel; p is the mobility of the charge carrier, and Ciis the total capacitance
generated by the gate’8. In solution-gated FETs (SGFET), graphene interaction with aqueous
solution forms parallel layers of ions in the vicinity of the surface. This ion arrangement is
strongly affected by the V. The negative Vg accumulates positive charges near the electrode
leading to an instantaneous configuration of counter ions at the graphene surface”. This means
the concept of EDL becomes important as the total capacitance (C;) is defined by EDL
capacitance (CepL) and graphene quantum capacitance (Cq). The Ci of an SGFET is expressed
by Eq. 27%:

11 1

- = +— 2
C; CepL Cq 2)

Quantum capacitance varies with thickness, and its contribution to total capacitance decreases
as thickness increases. In addition, SFGETs are more sensitive than other FET configurations
because EDL screening lengths are usually smaller than gate dielectric thicknesses. As a result,
SFGETs could be a viable candidate for sensitive water quality monitoring®.

It is noteworthy to mention that the static mode characterization of SGFET (Isp vs Vg at a
constant Vsp) results in the plot of charge neutrality point as a function of the analyte
concentration®’, Upon interacting with the surroundings, this graph shows whether graphene is
electron-doped or hole-doped. For example, in the study of graphene pH sensitivity using an

SFGET made by Pt gate electrodes (Figure 2.5.d), authors revealed that increasing the pH
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induces electrons in the graphene®!. As seen in Figure 2.5.¢, the minimum conductivity shifts
to a larger Vi, demonstrating the graphene has been n-doped. The mechanism for such a
phenomenon was demonstrated as follows: in basic solutions, a deprotonated form of
OH (—O") ions negatively charge the surface. Therefore, in summary, the static mode
represents the graphene doping state before and during the interactions. The shift of minimum
conductivity to larger Vg is interpreted as n-doping, while the red shift represents the hole
doping®!.

The dynamic mode characterization of SGFET results in the plot of change in current or
resistance as a function of time during the interaction with the analyte. According to the
literature, the static mode is required to investigate the doping state of graphene prior to, during,
and after the exposure to analytes, while the dynamic mode is used for real-time monitoring®2.
Apart from pH, SGFETs have been widely used for other aspects of water quality sensing,
including interpretation of ionic strength®?, ion detection®, and disinfectant detection®®. This
means SGFETs provide a profound understanding of the device's operation upon interaction

with the environment.
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Figure 2.5. Devices configuration of a) chemiresistive, b) backgated FET, and c) SGFET
exposed to an aqueous solutions. Reprinted with permission from IOP, © Copyright 2020. d)
The schematic of a SFGET operating in aqueous environment using Pt gate electrode, ¢) The
shift in neutrality point of graphene upon exposure to various pH, measured in the static mode
of FETs:. Reprinted with permission from American Chemical Society (ACS), © Copyright
2011.

2.2.3  Schottky Diodes

2.2.3.1 Junction formation

Schottky diodes are another class of devices that can be exploited to explore the change in the
electronic properties of graphene during interactions. The notion of diode denotes a non-linear

8. Generally, the direct interaction of a metal and a

dependence of current on voltage
semiconductor can lead to two behaviors: 1) non-rectification and 2) rectification. The former
is when the current depends on the applied potential linearly. The latter, however, is called
Schottky junction and makes electrons flow in one biasing direction and blocks the current in

the opposite voltage direction. Based on the semiconductor studies, the interface between a

metal (M) and semiconductor (S) can be either ohmic or Schottky, depending on the doping
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level of the semiconductor®®. Since the discussion here is about graphene, the M is replaced by
graphene (G).

Two key parameters of ¢s and ¢ indicate the work functions of semiconductor and graphene,
respectively, which in this case ¢s < ¢ ¥’. The work function is theoretically defined as the
minimum thermodynamic energy required to eject one electron from a ground state. The other
parameter that needs to be explained is the electron affinity of the semiconductor (y), which
implies the amount of energy released or spent to add one electron to the conduction band of a
gas phase particle and form an anion®’.

Upon the formation of the junction, electrons begin to flow from the semiconductor to graphene
to align the Fermi energy levels on two sides of junctions due to thermal equilibrium in electron
concentrations®®. Accordingly, the depletion of electrons in semiconductors generates an area
without a mobile carrier occupied by positively charged immobile ions (Figure 2.6.a, positive
and negative sings at the junction). The distribution of density of states in the proximity of the
Dirac point in graphene does not allow the generation of conventional 'depletion regions';
however, the Coulombic interactions of positive ions (in semiconductor) attract electrons on
graphene at the junction, creating an electric field, E®. This electric field acts as a barrier
against the electron flow, named the built-in potential (Vsi). Also, discontinuity in the allowed
energy state creates a potential barrier at the junction interface, named Schottky barrier (Psg).
This barrier is against the flow of electrons from G to S and acts similar to Vy; for the flow
from S to G%.

Considering the dependence of ®sg on the Fermi energy of the graphene, a small shift in this
energy causes the electron to pass by the potential barriers and results in a significant current
change. Figure 2.6.b shows that for the proposed system, electron doping reduces the ®sg by

increasing the Fermi energy, while the barrier is strengthened upon hole-hole-doping.
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Figure 2.6. a) Energy band diagram of graphene and n-type Si after junction formation, b)
shift in graphene fermi energy depending on the doping processes.

According to Figure 2.6.a, ®sp for an ideal junction can be postulated by Schottky-Mott’s
equation (Eq. 3) %’

Ogp = Py — X (3)

2.2.3.2 Calculating Schottky Junction’s parameters

Understanding the junction properties can be done through the extraction of multiple
parameters by which the impact of surface reactions on the junction can be explored.

Considering the Thermionic emission equation obtained from (Eq. 5) *’:

J = Js [exp (12=RD) — 1| 5)

nkgT
by isolating V, equation 6 will be produced®®:
_ nkgT ]
V_ﬁrmL)+m& (6)
by differentiation equation 6, we can obtain®>86-88

dv _ nmkpT 1

T, Pl + AR, (7)

Therefore, plotting Z—jvs. %will lead to a linear dependence with slope and Y intercepts of

ideality factor and series resistance, respectively. The ideality factor shows how close the

junction is to operating in ideal conditions (n=1). The larger n represents larger current leakage
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and inefficient electron TE transport process. To obtain ®gp, isolation of V from thermionic

theory will result in:

kgT i
V = JARs + &5 + T2 In (1) )

and by defining the new term of H (J)%°:

H)) =V —"’jTBTLn (ﬁ) 9)
H(J) = R;A] + nPsp (10)

Accordingly, plotting H vs. J will result in a linear dependence having the slope and Y-
intercepts of A X R (area X series resistance) and 1 X ®gp respectively®.

The temperature dependence experiment of the device is also commonly done to calculate the
voltage-independent @5 at 0 V as well as the “actual” value of Richardson’s constant.
According to the literature, ®gp increases as temperature increases, therefore, saturation

current decreases. This is due to the presence of carriers with sufficient thermal energy to jump

over ®gp and reduce the width of the depletion region®.
To calculate @5 and Richardson constant, the plot of In (%) \& g is a straight line with the
slope and Y-intercept of ®@g5 and A”, respectively®.

In (%) = In(44*) — £ 1 (11)

kK T
2.2.3.3 Sensing application

The ultra-sensitive nature of the junction to graphene properties provides a platform to explore
graphene-aqueous electrolyte interactions. Traditionally, Schottky diodes have extensively
been utilized for gas detection®'*2. But lately, their applications in aqueous electrolytes or
detection of bio-analytes have grown. The study done by Kim et al. in 2013%, demonstrated
that G/n-Si junction properties are sensitive to the addition of liquid electron acceptor (EA) and
donor (ED) molecules such as nitrobenzene, chlorobenzene, benzene, and anisole (Figure

2.7.a). They revealed that the n decreases upon exposure to EA while ®gj it increases from
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0.79 to 80 eV (nitrobenzene)”. (Figures 2.7.b and c). In contrast, strong EDs such as anisole
decreased ®@gp from 0.75 to 0.73 eV for the p-type Si). The mechanism for such behavior was
explained by adjusting the Fermi energy of graphene upon exposure to molecules. By p-doping
the graphene (exposing to EAs), the Fermi energy is lowered; therefore, the junction band
bending increases®*. In 2019, Noroozi and Abdi **demonstrated the use of G/n-Si junction for
the sensitive detection of BSA under UV exposure. The showed addition of this bioanalyte
decreases the reserve bias current (Figure 2.7.d), leading to the high sensitivity of 0.5 A M,
LOD of 0.25 nM, and wide detection range of (100 nM to 100 uM)°*. In the recent study
published by our research group®®, G/n-Si was operated in the aqueous electrolyte to explore
the role of pH, ORP, ionic strength in graphene interaction with electrolytes. The device was
then functionalized using 1-aminopyrene and used as a free chlorine sensor. Once the device
is placed in aqueous electrolytes, the arrangement of the ion at the surface (EDL) affects
electron transport by adjusting the Schottky barrier. The device showed that increasing the
ionic strength from nearly 0.055 uS-cm! (ultra-pure water) to 0.83 mS-cm™! (8.55 mM NaCl)
increased the R of the junction up to 257%%. This significant increase in the resistance implies
the critical role of electrolyte ions’ capacitive charging in determining graphene’s properties.
The pH response of the G/n-Si junction was also determined: nearly 20% change in R of the
junction by varying the pH between 3-8. This was shown for the interference correction caused
by the pH detecting HOCI/OCI . The AP functionalized G/n-Si showed a linear range of 0.01-
0.7 ppm, LOD of 3.1 ppb (59 nM) and a sensitivity of 10.2 ppm™!, 5 times more sensitive than

a chemiresistive platform with the same materials®.
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Figure 2.7. a) Schematic of graphene/n-Si Schottky devices, change in b) series resistance and
c) ideality factor and SBH of Schottky junction by exposure to molecules with different
electron accepting abilitys. Reprinted with permission from American Chemical Society
(ACS), © Copyright 2013. D) The reverse biased response of UV-illuminated G/n-Si junction

to BSA#. Reprinted with permission from Royal Society of Chemistry (RSC) © Copyright
20109.

2.3 Graphene versus Water
2.3.1  Wettability of graphene

The wettability of graphene derivatives has been a controversial topic over the last decades.
Defect-free SLG is an ideal model for studying surface hydrophobicity due to the long-ordered
arrangement of the atoms and electron clouds®. Nevertheless, since its substrate greatly
influences its properties, it is not practical °°. In contrast, graphene's higher thickness provides
less substrate-dependent influences; however, it is often accompanied by disordered lattices or
defects. An ideal graphene was initially believed to be hydrophobic because of its highly
symmetrical X-electron cloud as well as the non-polarity of the covalent bond. Therefore,
various theoretical and experimental studies revealed contact angles of bare graphene could be

96,97

in the realistic range of 95-100° . However, recent studies argue that the observed
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hydrophobicity could originate from the instantaneously formed adsorbates (e.g., adventitious

carbon) on graphene”®

. In this section, we discuss factors affecting graphene's wettability in
aqueous media, focusing on their impact on graphene applications.

Based on the water contact angle (WCA) measurements, graphene wettability can be
categorized into four groups: super-hydrophobic (150°<6 <180°), hydrophobic (90°<6 <150°),
hydrophilic (10°<6 <90°) and super-hydrophilic (0°<8 <10°). This angle is defined as a tangent

angle at the liquid-gas interface (Figure 2.8) and can be calculated as follows?:

CosOy = YsvVsL (12)

YLv

YLy

o Ysy

Figure 2.8. Three phases contact lines of water droplet on solid with the corresponding
forces”. Reprinted with permission from Elsevier, © Copyright 2009.

where, Yy, and yg; are the interfacial energies between liquid-vapor, solid-vapor, and solid-
liquid, respectively. This angle and graphene /electrolyte interactions depend on three concepts
1) surface tension, 2) surface energy, and 3) surface interactions®.

The surface tension of a surface is directly associated with the liquid surface. In fact, the surface
tension (y Lv) is due to the difference in the number of water molecules at the surface compared
to the bulk. Accordingly, yLv is described as “the attractive forces between neighbouring
molecules in a liquid’s surface layer which then causes the layer to behave as an elastic sheet.”

9 Although the surface tension of water is high (72 mN/m), the shape of the water molecule
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encountering the graphene surface will depend on the graphene surface energy as well as
chemistry®®.

Surface energy is associated with the surface atoms' excess energy compared to the bulk
material as they are not involved in chemical bonds!'®. In fact, the surface free energy of
material changes with the surface area, thickness, and the presence of adsorbates through the
passivation of surface unterminated atoms. In an ideal condition where graphene and water
molecules do not interact (i.e., superhydrophobicity), the surface tension and surface free
energy become almost identical'®. However, the presence of local charges in the graphene
lattice intensifies the graphene/water interactions; therefore, the two terms are not
interchangeable. The literature shows graphene surfaces have smaller surface energy than wet
surfaces!?. Also, in atomically thin graphene, the surface energy becomes excessively high as
no bulk atom is present, and they all are surface atoms. Accordingly, it is expected to have
lower wettability with the solvents having low surface tension.

Surface interaction also involves the possibility of graphene interacting with ions, molecules,
and other chemical species in water °°. Since graphene interfacial interactions depend on
surface chemistry, the parameters affecting these interactions can be classified as thickness,
substrate, roughness or microtopography, defectivity, and edge termination.

2.3.1.1 Substrate

Graphene is transparent to wetting, particularly in thin structures, which means that the
configuration of molecules and ions at the electrolyte/graphene interface depends on the
substrate's hydrophobicity/hydrophilicity. As seen in Figures 2.9.a and b, exposing graphene
transferred onto polytetrafluoroethylene (PTFE) and SiO;, representing hydrophobic and
hydrophilic surfaces, respectively, changes the arrangement of ions in EDL!'"!. Therefore,
WCA can vary from 95° to 70° in SiO; and PTFE, respectively. It should be noted that the first

layer of ions is filled with positive ions due to the negative zeta potential of the graphene

27



Ph.D. Thesis — S. Angizi; McMaster University - Chemistry

surface caused by electronegative oxygen atoms. This indicates the sharper drop in the surface
potential to the solution potential for hydrophilic surfaces!‘!.

Moreover, the substrate could also influence the electronic properties of the graphene, and so
its wettability. Researchers found that graphene is more receptive to covalent functionalization
when transferred onto hydrophobic substrates such as SiO2 and Al>O3 compared to an alkyl-
terminated monolayer. In fact, interactions between graphene and oxygen-terminated
substrates have been shown to lower graphene's average Fermi energy position, compared with
h-BN and alkyl-terminated monolayers.'%2. This substrate dependent properties are important
since the theoretical studies have revealed that doping states of graphene adjust the

configuration of a water molecule. According to Hong et al.,”

n-doped graphene (by substrate
or gate-field) attracts the water dipole through hydrogen sides, resulting in a WCA of 78°
(Figure 2.9.c). For p-doped graphene (60°), however, the oxygen atoms are closer to the
surface, and due to the electronegativity difference, the Coulombic interactions are stronger.
Therefore, the WCA can be lower than neutral graphene (88°) (Figure 2.9.c). It should be noted

that the scenario is altered when graphene chemistry is changed by adding dopants or chemical

functionalization®®.

28



Ph.D. Thesis — S. Angizi; McMaster University - Chemistry

I
+
|
+

Hydrophobic surface Hydrophilic surface
(c)

N-doped graphene

Neutral graphene

P-doped graphene

‘Q%k%f“@
p P Ii

Figure 2.9. Arrangement of ions in at the graphene/electrolyte interface on a) hydrophobic
and b) hydrophilic substratesot. Reprinted with permission from American Chemical Society
(ACS), © Copyright 2019. c) Dependence of WCA in graphene device on the doping state of

graphene on hydrophilic substrates (Si02)%. Reprinted with permission from American
Chemical Society (ACS), © Copyright 2016.

2.3.1.2 Topography and roughness

The surface topography and roughness of graphene films determine their wettability.
Topography can be classified into two main types: macro and micro topographies. In the macro,
the orientation of the graphene flakes deposited on the surface will create a nonuniform surface
that is often not reproducible. Such morphology happens mostly when top-down synthesis
methods are used, and the deposition technique (e.g., drop casting or airbrushing) forms a layer
of products with the desired thickness. The micro-topographical issue often comes with

bottom-up deposition methods whereby the atom-by-atom formation of the film could result in
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microscale roughness. In both cases, surface roughness could influence graphene aqueous

electrolyte contact angle through two simultaneous phenomena:

1) An air gap between the graphene and water.

2) Disruption in the arrangement of the ions.

Surface hydrophobicity is enhanced when air is present in the roughness of the surface or
between flakes since the air-water contact angle is 180°.19 This means more significant surface
roughness may cause the graphene to repel water more, reducing graphene/aqueous solution
interactions!®. However, higher roughness leads to larger edge exposure to the solution at the
same time. Since the edges have a larger affinity than the plane for interaction with
surroundings due to the dangling bonds, the WCA should be determined by the balance of these
two phenomena. Moreover, the density of water molecules in droplets is altered when the solid
surface is nonuniform. The water surface tension rises at sharp humps or downs, reducing the
WCA with graphene. Therefore, the balance of trapped air, surface tension changes, and edge

exposure would determine graphene water interactions.

2.3.1.3 Defectivity

According to studies on the change in WCA by the electric field, it was shown that p-doping
through applying positive gate potential with respect to graphene on SiO; decreases the
WCA. However, in all these experiments, the chemistry of graphene and bonds is preserved
intact. A valid concern is, therefore, what happens to the surface if the chemistry changes. We
can address this issue by looking at the impact of dopants and functional groups on graphene
devices. Generally, upon the addition of oxygen atoms (as the most common dopant), carbon
networks lose one electron per bond with oxygen; therefore, the balance of electrons and holes
is disrupted. Due to this, the majority of carriers become holes>®. The WCA, however, is
determined by the charges that electrolytes are subjected to, meaning the oxygen atoms provide

non-bonding electrons, making the surface potential negative. This can be intensified by the
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presence of the oxygen-based functional group. Comparing the zeta potential of FLG (-10 to
+20 mV) and GO (-40 to -30) in neutral pH and their corresponding WCA demonstrates that

higher surface charges will lead to larger hydrophilicity!'®

. The surface hydrophobicity
increases upon functionalizing with large chain organic molecules, or groups containing —F,
—CHj3 #! etc.

2.3.1.4 Number of Layers (thickness)

It has been well-studied that graphene wettability is thickness dependent. Excluding the role of
substrate here, it is increasing the thickness from one-atomic layer to two causes the increase
in hydrophobicity!®. This was shown due to a change in the friction forces applied to the AFM
tip caused by the arrangement of water molecules. Also, it was demonstrated that larger friction
forces of 1L graphene might lead to out-of-plane puckering. Also, higher thicknesses of more
than 11 layers refer to the structures like graphite, which is hydrophilic (6<80°). This means
the WCA must increase from 1 to 2 and decrease from 2 to higher thicknesses. Thickness could
also affect the substrate's impact on graphene's properties. Accordingly, thicker film results in
receiving a lower effect of the substrate!%.

2.4 Interfacial Interactions

2.4.1 Electrostatic Gating Effect

To investigate capacitive charge transfer into graphene, it is imperative to understand the
fundamentals of EDL. As a general rule, EDLs are composed of multiple parallel layers of ions
and molecules arranged at the interface between solids and electrolytes. The composition of
these layers has been extensively studied over the last few decades, resulting in the
development of multiple theoretical models. The first reported model on the structure of EDL

106

belongs to Helmholtz'*®, where the polarized electrodes attract all counter ions to its surface

(Figure 2.10-1). Helmholtz’s theory is based on a typical capacitor with two oppositely charged
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plates and a dielectric in between. For such capacitor, the total capacitance is expressed

by106’1072
Cy = E"diA (13)

In this equation, &, and &, are the permittivity values in vacuum and solution, respectively; A
is the surface area of the electrodes!'®. Although the calculation of EDL’s capacitance seems
simple using the abovementioned equation, accurate measurement of &, has been a challenge.
The spectroscopic measurements have successfully determined the bulk solution’s ¢, ;
however, findings have revealed that the attraction of mobile charges to the
graphene/electrolyte surface creates a concentration gradient. Therefore, thermodynamically
unfavorable ions de-mixing (accumulation) results in different values of €, 1919, Moreover,
Helmbholtz's theory considers the distance between two plates as the radius of solvated ions,
meaning the coordination numbers of the ions determine the thickness of the dielectric.
Notably, the charge screening (image charges) outside of the solution is due to the polarization
effect caused by the sudden change in the dielectric properties across the graphene/solution

interface!1?,
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Figure 2.10. Theoretical models on EDL and their corresponding ion arrangement: 1)
Helmbholtz, 2) Gouy-Chapman Stern, 3) Grahame’s theories.

Gouy and Chapman later improved the Helmholtz theory by introducing the concept of the
diffuse layer!!!. According to this theory, the ion's movement from/into Helmholtz layers
occurred by the applied potential result in the EDL capacitance (Figure 2.10-2). The
combination of the diffuse layer and the Helmholtz layer was later modelled by Stern!®’,
demonstrating that the total capacitance depends on the arrangement of the ions in the

Helmholtz layer, and the movement of the ions in the Diffuse layers as follows!%7:

R R (14)

CeEpDL CHelmholtz CDiffuse

The composition of EDL was later completed by introducing three distinct layers of Inner
Helmholtz Layer (IHL), Outer Helmholtz Layer (OHL), and the diffuse layer (Figure 2.10-3).
The IHL and OHL could be classified as the Stern layer, where the ions are present close to the
solid/electrolyte interface. In IHL, the hydrated ions and solvent molecules are adsorbed to the

interface and are responsible for the charge screening through the field effect on the graphene®’.

33



Ph.D. Thesis — S. Angizi; McMaster University - Chemistry

In contrast, the OHL is formed by the solvated ions and ions farther in the solution and does
not participate in charge transfer processes. There has been mixed information on the
conformation and composition of OHL. According to electrochemical studies, the OHL is filled
with ions having the same charge as THL due to the attraction forces of polarized electrode!"’.
Yet, numerous research has suggested that OHL is filled with oppositely charged ions
compared to IHL. This could originate from the Coulombic attraction of IHL ions and forming
a layer of counterions ''2, Notably, this phenomenon often occurs when no current passes
through the solution, and the device is operated at open circuit potential (OCP).

Multiple theories and EIS equivalent circuits have been developed so far to explore the
capacitive charging of EDL in graphene devices. Perhaps, the most efficient equivalent circuit
is presented by Ref '%7 where the total capacitance of EDL is due to ions adsorption (Cads),
Helmholtz Layer (Cu), and bulk capacitance (Cg). This should be noted that Cags and
Cn represent the capacitance caused by ions in the IHL; however, the Cags exclusively indicates
the presence of unhydrated adsorbed ions on the graphene surface!?’. As seen in Figure 2.11.a,
the equivalent circuit confirms the existence of bulk resistance (Rpuix), solution resistance (Rs),
and interfacial resistance (Rin). Therefore, the presence of adsorbed ions on the surface causes
a change in interfacial resistances parallel to EDL capacitance. Moreover, the screening length
of the EDL on a solid surface determines the strength of the electrostatic gate field. The Debye-
Hiickel (D-H) theory explains that the screening length of ions in the vicinity of the surface

depends on the ionic strength of the solution and can be calculated as follows!!?:

__ |E0&rKT
Ap = \/ 21e2 (15)
where K, T, I, and e are Boltzmann's constant, temperature, ionic strength, and charge of
electrons. The limitation of this theory is the dilution of the solution. This screening length can

be used to predict the electric fields and show where the solid's surface potential drops to the

solution potential!!3,
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The EDL response of graphene becomes essential when it encounters the change in various
parameters of aqueous electrolytes, particularly pH and ionic strength. The pH response of
defect-free graphene is due to the capacitive screening field of hydronium (H3O") or hydroxide
(OH") ions in the solution®*. According to the literature, reducing the pH increases the H3;O" in
the vicinity of the graphene surface (Stern Layer) and immobilizes the electrons to the surface.
Therefore, the n-doping of the surface increases the device's resistance. In contrast, more basic
solutions result in the presence of OH ions at interface; therefore, capacitive p-doping of
graphene®!!2, Notably, the formation of the EDL and it's electrostatically transferred charges
by H3O" or OH™ have all been shown to be fully non-faradaic. This observation has been
reported for various devices, including FETs, chemiresistive devices, and Schottky junctions.

One crucial point to consider is that EDL interaction of H3O" or OH™ with graphene is
dominant over other interactions if only the graphene defectivity is below a specific value. This
means that, upon increasing the defectivity through the formation of oxygen-containing
functional groups, other alternative pathways such as protonation-deprotonation of functional
groups will compete with EDL interactions® !4, The surface roughness or edge termination
have also been shown effective in local charging the surface through an ion trapping
mechanism!!2, Since the CVD-grown SLG-based devices offer such low defects with well-
defined edge terminations, their EDL response is incredibly dominant. Nevertheless, they may
not be ideal for investigating the role of EDL in high electrostatic fields as SLG could be prone
to cross the neutrality point (Dirac point)'!4,

The ionic strength of the solution also affects the graphene properties through electrostatic
forces. Generally, addition of a soluble salt enhances the ionic strength (I = %Zcizz) and

reduces the Debye screening length!!>. Thus, it is expected to observe the impact of the added
salts graphene mainly through electrostatic forces. One excellent example is NaCl, where its

dissolution in water generates non-redox active ions; therefore, other ion-graphene interactions
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can be excluded from the discussion!'®. By introducing NaCl and formation of Na"and
CI” hydrated ions, the Stern Layer on graphene is dominated by the Na* ions. Accordingly, the
Stern Layer of a non-modified graphene should always have positive ions!!’. Nevertheless,
recent research studies have shown graphene affinity towards OH™, Cl-, and SO4* ions!!°.
Depending on the ions, they could be adsorbed on graphene as fully hydrated, half-hydrated,
or even non-hydrated. Our example, Na*, does not undergo underpotential deposition;
therefore, it preserves its solvation spheres and water molecules will be sandwiched between
ions and graphene *°. This hypothesis is that exposure of graphene to aqueous electrolytes
changes the intensity of peaks associated with O—H stretching (3000 -3600 cm™!) 1% Sum
generation frequency studies (SFG) show that symmetry disruption at the interface causes a
sharp peak at around 3600 cm ™!, almost independent of the salt concentration. Therefore, water
molecules in the proximity of graphene enhance the dangling O—H stretch vibration intensities,
independent of the salt concentration!!®, Nevertheless, the majority of the water molecules
below in IHL are randomly distributed, and their orientations do not follow the bulk solution.
This abrupt change in orientation from bulk to the surface suppresses the O—H stretch vibration
peaks of hydrogen bonded water molecules!!?.

The other central consideration is the inconsistency in theoretical and experimental screening
lengths of the aqueous electrolytes at high concentrations. Generally, in a dilute solution, ions
are separated with no ion-ion interactions; therefore, the dielectric constant can be measured
uniformly throughout the electrolyte!!>. This means D-H theory can predict the screening
length within its range. In concentrated electrolytes, Surface Force Measurement (SFM) studies
revealed that the decay length of the EDL forces is measured much larger than predicted values
in D-H (Figure 2.11.b)!'3. When a large number of ions are attracted to graphene, the non-
electrostatic interactions of water-cations with surface m bonds could result in the surface

118

charge reversal, depending on the charge, size, and affinity of the cations''®. These non-
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electrostatic interactions overcompensate surface charge in the two-dimensional “strongly
correlated liquid (SCL)” at the surface. Using the term SCL instead of IHL gives the impression
of an immobile layer of ions; therefore, using the steaming current (Ss) versus SCL is a
powerful way to elucidate the mechanism!!8, Van der Heyden et al. '!8 stated by using S,
concentrations up to 0.15 monovalent ions (K") do not show charge reversal through
suppressing the charge inversion up to neutralization point. However, the reversal was
observed up to 400 mM for divalent cations. Later, in 2019, Gaddam and Ducker ''* reported
for the first time the charge inversion of silica surface by addition of high concentration
monovalent ions of Li*, Na*, K*, and Cs* (~1 M). Although these reports demonstrate the cause
for difference in theoretical and experimental Debye screening lengths, the charge reversal on

graphene has yet to be explored!!>.
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Figure 2.11. a) A comprehensive equivalent circuit explaining the EDL structure in graphene
devicesw’. Reprinted with permission from Elsevier, © Copyright 2014. b) Deviation of
experimental decay length from theoretically measured Debye lengthiis. Reprinted with
permission from American Chemical Society, © Copyright 2019.

2.4.2 Surface Charge transfer

Direct charge transfer in graphene has been known for nearly a decade. The charge transfer
occurs through doping graphene with external chemical species and can be classified as
electrical doping (also known as the gate effect) or chemical doping!'!®. The electrical doping

is covered in section 2.4.1, that the presence of solution ions/molecules in the vicinity of
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graphene alters its electronic characteristics through capacitive charging. In this section, the

chemical doping of graphene by aqueous electrolytes will be reviewed.

The surface charge transfer, commonly seen in graphene/aqueous electrolyte interactions,
occurs during the adsorption of adsorbates on the graphene surface. The nature of forces
attracting adsorbates to graphene depends on the chemistry of graphene and adsorbates.
However, the most demonstrated interactions are i) non-covalent (Coulombic interactions, van
der Waals forces, hydrogen bonding, protonation/deprotonation of acid-bases) and ii) covalent
bonds. In either case, the adsorbate interactions could p-dope or n-dope the graphene %120,
That is why surface charge transfer (a.k.a. adsorbate-induced doping) does not alter the
graphene network and can be reversible. Furthermore, the positions of the dopant's HOMO and
LUMO with respect to the Fermi level can be utilized to explore the significance and direction
of the transferred charges. Accordingly, graphene is charged by the dopant (a donor) if the
dopant's HOMO > Er. In contrast, if Efr<LUMO, the dopant (acceptor) is charged by

graphene!?!.

The charge transfer caused by gaseous adsorbates is relatively well understood. However, the
concept becomes complex as adsorbates are attracted to graphene in the presence of water. In
fact, local charges on the surface caused by defects generates preferable sites for the adsorbates
to be drawn towards the surface. The complexity of interpretation for surface charge transfer

to/from graphene in water can be summarized as follows:

1. Tons are solvated, and the solvation spheres vary by the ions' chemical affinity for water
molecules.

2. The co-presence of multiple ions and species at the surface makes the output signal
complicated to understand.

3. Graphene adsorbate interactions are strongly dependent on graphene's hydrophobicity.

4. Adsorbates could transfer charge by electrostatic gating effect or trapped ions

mechanisms.
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5. Solution parameters, including pH, temperature, and ORP, also determine the extent of

ions' adsorption on the surface.

As examined in section 2.4.1, studies have revealed that ion accumulation will emerge in the
proximity of graphene electrodes at zero potential or gate voltage. Therefore, graphene's
functional groups and edge termination together with electrolyte parameters play a role in

determining the adsorbate-induced charge transfer.

24.2.1 pH

The non-faradic interactions of H3O" and OH™ on graphene were reported as one of the
electrolytes' capacitive charging effects. However, pH-responsive oxygen-containing
functional groups contribute to the chemical doping of pH. In 2021, it was reported that a
reduction in pH (below 4) in the presence of graphene triggers the protonation of carboxyl
groups®. In fact, at neutral pH, carboxyl groups are in the deprotonated forms (—COO~) and
carry negative charges. By reducing pH below its pK.= 3.75, ~COO" is protonated as ~-COOH
and the surface is p-doped®*. Similar phenomena happen in the presence of amine groups with
the pKa of 4.12, meaning the reduction in pH protonates NH» to NH3". Comprehensive studies
showed that the hydroxyl (—OH) group with pK.=8.47 and carboxyl and amine at low pH
ranges dominate the interactions with graphene (Figure 2.12). However, it should be noted that
the electrostatic response of H3O" and its protonation/deprotonation will have opposite signs.
If reduction in pH n-dopes graphene by screening the electrons, it causes protonation of
COO™ to COOH and p-dopes the graphene %4!22123_ Hence, controlling the concentration of
pH-sensitive functional groups could result in pH-insensitive graphene by balancing the gating
effect and defect-induced responses.

124 31s0 follows the same

The pH response of other carbon-based nanomaterials such as CNTs
mechanism. In highly defective graphene derivatives such as GO, however, the capacitive

charge transfer is heavily suppressed by the acid-base protonation of the functional groups. It’s
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been shown that enhanced stability of GO-based sensors could result in 180% total change in
currents of the graphene by changing the pH from 3-9!'4. Therefore, GO could potentially be
integrated into next-generation biological devices where simultaneous pH measurement is

required.
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Figure 2.12. A schematic of defect induced pH response of graphene caused by oxygen based
functional groupss:. Reprinted with permission from American Chemical Society (ACS), ©
Copyright 2021.

2.4.2.2 ORP

The ORP of an aqueous electrolyte is a measure of its oxidizing potential. A natural water's
ORP is generally determined by its DO content®®. However, the ORP is often artificially
increased in order to prevent pathogen growth in the water. Among the many factors that affect
the ORP values of electrolytes, disinfectants and are one of most effective. Other parameters
such as pH, ionic strength and temperature can also influence the ORP value of an electrolyte;
however, they often cause only minor changes. A solution's ORP value can be measured by the
difference between the build-up charge on a platinum working electrode caused by losing
electrons to oxidants or taking electrons from a reductant, and a reference electrode. Therefore,

based on the Nernst equation, it can be expressed as Eq. 16 2:

[reducer]”

Emy = E, — 23026 —log (16)

[oxidizer]®
Where Emy and E, are the redox potential and standard redox potential, respectively, R is the

gas constant, T is the temperature, n is the number of transferred electrons, F is the Faraday
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constant, and r and o are the coefficients of the reducer and oxidizer in the balanced reaction,
respectively.!?.

For water disinfection purposes, hypochlorite (OCI"), hydrogen peroxide (H20.), peracetic acid
(CH3COOH), or potassium permanganate (KMnQ4) are commonly added to water®’. These
disinfectants act as oxidizing agents, preventing the growth of pathogens and bacteria®*.
Therefore, it is anticipated that operating graphene devices in real conditions (sea, river, pools
etc.), causes graphene oxidation by these molecules/ions. Also, oxidant detection using
conventional titration methods such as iodometric or amperometric, or chemiluminescence,
and electrochemical methods are not suitable for the continuous monitoring of the
concentration®. Hence, understanding how graphene devices perceive the oxidants could assist
in the development of practical devices. In these devices, the charge transfer that occurs by
surface/edge adsorption of molecules is modulated by the ORP of the solution. Recent studies
on hypochlorite detection by using graphene devices have shown the LODs of 7 ppb for bare
graphene!?®. It means the bare surface of graphene offers sufficient charge transfer to be
detected among other ions. Yet, selectivity is an issue when multiple disinfectants are co-
present in the solution (e.g., KMnO4 and HOCI). To be more specific, by addition of
hypochlorite to water, depending on the pH, three components of OCI", HOCI, and Cl can be
present'?’. In fact, equilibrium among these three components is pH dependent so that Cla,
HOCI and OCI™ are stable in low (below 4), mid (5-7), and high (above 7) pH values,
respectively!?’. These three together are often referred to as ‘free chlorine’. Graphene
interaction with free chlorine is also pH dependent. Both HOCI and OC1™ within the Stern layer
act as electron-withdrawing groups on the surface, p-doping the graphene. While the nature of
the interaction is believed to be a Coulombic interaction between negatively charged OCIl™ and
electron-deficient sites in the surface (point defects) or carbon atoms attached to oxygen sites,

the attraction forces of HOCI remain controversial®. ORP of a solution is also adjusted with

41



Ph.D. Thesis — S. Angizi; McMaster University - Chemistry

the pH, meaning the increase in pH could result in increasing the ORP. As the solution becomes
more acidic, the relative oxidation ability of the solution rises. Nonetheless, there are numerous
instances in which addition of molecule can alter the ORP and pH in the same way; for
example, the addition of hypochlorite (a weak base) increases the pH, while the solution's ORP
is enhanced.!?’

2.4.2.3 Dissolved gases

DO concentration could also affect the ORP of the solution. DO, defined as molecular oxygen
within water, is a crucial indicator of water quality and its concentration is crucial for the
preservation of aquatic life. Creatures like crabs or oysters need DO (1- 6 mg/L), while shallow
water fish require a larger concentration of 4-15 mg/L!'"®. Also, DO is produced by aeration of
water through wind, photosynthesis of phytoplankton, algae etc!'!®. This information is vital
since the operation of graphene in aqueous electrolytes will be accompanied by the presence
of DO. Also, DO is an electron-withdrawing group. Although the mechanisms have not been

fully explained yet, two approaches could be predicted:

1- Direct adsorption of DO on graphene surface through Coulombic interactions between
DO lone pairs and electron-deficient sites of graphene lattice (i.e., carbon bonded to
electronegative atoms such as oxygen, point defects, armchair configurated edges). In
this case, the non-covalent interaction of DO with carbon positively charges the
graphene and, therefore, p-dopes the surface.

2- Presence of DO in the vicinity of graphene in the OHL. Graphene with negative surface
charges often attracts the first layer of positive ions in IHL. By introducing DO in IHL,
it can neutralize the electrostatic effects of the positive charges. Hence, the surface is
p-doped

Thus far, a few literatures have studied the direct measurement of DO using graphene

derivatives !?8. For example, laser-induced graphene decorated with Platinum nanoparticles
p grap p
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was shown to operate in an extended linear dynamic range of 30-400 uM with a response time
of 2s!'2. In another report, reduced- GO decorated with silver nanoparticles significantly
enhanced DO detection, offering a LOD and sensitivity of 0.031 uM and 0.205 pA/uM,
respectively!?®. In these catalytic detections of DO, a two-step reduction of DO to OH™
involving four electrons (Eq. 17 and Eq. 18) will be simplified to a one-step reduction process

(Eq. 19). Accordingly, the response time decreases, and the sensitivity is raised significantly.

0, + 2H,0 + 2e~ - H,0, + 20H~ (17)
H,0, + 2e~ > 20H~ (18)
0, + 2H,0 + 4e~ — 40H~ (19)

2.43 Substitutional doping

Substitutional doping is characterized by replacing one or more types of atoms with carbon in
a graphene lattice. These foreign atoms possess different numbers of valence electrons and alter
the lattice symmetry of graphene. The doping processes often require high energy from
temperature, pressure, or substantial chemical affinity between precursor and graphene!?’.
During liquid exfoliation processes, particularly tip sonication or wet-ball milling, the graphene
surface is activated by local temperature and forces. The ‘surface activation’ happens through
three main steps: 1) formation of defects, ii) altering edge configuration, and 3) size reduction.
The first two stages have already been reviewed in sections 2.1.3.2 and 2.1.3.3. The size
reduction enhances the specific surface area of the graphene; therefore, the accessible surface
for the chemical reaction increases. There are numerous studies on the substitutional doping of

58,130-132

graphene with alkaline metals , alkaline earth metals '3>134, transition metals 35138,

139-141 142-145

semi-metals , and non-metals indicates the importance of this phenomenon. For
graphene devices working in an aqueous solution, the substitutional doping becomes more
complex compared to the gaseous phases. The sophistication originates from three main

objects:
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I- An immobile ion (IHL) layer at the graphene/electrolyte interface prevents
ion/molecular mobility towards substitutional doping.

2- The difference in solubility of the dopant in graphene and electrolyte might act as an
energy barrier for the doping

3- lons are solvated in aqueous electrolytes; therefore, substitutional doping should be
done by overcoming solvation spheres and (underpotential) deposition. Hence, the
substitutional doping of alkaline and alkaline earth metals in electrolytes is unlikely to
happen.

2.44 Trapped Ions/Molecules

This mechanism has recently been introduced as one of the plausible approaches that graphene
deals with electrolytes. Inspired by the term trapped, the ions or molecules present in
electrolytes could be trapped within the sheets of graphene or in graph boundaries®*!!2, The
former configuration is found when a percolation network of graphene sheets is used. The gaps
between the sheets vary depending on the size, thickness, orientation, and substrate of the
graphene sheet. The local charge is induced upon physically trapping the molecule/ions in those
gaps, shifting the graphene electronic properties®*. The latter configuration could even be a
single layer of graphene possessing grain boundaries. Boundaries on graphene could be formed
due to its conformal deposition on the substrates with the grains. In fact, fine-grained Cu
substrates bring a larger area of disordered boundaries. Therefore, carbon atoms deposited in
that area will also be disorderly shaped, generating a large density of vacancies'!?. These
vacancies are the entrance gates for ion diffusion. It has been shown the H3;O" trapping into
graphene films could p-dope the surface (Figure 2.13), meaning it acts as adsorbate-induce
charge transfer, but it is physically entangled with the surface. The surface adsorption of Na*
through porosities has also shown to be the same, but n-doping the surface through hydrating

water molecules!.
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Figure 2.13. Charge transfer by proton injection/extraction mechanism2. Reprinted with
permission from American Chemical Society (ACS), © Copyright 2021.

2.5 Conclusion

In this chapter, the most recent findings on the interfacial interactions between graphene
devices and aqueous electrolytes are discussed in four categories: electrostatic gating, surface
charge transfer, substitutional doping, and ion/molecule trapping. In this study, it is
demonstrated that the arrangement of ions in the electrolyte near the graphene surface can
modulate the output signal through electrostatic gating. Also, graphene wettability dictates
graphene/water interactions, and parameters such as substrate, defectivity, thickness, and
topography influence the way graphene interacts with water. Besides, the concept of surface
charge transfer was explored by considering the presence of immobile ions of the surface. This
chapter aims to familiarize the reader with important concepts governing the graphene-water
interface and to review the fundamentals for better understanding the operation principles of
graphene devices in aqueous media.
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Chapter 3 Defect Engineering of Graphene to Modulate pH Response of
Graphene Devices

This chapter shows the defect-dependent pH response of graphene, focusing on the pH sensing
mechanisms. With varying defects of graphene in the aqueous electrolyte, two categories of
graphene interactions were identified: capacitive charge screening and direct charge transfer.
The former was dominant when the defectivity level was below a specific range (In/Ic=0.35,
measured by Raman spectroscopy). While the latter becomes dominant above the ratio,
demonstrating that the protonation/deprotonation of pH-sensitive oxygen-containing
functional groups controls the generated current through the surface. Two countervailing
mechanisms balance out at the crossover point (In/Ig = 0.35), creating a pH-insensitive
graphene device. To understand the defect-induced pH response of graphene, selective
functionalization using pyrene derivatives was utilized to uncover the dominant acid-base
interactions of carboxyl and amine groups at low pH and hydroxyl groups at high pH.

Reprinted with permission from Langmuir, 2021, 37, 41, 12163—-12178, Shayan Angizi,
Eugene Yat Chun Yu, Johnson Dalmieda, Dipankar Saha, P. Ravi Selvaganapathy, and Peter

Kruse. DOI: 10.1021/acs.Langmuir.1c02088© 2021 America Chemical Society
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ABSTRACT: Graphene-based pH sensors are a robust, durable,
sensitive, and scalable approach for the sensitive detection of pH in
various environments. However, the mechanisms through which
graphene responds to pH variations are not well-understood yet.
This study provides a new look into the surface science of graphene-
based pH sensors to address the existing gaps and inconsistencies
among the literature concerning sensing response, the role of
defects, and surface/solution interactions. Herein, we demonstrate
the dependence of the sensing response on the defect density level
of graphene, measured by Raman spectroscopy. At the crossover
point (Ip/Ig = 0.35), two countervailing mechanisms balance each
other out, separating two regions where either a surface defect
induced (negative slope) or a double layer induced (positive slope)

Defect induced
pH response

Electrical double layer
induced pH response

response dominates. For ratios above 0.35, the pH-dependent

induction of charges at surface functional groups (both pH-sensitive and nonsensitive groups) dominates the device response. Below
a ratio of 0.35, the response is dominated by the modulation of charge carriers in the graphene due to the electric double layer
formed from the interaction between the graphene surface and the electrolyte solution. Selective functionalization of the surface was
utilized to uncover the dominant acid—base interactions of carboxyl and amine groups at low pH while hydroxyl groups control the
high pH range sensitivity. The overall pH-sensing characteristics of the graphene will be determined by the balance of these two

mechanisms.

1. INTRODUCTION

The pH of aqueous solutions plays a major role in the control
of chemical and biological processes, and it needs to be
carefully regulated for many chemical equilibria such as redox
reactions, complex formation, and solubility.' The pH of
drinking water can influence corrosion processes (including
the dissolution of lead from pipes) and the effectiveness of
disinfectants. Hence, the pH of drinking water is typically
regulated to between 6.5 and 9.0 based on standards reported
by the World Health Organization (WHO).” In the laboratory
and for commercial applications, pH is commonly measured
potentiometrically with porous glass electrodes™ or using
colorimetric indicators either in solution® or immobilized on
paper strips.’ Colorimetric methods consume reagents while
electrodes for potentiometric methods require frequent
maintenance, and often, special conditions are required to
preserve the electrodes,” ™ limiting their utility for online
monitoring applications. Graphene-based solid-state devices
have been explored as alternatives.'” The advent of graphene
in 2004'" was followed by a wave of research on two-
dimensional materials,"”>™"> which revealed their inherent
potential in many different sensing applications,'*™"* including
solid state pH sensors.' "> Graphene is a honeycomb structure

Py

© 2021 The Authors. Published by
American Chemical Society
12163
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with sp>-hybridized carbon atoms covalently bonded in-plane,
while weak van der Waals interactions in the out-of-plane
direction result in stacking of adjacent layers.”** Apart from
the excellent mechanical strength, chemical and thermal
stability, and high thermal conductivity of graphene, its
superior electrical conductivity and unique optoelectronic
properties, ultrahigh carrier mobility, and cone-shaped band
diagram have made it a unique electronic material. In
particular, the electronic structure of these atomically thin
layers at the Dirac points where 7 and 7* states are touching is
amenable to chemical and physical modification.”>™>* There-
fore, the ultrasensitivity of atomic layers of graphene to
external chemical species has inspired the development of
graphene-based sensing platforms.

To overcome the current challenges and increase the
sensitivity of pH electrodes, many efforts have been devoted
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Figure 1. (a) Schematic illustration and real image of a chemiresistive sensor consisting of a glass substrate, pencil-drawn rectangles as contacts,
FLG as the active layer, copper tape for contacts and parafilm as a dielectric. SEM images of the drop-casted FLG on the glass substrate in different

magnifications of (b) 1 gm and (c) 100 nm.

to the integration of graphene as active layer. Considering the
(theoretically) hydrophobic nature of graphene, its surface
interactions with ions and aqueous solutions should be
extremely limited.”® However, it has been shown that the
presence of local charges caused by defects (vacancies,
dopants, and functional groups) provides local hydrophilic
sites.”” > In 2011, a chemiresitive pH sensor based on single-
layer graphene was demonstrated, giving a linear relationship
between the pH value and the change in sensor resistance. The
reported slope was 2 kQ/pH, and the experiment was done
with pH resolutions of 0.97 and 0.33 pH in acid and alkali
solutions. The pH resolution is defined as the ratio of the
maximum standard deviation of multiple experiments over the
sensitivity of the sensors. They observed that with increasing
pH the overall resistance of the sensor decreases.’” The
proposed mechanism is direct nonfaradaic adsorption of
hydronium (H;0") and hydroxide (OH™) ions onto the
surface of graphene so that charge transfer is blocked across
the graphene/solution interface. As a result of the formation of
the electric double-layer (EDL), the inner Helmholtz layer is
dominated by adsorbed H;O"; this induces negative image
charges in the graphene, effectively acting as an n-dopant. In
contrast, if OH™ dominated the inner Helmholtz layer, positive
charges would be induced in the graphene, leading to p-
doping. The structure of the EDL can be further examined by
adding a gate electrode to modulate its thickness.*"~** In the
solution-gate field-effect transistor (SGFET), the channel
conductivity is controlled by applying a gate potential across
the dielectric (electrolyte).” With the assumption that only
direct interaction of ions with the surface causes pH sensitivity,
a negative gate voltage increases OH™ ion concentration in the
inner Helmholtz layer and results in an increased conductivity
of the channel. In contrast, a positive gate voltage causes the
accumulation of H3;0" ions and reduces the channel

12164
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conductivity. In other words, as the pH increases, the Dirac
point moves toward a more positive potential, resulting in p-
doping of graphene. In 2013, Maily-Giacchetti et al. reported a
substrate independent pH sensitivity of SGFET. Accordingly,
neither remaining residues from the graphene transfer process
nor the nature of the substrate underneath graphene could
affect the pH sensitivity (21 mV/pH).** Moreover, the
electrostatic gating effect induced by adsorption of H;O" or
OH™ ions (capacitive charging of the EDL) at the graphene
surface was found to be the main mechanism responsible for
the pH sensing.>** One common aspect among all these
studies is a focus on maintaining the graphene surface “clean”.
This means that impacts of surface abnormalities such as
functional groups on the pH sensing mechanism are either
neglected or kept aside. For that purpose, a monolayer of
organic compounds such as aryl halides can repel the water
from the surface and minimize the interfacial interactions. This
condition simulates the “ideal” graphene film where a
hydrophobic surface repels the water. Even though the role
of grain boundaries and surface defects has been debated, the
actual sensing mechanism has not been conclusively
revealed.””*7*" There has also been some discussion on the
influence of defects on other carbon-based nanomaterials such
as carbon nanotubes (CNTs).**™*' Carboxylic acid groups
have been shown to be active pH-sensitive sites on CNTs due
to their ability to be deprotonated at higher pH.** However, no
discussions on surface modulation mechanisms, other groups,
or defect density were presented. Moreover, this resulted in a
current vs pH trend that is an opposite of the previously
discussed mechanism, which has not been explained.

Here, we investigate the pH sensitivity of few-layer graphene
(FLG) through modulation of its defect density. We show that
the chemiresistive sensor response results from the balance of
two simultaneous mechanisms of the graphene—solution

https://doi.org/10.1021/acs.langmuir.1c02088
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Table 1. Solubility Information of PDs

PDs Self-Assembly Solvent
1-hydroxypyrene Acetonitrile
1-aminopyrene Ethanol
1-pyrenecarboxaldehyde Acetonitrile
1-Pyrenecarboxylic acid Ethanol

Functional groups Concentration ref
Hydroxyl (—~OH) 1.6 mM 4s
Amine (~NH,) 1.4 mM 4
Aldehyde (—CHO) 12 mM 45,48
Carboxyl (—COOH) 0.3 mM 1549

interface as well as the acid—base interactions of functional
groups. An experimental crossover point at a certain defect
density determines which of the mechanisms dominates. To
selectively examine the surface interactions, the impact of
annealing duration on the sensing performance of FLG-
chemiresistive sensors was investigated. The defect dominant
mechanism was further elucidated by controlled functionaliza-
tion of the FLG surface using pyrene derivatives (PDs)
resembling the presence of selected functional groups. We
show that pH-sensitive functional groups can act as active sites
where their protonation or deprotonation as a result of
changing pH values varies the sensor response. pH-insensitive
groups may enhance the surface hydrophilicity and either
escalate surface—solution interactions or diminish the response
due to acid—base interactions. Lastly, the dominance of either
mechanism will determine the overall pH response of a
graphene device.

2. MATERIALS AND EXPERIMENTAL DESIGN

2.1. Materials. Graphite powder (99.99%) was purchased from
Sigma-Aldrich. Precleaned frosted-end microscopic glass slides and
Parafilm “M” were purchased from VWR. 1-amino pyrene (Py-NH,),
1-hydroxy pyrene (Py—OH), 1-carboxyaldehyde pyrene (Py-CHO),
and pyrene carboxylic acid (Py-COOH) were purchased from Sigma-
Aldrich and used without further purification. Isopropanol (HPLC
grade, 99.99%) was purchased from Fisher Scientific. Ultrapure water
used for the experiments (18.2 MQ:cm) was obtained from a
Millipore Simplicity UV water purifier system. Sodium hydroxide
(99%) and hydrochloric acid (37.2%) were purchased from Caledon
Laboratories Ltd. and used to adjust the pH in the experiments.

2.2. Sensor Fabrication and Experimental Procedure. The
chemiresistive sensor design has previously been reported in ref 43
and 44. Briefly, 40 mg of graphite powder is added to 15 mL of a
mixture of H,O/IPA 1:1.45 (v/v). Then, the mixture is sonicated for
6 h in a bath sonicator (Elmasonic P60H ultrasonic cleaner, 100%
power; sweep mode) at 37 kHz and 30 °C. After this, the FLG
suspension is centrifuged at 14000 rpm (13140 X g) for S min in an
Eppendorf MiniSpin Plus microcentrifuge, and the supernatant is
separated. Then the product is again centrifuged at 14000 rpm
(13140 X g) for 15 min, keeping the sedimented flakes for sensor
fabrication.

To prepare the chemiresistive sensors, glass slides were rinsed with
acetone, water, and methanol to clean the surface from pre-existing
contaminants. Then two rectangles were drawn using a 9B pencil to
provide uniform contacts with the subsequent active layer. As-
prepared FLG is then drop-casted on the surface to form an active
layer with an average resistance of ~20 kQ. When an annealing
process was required, the FLG films were annealed in a tube furnace
(a three-heat zone Lindberg Thermodyne 21100) at S00 °C (15 °C/
min heating ramp, overnight cooling) under a flow of either N,(g) or
N,(g)/H,(g) for the required time. Later, the copper tape was
attached to both sides of the FLG film followed by masking with
prepatterned Parafilm as dielectric (Figure la). The masking of the
sensors with a dielectric (here Parafilm) is an essential part of sensor
fabrication, preventing the exposure of the copper contacts to water.
For this purpose, a piece of Parafilm was cut to the size of the glass
slide width (~2 cm X 3 cm). Then the center of the film was punched
to form a circular hole with a diameter of ~1 cm. Then samples were
preheated to 70 °C (slightly above the Parafilm’s glass transition

12165

68

temperature ~60 °C). At this point, by the gentle application of
uniform pressure, all desired areas are covered by a thin uniform layer
of parafilm (Figure la). Scanning electron microscopy (SEM) images
of the FLG network on the glass slides are show in Figure 1b,c at
different magnifications.

At the start of each experiment, the sensors were immersed into a
fresh solution of 200 ppm (3.42 mM) NaCl in DI water; they were
left overnight to establish an equilibrium at the sensor-solution
interface and minimize the impact of momentary changes on sensor
response. All experiments were done using 200 ppm of NaCl (3.42
mM) in DI water to avoid interference from changes in the ionic
strength of the solution on the FLG surface responses. The
experiments were then carried out the next day by adjusting the pH
with 0.1 M HCI and NaOH and recording the sensor responses. The
acid or base were added gradually to reach the desired pH (between 3
and 8) and the sensors were kept at each pH for 30—35 min. It should
be noted that due to the drift of the current in each step, the sensor
responses were calculated using the last 60 points of each step. Hence,
we assumed 30—40 min as the responsivity of the sensors to pH
values. The observed noise has several distinct origins. The contact
area between the chemiresistive film and the copper tape is a source of
several nA of baseline noise. Larger jumps are introduced into the data
due to electromagnetic interferences from the stirrer and mechanical
events (turbulences, variations in the meniscus) due to the agitation
of the solution. However, stirring is essential to achieve a uniform and
defined pH in the entire analyte bowl (containing a pH electrode and
multiple sensors for reproducibility).

2.3. Doping. In order to dope the surface of FLG with PDs,
sensors were dipped into saturated solutions overnight. A discussion
on surface passivation of graphene with PDs has been reported
elsewhere.”” To reach at least about 90% surface coverage by a
monolayer of PDs and to avoid the formation of dimers or trimers,
surfaces of the sensors were rinsed with a compatible solvent.**”
Table 1 shows the specific information on the PDs and corresponding
solvents used in this work.

2.4. Theoretical Calculations. Bulk density functional theory
(DFT) calculations were done using Gaussian09 software using the
Becke 3-parameter Lee—Yang—Parr (B3LYP) functional and the 6-
31G++(d,p) basis set. The pK, values were calculated using the
thermodynamic cycles as described in the literature.”” The solvation
method used for the pyrenes was the integral equation formalism
polarizable continuum model (IEFPCM) with the exception of 1-
aminopyrene, where the solvation model based on density (SMD)
was used.’’ Surface adsorption calculations were done using MOPAC
software with parametrization method 6 and hydrogen correction
(PM6-DH2). Structures were visualized using Avogadro software.

2.5. Characterization. A Renishaw inVia Raman spectrometer
was employed to characterize the samples in the range of 200—3500
cm™" with a spectral resolution of 2 cm™. A 514 nm laser was focused
through a 50X objective lens and an aperture for a spot size of about
1.5 pum. The laser power was limited to 1% to avoid sample damage.
Raman spectra for each sample were taken from two different spots
per sample and three samples per condition. The deconvolution of
Raman spectra was done using the Gaussian 7010 function with
manual baseline correction. The SEM images were taken by a JEOL
JSM7000F microscope at 20 kV. Chemiresistive sensing measure-
ments were carried out using a four-channel eDAQ EPU452 Quad
Multifunction isoPod. The channel type for chemiresistive sensing
was set to biosensor, with an applied voltage of 10 mV. A pH
electrode (purchased from eDAQ Inc.) was calibrated with pH 4 and
pH 7 calibration solutions before the experiments.

https://doi.org/10.1021/acs.langmuir.1c02088
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Figure 2. (a) Raman Spectra of sonicated FLG for 6 h, 12 h, and 18 h revealing the change in defect density level. Chemiresistive sensing
performance of sonicated samples: (b) 6 h, (c) 12 h, and (d) 18 h of sonication. (e) Calibration curves of the corresponding sensors and (f) plot of

change in sensitivity by variation of Ip/Ig.

3. RESULTS AND DISCUSSION

3.1. Relation of Surface Defect Density with pH.
Sonication is one of the most facile liquid phase exfoliation
techniques and can produce nanosized materials on a large
scale. Since the exfoliation mechanisms during the sonication
often involve chemical interaction of materials with solution,
the presence of local chemical contaminant species in the
product is unavoidable.’® Therefore, interpretation of the
surface chemistry to understand the impact of sonication
duration on both defect density and pH sensitivity of the
sensors is critical. The exfoliation of graphite to create FLG
disturbs the symmetry of the infinite lattice geometry of
graphene due to the formation of point defects, dopants,
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functional groups, and sp® hybridized regions.> So far, despite
extensive research on the surface characteristics of graphene,
their qualitative and quantitative relations with its pH
sensitivity are not well understood. Raman spectra of FLG
sonicated for 6, 12, and 18 h in an IPA/H,0O 55:45 v/v solvent
mixture are shown in Figure 2a. The G peak at 1531 cm™ is
assigned to the in-plane stretching vibrations of the sp>
hybridized lattice originating from the Raman active E,
phonon mode at the I' point of its Brillouin zone (BZ).S‘%
The D band at 1357 cm™ results from the disruption of the
infinite symmetry of the carbon atoms. This peak is often used
as a measure of defect density in graphene through vacancies,
grain boundaries, dopants, or the presence of sp® hybrid-

https://doi.org/10.1021/acs.langmuir.1c02088
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Figure 3. Sensing calibration curves and schematic representation of N,-annealed sensors (a)b) 1 h, (c,d) 4 h, and (e,f) 8 h, respectively.

izations.”*® Therefore, the ratio of I,/I5 can be employed to
predict the level of surface “soundness”.”’ ™’ As noticed in
Figure 2a, the ratio of Ip/I; rises as the sonication time
increases, indicating that the products are becoming more
defective. The sonication process leads to the formation of
surface and/or edge functionalization and the creation of local
polarities on the surface. These local sites increase the
hydrophilicity of the flakes, rendering a more stable
suspension. In the FTIR spectrum of a 6 h-sonicated sample
(Figure S1), the peaks at 1067.5 and 1007.1 cm™" (1000—1300
cm™) result from C—O stretching of alcohols and phenols.
The peak at 1312.2 cm™ (1250—1350 cm™) is due to C—O
stretching of alkoxy groups.’” The peak at 1711.9 cm™!
(1680—1720 cm™) corresponds to C=O stretching derived
from either aldehydes or ketones. Two very small peaks at
2920.6 and 3007.1 cm™" can be assigned to C—H stretching,
representing —CH, and —CH; groups of the surface,
respectively.””®" Lastly, the broad peak at 3510 cm™!
(2500—3500 cm™) can be assigned to the O—H stretching
of carboxylic acid groups.”” These results reveal that the
surface is partially covered with oxygen-based functional
groups, even after sonication for only 6 h.

The information obtained from FTIR spectra reveals the
presence of functional groups. It is important to consider how
the FLG responds to pH changes as the defect density of the
surface increases. In order to address this question, Figure 2b,c
illustrates the sensing performance of sensors made from 6, 12,
and 18 h sonicated FLG upon exposure to aqueous solutions
of various pH. The 6 h (Figure 2b), 12 h (Figure 2c), and 18 h
(Figure 2d) sonicated sensors display an upward change in
current upon a decrease in pH value and vice versa. This trend
is opposite of the published behavior for low defect monolayer
graphene® but it is in good agreement with the reported
results for COOH functionalized CNTs.*> Notably, the
sensors are responding to all pH values throughout the cycle.
The sensitivity of the sensors is found to increase with
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sonication time, confirming that the pH sensitivity is a function
of surface defect density (Figure 2e). Not only does the 18 h
sonicated sensor have a higher sensitivity, but also it shows
higher responses at each pH compared to 6 and 12 h. The
relationship of sensor sensitivity and FLG Ip/I ratio is shown
in Figure 2f. As predicted, a higher I/I ratio (higher defect
density) leads to greater sensitivity. However, this increase is
not linear and increasing the Ip/Ig ratio from 0.41 to 0.44
results in ~2.5 times higher sensitivity. In contrast, the increase
of Ip/Ig from 0.44 to 0.5 improves the sensitivity only slightly
(~1.1 times higher). This demonstrates that introducing
defects at lower defect densities will severely alter graphene’s
pH sensitivity while its impact will diminish when the Ip/Ig
ratio is already high. We found the exponential decay function
fitting to the curve as
II\
()

0.019

%/pH = 5.49 X 10”exp| — - 636

Since the calibration curve has a negative slope, an increase
in the Ip/I; ratio gives rise to a more negative sensitivity
(higher absolute value). While the exact curve shape cannot be
derived with absolute certainty from the three data points in
Figure 2f, several conclusions can be drawn: First, the Y-
intercept is —6.36, a number close to the slope of the 18 h
sonicated calibration curve, meaning the sensitivity should not
change considerably for any sonication times beyond 18 h.
Second, by solving the equation for sensitivity ~0, an Ip/Ig
ratio of 0.35 =+ 0.02 is obtained. A sensitivity value of ~0 refers
to a flat calibration curve, rendering the device useless for pH
sensing, although it may be desirable for sensing other
parameters without pH interference. The value of 0.35 is
only an approximation extrapolated from the above fit. It will
also vary with device geometry and preparation procedures. In
our case, however, it is consistent with data from molecularly

https://doi.org/10.1021/acs.langmuir.1c02088
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modified films, as discussed in the following sections.
Importantly, it divides the range of pH sensitivity parameters
into two regions: one with negative slopes and one with
positive slopes. Below Ip/Ig = 0.35, the slopes of the
calibration curves become positive while ratios above I/Ig =
0.35 result in negative slopes of the calibration curves. This
implies two separate dominant regions for the different sensing
mechanisms, although the precise value of this crossover point
varies by experimental conditions. The high range I/Ig
represents dominance of the defect-dominant sensing mech-
anism while below Ip/Ig = 0.35, the prevalent pH sensing
mechanism will be solution/surface interactions. To evaluate
this hypothesis, a series of surface annealing experiments was
designed, while measuring the sensing performance of the
Sensors.

3.2. Surface Dominant Sensing Mechanism. 3.2.7. N,-
Annealing. For the purpose of identifying the sensing
mechanisms and minimizing defect density of the surface,
separate batches of sensors were annealed either under N, or
under N,/H, (95%/5%). The former is shown to be ineffective
in surface reduction, and thermal dissociation of functional
groups occurs. However, the latter is known as an effective
method to reduce the surface.”> The sensors were initially
annealed for 1, 4, and 8 h under pure N, at 500 °C. Raman
spectra of the N,-annealed samples revealed that the average
Ip/Ig ratio drops from initially 0.46 to 0.31 upon annealing for
8 h. In fact, no substantial drop in Ip/I; ratio was observed
after 4 h annealing. Therefore, 8 h was assumed to suffice for
achieving close to the minimum I, /I ratio obtainable by N,-
annealing (SI, Figure S2). Since the furnace environment does
not contain a reducing agent, existing functional groups should
be thermally removed, meaning that thermal energy provides
the necessary dissociation energy of the groups from the
surface. Figure 3 illustrates the sensing performances of N,-
annealed sensors. As observed in Figures 3a and S3a, 1 h N,-
annealed sensors reveal higher responses at lower pH values
and low responses at high pH values. This trend is intensified
as annealing increases. This difference can be seen in the
calibration curves of the samples. A comparison of Figure S3c
with Figure 2b (the linear behavior of 6 h sonicated sample)
shows that the sensor is responding only to low pH, exhibiting
a close to exponential relationship. This behavior originates
from a transition in the sensing mechanism due to thermal
reduction (the mechanism will be discussed in the section
Defect Dominant Sensing Mechanism). A comparison of the
sensor responses for 4 h (Figures 3b and S3b) and 8 h N,-
annealed (Figures 3c and S3c) reveals that the longer
annealing duration lowers the sensitivity to higher pH values.
Notably, the reverse variation of current with pH at lower pH
can be still seen after 8 h of N,-annealing, demonstrating an
ineffective surface reduction and the presence of residual
surface defects. As mentioned, the slope of the calibration
curve is still negative between pH 3 and §S for the 8 h N,-
annealed sample but turns positive for higher pH values
(Figure 3c). This means that a higher pH leads to higher
surface conductance, exactly opposite of the previously
observed pattern. This can be reconfirmed by comparing the
Ip/Ig ratio of the 8 h N,-annealed sample (0.31) with our
predicted crossover point (0.35).

As discussed above, the existence of alcohols, ketones,
aldehydes, and carboxylic acids on the FLG surface is expected
due to sonication. The mechanism of thermal reduction of the
functional groups strongly depends on the annealing environ-
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ment. Since the N, (g) environment lacks a reducing agent, the
functional groups should be thermally removed. It has been
reported that thermal annealing at below 150 °C causes only a
3% mass loss of graphene due to small amounts of H,O (g)
being desorbed from the graphene surface. With annealing at
temperatures around 150—300 °C, however, hydroxyl groups
and minor amounts of epoxy and carbonyl groups are
removed. The thermal removal of —OH groups thus requires
a lower energy compared to other existing functional groups
and a short anneal at a temperature of around 500 °C can
effectively remove them. However, only a few of the carboxyl
groups undergo reduction since that requires temperatures at
or above 500 °C. In our case, the annealing temperature is
limited to 500 °C (due to the softening of the glass slides at
550 °C) and the annealing process requires more time. As the
N,-annealing duration increases, more —COOH groups will
leave the surface (see Figure 3d—f). The high TGA mass loss
for graphene oxide at temperatures between 500 and 1000 °C
is reported to be due to desorption of CO, (g) and H, (g)
from oxygen-containing functional groups. Therefore, carboxyl
group removal occurs through direct conversion of —COOH
to CO, (g) and H, (g). This is consistent with the pH-
response of the N,-annealed sample. The pK, of hydroxyl,
aldehyde/ketone, and carboxyl groups directly attached to
FLG are reported as 8.9, 35.2 and 3.4, respectively.*’ It means
the protonation or deprotonation of these groups occurs at pH
values around their pK,. Aldehydes and ketones do not
contribute to the pH response since their pK, fall outside the
range of 1-14.* However, —COOH groups at low pH and
—OH groups at high pH values may respond to pH variations.
For sonicated samples (Figure 2b—d) responses were observed
over the entire pH range due to contributions from all active
functional groups. The responses for annealed samples,
however, are largely attenuated at high pH values while
decreasing the pH from 4 to 3 increases the current due to the
presence of —COOH on the surface (pK, ~ 3.4). It should be
noted that all experiments were done in DI water with 200
ppm of NaCl (3.4 mM) in order to eliminate the impact of
ionic strength changes on the sensing responses. When DI
water is left to equilibrate with the atmosphere (~400 ppm of
CO,), the dissolved CO,(g) forms carbonic acid (a weak acid)
and lowers the pH down to ~5.5.°* Therefore, moving down
from pH S.5 to 3, the current increases gradually due to the
protonation of —COO~ to COOH (Figure S3a—c). Since the
protonation of =COO~ p-dopes the FLG, the concentration of
majority carriers in the chemiresistive film increases and
therefore with it the current. When going back to higher pH, a
sharp drop in current from 3 to 4 is observed followed by a
gradual decrease in current from pH 4 to S, meaning that the
surface becomes less sensitive to higher pH (Figure 3a,b). As
the pH rises, noticeable deprotonation of the —OH groups
starts to occur at around pH 8.5. Deprotonation of hydroxyl
groups will n-dope the surface and therefore, a drop in current
is expected. However, no sharp peak or response was observed
due to successful reduction of OH groups. This explains the
behavior of 8 h N,-annealed samples shown in Figure 3c:
inefficient annealing of the surface where the density of OH
groups at high pH is extremely low while carboxyl groups are
responding at low pH. In fact, both sensing mechanisms are
observed in the same graph, low pH responses due to defects
and high pH response due to changes in the EDL. Large error
bars at pH 4 of the calibration curves may be due to
nonuniformity of surface reduction.

https://doi.org/10.1021/acs.langmuir.1c02088
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3.2.2. NyH, Annealing. To ensure the effectiveness of the
annealing and reduction of the surface, samples were annealed
under 5% H, gas in N,. The Ip/I; ratio in the Raman spectra
of the samples (Figure 4a) was found to decrease with longer
annealing times, from 0.51 for not annealed to 0.17 for 8 h
annealed, confirming the successful reduction of the surface in
a more effective approach than that with N, (Figure 4b).
Higher annealing durations were also found to result in a more
uniform distribution of the I,,/I ratio in samples (lower error
bars) due to a more uniform surface. The double-resonant 2D
band of graphene is strongly sensitive to the dynamics of the
photoexcited electron—hole pairs. The presence of defects
reduces the carrier lifetime, resulting in the reduction of Lo
Since structural defects are the recombination centers of the
photogenerated carriers, a higher uniformity of I, /I signifies
that the symmetry of the graphene lattice has been restored
due to a reduction in defect density (Figure 4c). The symmetry
of the 2D peak has been reported to also be affected by
different parameters such as thickness or defects. For a “defect-
free” monolayer graphene, the 2D band will be highly
symmetrical while higher thicknesses or defect levels generate
shoulders or smaller peaks.”® Examples of deconvoluted
Raman spectra for each condition are shown in the SI, Figure
S4). The extremely low ratio of these two peak intensities
shows the improved symmetry in the 2D band (this is
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confirmed by comparison of Figure 4a with as prepared FLG
shown in Figure 1a).

Moreover, the annealing duration also will affect the
intensities of the D and D’ peaks. The D’ band originates
from intravalley one-phonon Raman processes in defective
graphene, and its intensity varies with the defect density level
of the graphene. Recent reports have revealed that upon
increase of the defect density, the Ij,/I; ratio increases initially
and then starts to decrease.”® Since the D’ sits on the shoulder
of the G peak, the data should be baseline corrected and
deconvoluted for accuracy. However, the additional depend-
ency on defect concentration (n;) makes their interpretation
more complex. A plot of Iy vs I, (In/1g vs Ip/I;) for different
time durations yields a slope of 0.27 (Figure 4d). In vastly
defective structures of graphene (resembling graphene oxide),
slopes of 13.5, 7, and 3.5 have been interpreted to indicate the
presence of sp® hybridization, vacancy defects and boundary-
like defects in graphite, respectively.”” Although our reported
number is far below these reported data points, it is in good
agreement with theoretical findings for on-site defects (Ip/Ip
=~ 1.3).”” Theses on-site defects, which include both vacancy-
like defects and hopping defects, are often caused by the
distortion of the graphene lattice due to the presence of sp*-
hybridized abnormalities. Therefore, for lower defect densities,
they often are used to demonstrate the surface defect density.

https://doi.org/10.1021/acs.langmuir.1c02088
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This indicates that the structure possesses significantly fewer in surface defect density due to both thermal removal and
sp® hybridized sites caused by oxygen-based functional groups. hydrogen-based surface reduction of functional groups. This
Considering that the N,/H,-annealing environment includes time, since the reduction of alcohols occurs in one step
H, as a reducing agent, we expect to observe a higher decrease (primary alcohol — hydrocarbon + water), it is expected that
12170 https://doi.org/10.1021/acs.langmuir.1c02088
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they will be either reduced or gradually degraded at high
temperatures.”® In contrast, the reduction of carboxyl groups
occurs in three steps of (carboxyl — aldehyde — primary
alcohol — hydrocarbon + water) and requires a higher amount
of energy to be reduced.®®” These reducing steps require the
presence of H, (or another reducing agent). Figure 5 shows
the sensing characteristics of the N,/H,-annealed sensors. The
1 h N,/H,-annealed sensor responds to all pH steps (Figure
Sa); however, the magnitude of the responses decreases at
higher pH levels (calibration curve in Figure Sb). At this
annealing time, the Ip/I; ratio was calculated to be ~0.44,
meaning that the given time is not sufficient for surface
reduction and a lot of defects still remain (Figure Sc). For the
4 h N,/H,-annealed sensor (Figure Sd,e), upon approaching
pH 3, a noticeable jump in current is observed. This could be
explained by the presence of carboxyl active sites that are being
protonated (deprotonated) upon decrease (increase) in pH.
The presence of —COOH after 4 h annealing is illustrated in
Figure 5f. The same trend was already observed in 8 h N,-
annealed samples before, shown in Figure 3c. Moreover, this
considerable response in the low pH range followed by pH-
insensitivity of the sensor at higher pH changes the common
linear calibration curves to exponential forms. Therefore,
sensitivity can no longer be assumed to be constant for
different pH values (Figure Sd). The important point is the
difference in bonding configurations of —OH and —COOH on
the graphene surface. Considering that the oxygen in —OH is
directly attached to one of the carbon atoms in graphene’s
plane, the protonation or deprotonation causes the direct
charge transfer to the surface. On the other side, even though
reduction of the —COOH may result in a resupply of —OH
during annealing, this time —OH is attached to an out-of-plane
carbon atom, preventing direct charge transfer to the surface.
In the case of 6 h N,/H,-annealing of FLG (Figure Sg), an
opposite sensing behavior was observed, an indication that
there was a change in the dominant pH sensing mechanism of
the graphene. Although the presence of the sharp jump in
current at pH 3—4 is indicative of the presence of carboxyl
groups (shown in Figure Si), the functional groups are not the
dominant sensing pathway anymore (see the corresponding
calibration curve in Figure Sh). This is further confirmed by 8
h N,/H,-annealed samples (Figure 5j) showing an identical
behavior as pH varies, resulting in a linear calibration curve
with a positive slope of 0.016 (Figure Sk). At this point, the
surface contains fewer defects so that the double layer induced
sensing mechanism dominates over the surface defect response
(Figure S1). This behavior can be explained through EDL
formation and charge screening at the film—solution interface.
In general, upon decrease of pH, the concentration of H;0",
in solution increases exponentially, also impacting the
composition of the EDL. Consequently, the inner Helmholtz
plane formed by H3O",; near the surface screens the negative
charges on the surface and n-dopes it. Therefore, current in p-
doped graphene drops upon reduction in pH level.** In
contrast, the basic solution induces the OH™g to the inner
Helmholtz plane which results in p-doping of the surface.
Figure Smyn illustrate the formation of a double layer on the
surface of graphene. At low defect densities, this mechanism is
dominant and therefore charge-transfer doping through acid—
base interactions of defects will be heavily suppressed by the
EDL-induced mechanism.

One other factor to consider is the presence of Na*,; and
in the solution. The increase in ionic strength of the

Cl

aq
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solution through the addition of salt results in a more compact
EDL due to an increase in the concentration of potential
determining ions (PDI) and floating counterions. Hence,
solution ionic strength can severely impact the surface sensing
mechanisms. We chose a moderately low concentration of
NaCl (3.42 mM) to minimize the impact of acid and base
addition (when varying the pH) on the solution ionic strength
while retaining the sensor responses. The addition of 200 ppm
of NaCl releases 3.42 mM each of Na’,; and CI",g ions.
Considering that pH 3 corresponds to 1 mM H;07,,, the ratio
of H;0%,, to Na*,_ in the bulk and presumably on the surface
is 1:3. Since the ionic radii of H;O",; and Na",, are nearly the
same, for a particular surface area, the probability of locating
H;07%,, to Na', is 1:34. It should also be noted that the
hydration spheres of the ions introduce H,O molecules as a
dielectric between the charges of the double layer and the
surface. The ratio of H;O",; to Na*,; will drop significantly at
higher pH values and therefore, increasing the ionic strength
lessens the ratio of charge doping ions to PDI. Although the
sensitivity can be maximized by minimizing the ionic strength,
the impact of solution ionic strength on sensor response
cannot be neglected.

3.3. Defect Dominant Sensing Mechanism. To explore
the role of functional groups, PDs were employed to replicate
the selective surface-functionalization of FLG. This models the
scenario that the FLG surface is largely passivated by the
anchoring of pyrene rings, exposing the functional group tails
of the molecules to the solution. Since the common functional
groups of the graphene through liquid exfoliation techniques
are carboxyl (—COOH), hydroxyl (—OH), aldehyde
(—CHO), and amine (—NH,), the PDs of Py-COOH, Py-
OH, Py-CHO, and Py-NH, were chosen. To facilitate the 7—x
stacking interactions of the pyrene rings with defect-free
regions of graphene, sensors were thermally N,/H,-annealed
for 8 h prior to functionalization. The 7— stacking of the PDs
will facilitate the charge transfer interactions of the attached
functional groups with the graphene surface.”’ Although the
absence of any steric hindrances allows observing the direct
impact of changes in PD on graphene’s conductivity, the lower
degree of delocalization may lead to higher surface
resistances.””’" The impact of the interactions with the
graphene surface on the delocalized n-electron clouds in
pyrene will result in a change in pK, of the functional groups in
the PDs compared to the free molecules. The HOMO—
LUMO gaps of PDs were calculated (Table 2) before and after

Table 2. HOMO-LUMO Energies of Py-NH,, Py-OH, and
Py-COOH Acid in Solution and Adsorbed onto an 8 X 8
Graphene Sheet

Py-NH, Py—OH Py-COOH
Bulk HOMO —5.841 eV —5.488 eV —5.955 eV
Bulk LUMO —2.092 eV —1.825 eV —2.532 eV
Surface HOMO —7.835 eV —6.485 eV —6.467 eV
Surface LUMO —4.995 eV —3.575 eV —3.608 eV

adsorption onto an 8 X 8 graphene flake, showing a decrease in
both HOMO and LUMO energies, indicative of stabilization
upon adsorption to the 8 X 8 graphene flake. These decreases
would also indicate a change in the pK, toward more neutral
conditions; in other words, the Il-aminopyrene would
experience an increase in its pK, (going from -NH;* to

NH,) and the 1-hydroxypyrene and the Py-COOH acid would

https://doi.org/10.1021/acs.langmuir.1c02088
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see a decrease in its pK, (going from —COO~ and —O~ to
—COOH and —OH).

The effect that the pH of the solution has on the adsorption
strength of the pyrene derivatives is also made apparent
through their adsorption energies and distances (Table S2).
Figure S5 shows that the Py-NH, molecule is adsorbed parallel
to the graphene fragment such that the lone pair of the
nitrogen is facing out of the plane, making it more accessible to
protonation. This is also similar to what is seen in Py—OH and
Py-COOH. When adsorption energies are looked at, a clear
trend is seen based on whether the substituent is electron
donating or withdrawing. For example, the -NH, group is
known to be electron donating, hence the z-system of 1-
aminopyrene will have significant overlap with that of
graphene. However, -NH;" is electron withdrawing, which
will reduce the amount of overlap between these orbitals. This
is reflected through the increase in adsorption energy going
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from —125.92 kcal/mol to —11.68 kcal/mol after protonation
occurs. Similarly, —OH is an electron donating group which
increases in activation strength when deprotonated, which can
be seen through the decrease in adsorption energy from
—159.55 kcal/mol to —247.81 kcal/mol. Conversely, -COOH
is an electron withdrawing group which, upon deprotonation,
becomes an electron donating group. This is also reflected in
the decrease in adsorption energy for Py-COOH after
deprotonation going from —214.13 kcal/mol to —258.50
kcal/mol. On the basis of adsorption distance, the only trend
seen is that charged species will be separated further from the
surface than neutral species.

UV—visible spectra of the pyrene molecules/FLG at
different pH help us to understand the impact of pH on
each PD (Figure 8). This resembles the presence of various
functional groups on the FLG and should be reflected in the
sensor data. Py-NH,, like other derivatives, is inherently

https://doi.org/10.1021/acs.langmuir.1c02088
Langmuir 2021, 37, 12163-12178
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aromatic (presence of the pyrenyl group) and can interact with
the sp® hybridization of graphene via 7 -7 interaction. It has
been shown that the anchoring of Py-NH, on the graphene
surface is thermodynamically highly favorable and considered
an irreversible process.”” The UV—vis spectrum of Py-NH,
shows three main absorption peaks at around 288, 353, and
390 nm (Figure 6a). Due to overlap of the 288 nm peak of Py-
NH, with a graphene absorption feature at 279 nm, the
presence of both features in Py-NH, /FLG cannot be
unambiguously resolved. The spectrum at pH 3 is distinct
from those at higher pH values, with new peaks at 338, 323,
and 309 nm arising from the presence of the protonated form
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of the molecule. This is confirmed by computational studies on
both protonated and deprotonated states of Py-NH, (Figure
S4). As observed, the peaks at ~288 and 353 nm are due to the
absorption mechanism of the -NH, sites. Upon protonation of
-NH, to -NH," by decreasing the pH to around pK, (4.19), the
intensity of the peak at 353 nm decreases due to the loss of
nonbonding orbitals while a new peak arises at 338 nm due to
singlet state absorption of -NH;". Two other new peaks, one at
309 nm and one at 323 nm also arise corresponding to the
triplet states induced by protonation of -NH,.

Figure 6b illustrates the absorption spectra of Py—OH/FLG
at different pH levels. The characteristic peaks at 285, 345,

https://doi.org/10.1021/acs.langmuir.1c02088
Langmuir 2021, 37, 12163-12178
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363, and 383 nm have already been reported for Py—OH.”
The peaks at higher energy levels originate primarily from
excitation along the long (a, a;) direction while the lower
energies are due to the excitation along the short (b, b,)
direction (see SI, Figure S6). The peak broadening at 345 nm
is a result of Py—OH deprotonation at pK, = 8.5, generating a
shoulder at 290 nm. The red-shift in peak positions of Py—OH
(shown in SI, Figure S6) compared to FLG/Py—OH is due to
the absorption of Py—OH on the FLG surface, suppressing the
7 to m* transitions of PDs. Moreover, enhancement of 7-
conjugation decreases the required energy for the transition,
resulting in a red shift.”*> The absorption edge of FLG at 285—
290 nm’*”® overlaps with the molecular peak at 279 nm
(computational) or 285 nm (experimental). Nevertheless, the
spectra confirm that in the pH range of 3 to 8, Py—OH does
not participate in any acid—base interactions. Figure 6¢
validates the same trend for Py-CHO. The positions and
widths of the peaks have remained unchanged upon increasing
the pH from 3 to 8, consistent with the calculated pK, for Py-
CHO on FLG of 40.66."

Figure 6d shows how the absorption spectra of FLG/Py-
COOH vary by changing the pH level. The peaks at 281 and
353 are known fingerprints of Py-COOH." Therefore, the
appearance of these peaks along with 7 to 7z* transitions of
FLG confirms the absorption of Py-COOH onto FLG.
Approaching a pH of ~3 and passing the pK, causes the 353
nm peak to blue-shift (red line is pH 4, and the black line is pH
3). Moreover, the disappearance and appearance of peaks at
325 and 417 nm, respectively, are the other signs of the
emergence of —COO~ with increasing pH for Py-COOH"
(Tables S3 and S4). Absorption spectra of pyrene molecules
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and FLG independently at various pH are displayed in the SI,
Figures S7 and S8, respectively.

Figure S9 displays the sensing performance of PD
functionalized sensors. The significant jump in Ip/I; ratios
of annealed samples after functionalization with PD further
confirms the successful surface passivation (see SI, Figure
$10). Annealing was done in order to enhance the direct 7—x
interactions of pyrene with defect free areas on the surface of
FLG. Therefore, the control sensor (annealed) retains a similar
characteristic as displayed in Figure Sgh. Starting with Py-
NH,/FLG (Figure 7a) and considering our calculated pK, of
4.19, the current increases when the pH value is lowered to 4
or 3 due to p-doping as a result of protonation of -NH, to
-NH;". The change in current for each pH step increases as the
pK, is approached (Figure 7a), an inverse behavior compared
to the 8 h N,/H,-annealed sensors (the I,/I ratio of NH,/
FLG of ~0.79 is higher than the crossover point of 0.35).
Lower responses of the Py-NH, sensor compared to its bare
counterpart are due to the surface density of amino groups
(one amine group per molecule), shown in Figure 7a. A sensor
fabricated by adsorption of Py-CHO onto a FLG film is
(nearly) insensitive to variations in pH (Figures S9b), giving a
maximum current change of 1% over the tested range. The
sharp jump in current at around pH 3 and 4 could be due to
some remaining carboxyl groups of the surface after annealing
(calibration curve shown in Figure 7b). While the double-
layer-induced mechanism is dominant for an 8 h N,/H,-
annealed sensor, it is not necessarily defect-free. Even though
the functional group’s responses will be suppressed below the
crossover point, adsorption of Py-CHO increases the defect
density. Thus, after exceeding the crossover ratio, defects will
be the dominant mechanism. Hence, the remaining acid

https://doi.org/10.1021/acs.langmuir.1c02088
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groups may also respond. This hypothesis was also tested with
Py-COOH. Since the starting pH of the experiment is set to
5.5 (higher than its pK,), the carboxyl groups are initially
deprotonated (—COO™). With the pH value being lowered to
3, protonation occurs so that the surface is hole-doped again,
resulting in a significant current change at pH 3 for Py-
COOH/FLG (Figure 7c, close to 41%; see also SI, Figure S9c
for raw data representation). This indicates that either the
majority of —COOH groups are effectively protonated below
the pK,, or that their density is high due to the combination of
Py-COOH and pre-existing surface defects. In summary, low
range pH sensitivity is mainly due to acid—base interactions of
amine and carboxyl groups. The high range responses are due
to —OH groups becoming deprotonated and leaving —O~
groups on the surface. Since the negatively charged polarities
will n-dope the FLG, the conductance of the film decreases.
Therefore, we can conclude that during the increase in pH, the
initial drop in conductance is caused by the deprotonation of
amine or carboxyl groups, followed by a gradual decrease in
conductivity due to deprotonation of —OH groups at around
8.5 (Figure S9d). However, since the experiment is limited to a
pH range of 3—8, the Py—OH sensor shows no response
(maximum response of 0.55% shown in Figure 7d). As
illustrated in Figure 7e, carboxyl and amine groups are
responsible for the response at low pH while hydroxyl groups
govern the response at high pH. Since the EDL is always
present at the surface even at high defect densities, it is
important to always consider the specific balance between the
two mechanisms.

The overall relationship between the pH response of FLG
and its defect density (represented by the I,/I; ratio) is
illustrated in Figure 8, accounting for both mechanisms. The
left and right regions of the graph represent dominance of the
double layer induced response and dominance of the surface
defect response, respectively. In the right region, increasing the
defect density initially leads to a higher sensitivity (negative
values, ie., negative slope of the calibration curve) until it
saturates at a specific defect density. After this point,
introducing more defects will not considerably affect the
sensitivity. With surface reduction to Ip/Ig around the
crossover point (here it is at I/Ig = 0.35), the curve enters
the region of low defect density at the left of the graph, where
the double layer induced mechanism dominates. With a
continued reduction of the Ip/I; ratio, the slope of the
calibration curves will become more positive. However, since a
defect-free (or at least very low defect) graphene surface is
hydrophobic, the sensitivity will start to drop significantly as
we approach zero. At this point, graphene repels the water
completely and no interactions can occur.”®”"® It is important
to consider how this graph is adapted through different
functionalization, fabrication processes and defect density
levels. For instance, addition of fluorobenzene on graphene
increases the Ij,/I ratio, but it enhances the hydrophobicity at
the same time, leading to extremely low pH sensitivity.’’
Another example is an increase in the quantity pH insensitive
groups such as —CHO by which both defect density level and
hydrophilicity rise.

The experimentally derived data of Ip/Ig versus pH
sensitivity for all sonicated and annealed sensors are plotted
in Figure 8 (inset). Starting at Ip/I = 0, as discussed above,
the hydrophobicity of the graphene surface is dominant and no
interactions can occur, leading to a sensitivity of zero. With the
addition of nonpolar defects such as CH;, the minimum defect
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density required to achieve zero sensitivity increases. There-
fore, zero sensitivity can be obtained even at higher Ip/Ig
ratios, as seen in the results of ref 37 that fluorobenzene-
functionalized graphene (simulated superhydrophobic gra-
phene) has the sensitivity of ~0 mV/pH. With an increase
in the defect density using polar functional groups, however,
the hydrophilicity of the graphene enhances, escalating the
graphene/solution interactions. That causes an increase in pH-
sensitivity (greater positive value) in higher Ij,/I; ratios since
the double layer induced response is dominant (up to a point
shown by the red dashed line in Figure 8). However, a further
increase in the density of pH-sensitive functional groups (such
as —COOH, —OH or NH,) enhances the surface defect
induced response, counteracting the double layer induced
response. With a continual increase of I,/I, the pH-sensitivity
decreases to a crossover point (here I/l = 0.35) where the
two sensing mechanisms balance each other out and lead to a
zero pH sensitivity of the graphene. Enhancement of defect
density beyond the crossover point at 0.35 (which is specific to
our experimental approach and will vary by condition) leads to
the dominance of surface defect induced responses (negative
slope). At this point, addition of pH-sensitive groups such
—COOH, -NH, and —OH makes the slope more negative and
pH sensitivity increases significantly. With continued increase
of the defect density, the slope becomes more negative in value
up to a point of saturation beyond which the addition of
defects no longer changes the overall sensitivity.

4. CONCLUSION

We have demonstrated that there are two competing ways in
which a graphene surface responds to changes in pH. The
mechanism that prevails depends on the nature and density of
surface functionalities (or defects). Careful consideration of
the role of surface defects can console inconsistencies in the
current literature regarding the variation of graphene surface
resistance as a function of pH. Below a certain defect density
(here Ip/Ig = 0.35) of a graphene surface in contact with an
aqueous electrolyte, it is primarily the formation of an EDL at
the graphene/solution interface that controls modulation of
the charge carrier density in the graphene. Increasing the
solution acidity causes the incorporation of positively charged
hydronium ions into the inner Helmholtz plane, screening the
negative charges on the surface. In a basic solution, the higher
density of hydroxide ions results in hole-doping of the surface.
Therefore, the current through the FLG network increases
with increasing pH. At defect densities above a certain
crossover point (here Ip/I; = 0.35), the existing defects and
functional groups at the graphene surface will start to dominate
control over the charge carrier density. Protonation and
deprotonation of pH-sensitive groups on the surface such as
carboxyl, hydroxyl, and amines will be the major sensing
pathways. In contrast, nonpolar, pH-insensitive groups
enhance the surface hydrophobicity, reducing the pH response.
Thermal annealing can be used to control the slope of the
calibration curves through the reduction of the surface defect
density. When the duration of effective thermal annealing and
successful reduction of surface is increased, the slope of the
calibration curves will shift from negative to positive.
Commercial stand-alone pH meters are most commonly
based on an ion-selective electrode in a potentiometric (2
electrode) configuration together with a reference electrode.
Potentials are measured with about 1 mV resolution at a
sensitivity of around 60 mV/pH. For a chemiresistive sensor of

https://doi.org/10.1021/acs.langmuir.1c02088
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our design to have an equivalent resolution (given a maximum
sensitivity of 6%/pH from Figure 2f at a current of around 500
nA, ie, 30 nA/pH), it would require the current measurement
to be accurate to 0.5 nA. While not impossible, this is a lot
more difficult to accomplish under field conditions than a
voltage measurement to 1 mV. Changes in the geometry of the
sensing element can bring improvements, but ultimately, this
work does not aim to introduce a new generation of stand-
alone pH meters; it rather aims to provide helpful insights into
the surface science of graphene-based devices in contact with
aqueous media, such as pH, water quality, or biological sensors.
While the pH response of a dedicated pH sensor (or a pH-
sensitive smart material) should be maximized, in many
applications, it is undesirable for the device performance to be
a function of pH. This means that pH sensitivity can be easily
adjusted (increased or decreased) compared to previously
reported graphene-based sensors only by controlling the defect
densities. We have addressed inconsistencies among literature
reports of pH sensing behavior of graphene devices by
quantifying the role of defects in balancing countervailing
response mechanisms.
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Figure S1. FTIR spectrum of 6h sonicated FLG that shows the presence of various oxygen-
based functional groups on the surface/edge.
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Table S1. Summary of information derived from deconvoluted Raman spectra.

Sample In/l In/Ip Lp/Ig In/Ig
Blank I 0.472976 2.049198 0.468519 0.23081
Blank 2 0.538445 1.519692 0.543327 0.354312
Blank 3 0.464551 2.080593 0.452524 0.223278
1h -1 0.381523 1.571434 0.52833 0.242786
1h-2 0.483109 1.984856 0.579115 0.243397
1h-3 0.370634 1.599196 0.400373 0.231763
4h-1 0.369217 1.44975 0.564955 0.254677
4h-3 0.37334 1.610875 0.505417 0.231762
4h-3 0.321505 1.574865 0.487186 0.204148
6h-1 0.270297 1.29791 0.542303 0.228255
6h-2 0.265671 1.355196 0.553105 0.196039
6h-3 0.253309 1.253483 0.561226 0.242084
8h-1 0.185154 1.213113 0.527567 0.193843
8h-2 0.151412 1.227409 0.527294 0.174687
8h-3 0.17972 1.328697 0.543947 0.19547
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Figure S5. Visual depiction of 1-aminopyrene adsorbed onto an 8x8 graphene flake. Visualized
using Avogadro.

Table S2. Adsorption energies and distances of Py- NHz , Py-OH, and Py-COOH in both
protonated and deprotonated forms.

Molecule Adsorption energy (kcal/mol) Adsorption distance (A)
Py-NH3" -11.68 3.98
Py-NH, -125.92 3.44
Py-OH -159.55 343
Py-O" 24781 391
Py-COOH -214.13 3.39
Py-COO -258.50 4.01
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a

Figure S6. Schematic illustration of directional excitation in pyrene molecules
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Table S3. Calculated UV/vis peak positions (oscillator strength in brackets).

Py-NH;" Py-NH, Py-OH Py-O Py-COOH Py-COO"
352.46 nm 347.92 nm 360.32 nm 420.74 nm 387.78 nm 367.5 nm
(0.3864) (0.4129) (0.3931) (0.4027) (0.49) (0.3828)
334.01 nm 335.77 nm 340.74 nm 386.91 nm 346.47 nm 339.86 nm
(0.0043) (0.0052) (0.0386) (0.0307) (0.0367) (0.0016)
287.11 nm 292.48 nm 303.2 nm 350.64 nm 304.76 nm 318.84 nm
(0.071) (0.0002) (0.0083) (0.0898) (0.013) (0.0759)
277.35 nm 276.96 nm 278.9 nm 306.55 nm 287.09 nm 302.97 nm
(0.0358) (0.3802) (0.3201) (0.0001) (0.2727) (0.0317)
274.25 nm 269.48 nm 268.07 nm 304.49 nm 279.68 nm 297.12 nm
(0.2815) (0.0011) (0.0005) (0.0031) (0.0549) (0.0026)
257.48 nm 258.81 nm 265.95 nm 289.49 nm 266.65 nm 285.16 nm
(0.0017) (0.0012) (0.0119) (0.1059) (0.0078) (0.035)
249.64 nm 252.26 nm 256.17 nm 278.04 nm 248.72 nm 280.4 nm
(0.0005) (0.0006) (0.017) (0.0005) (0.2734) (0.2162)
240 nm 244.6 nm 253.41 nm 277.33 nm 241.85 nm 269.93 nm
(0.1629) (0.0013) (0.0004) (0.1289) (0.001) (0.0003)
236.14 nm 241.49 nm 246.51 nm 272.07 nm 241.03 nm 264.67 nm
(0.8439) (0.0306) (0.0009) (0.0012) (0.111) (0.0823)
230.84 nm 238.92 nm 240.15 nm - 237.18 nm 260.92 nm
(0.0001) (0.0005) (0.0386) (0.3303) (0.0107)
225.13 nm 238.47 nm 239.57 nm - 230.94 nm 259.83 nm
(0.0019) (0.9869) (0.7288) (0.0454) (0.0142)
- - 233.57 nm - - 252.81 nm
(0.1998) (0.0984)
Table S4. Calculated UV/vis triplet state positions.
Py-NH;" Py-NH, Py-OH Py-O° Py-COOH Py-COO"
589.58 nm 586.08 nm 600.97 nm 655.57 nm 635.01 nm 598.77 nm
364.17 nm 369.14 nm 386.72 nm 463.25 nm 395.56 nm 373.27 nm
353.14 nm 352.67 nm 359.82 nm 409.15 nm 363.34 nm 359.28 nm
348.62 nm 345.46 nm 345.13 nm 371.52 nm 361.09 nm 355.11 nm
321.89 nm 323.17 nm 326.46 nm 339.15 nm 335.89 nm 341.97 nm
317.96 nm 320.61 nm 317.58 nm 335.51 nm 318.61 nm 322.58 nm
286.89 nm 285.77 nm 288.03 nm 333.06 nm 303.36 nm 315.75 nm
264.65 nm 273.6 nm 270.12 nm 310.26 nm 297.72 nm 313.38 nm
263.1 nm 266.47 nm 269.08 nm 306.78 nm 283.12 nm 299.33 nm
259.93 nm 265.27 nm 265.77 nm 304.52 nm 270.29 nm 288.78 nm
255.44 nm 261.38 nm 262.53 nm 297.37 nm 267.41 nm 275.51 nm
253.72 nm 259.65 nm 259.39 nm 293.03 nm 265.44 nm 268.33 nm
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Figure S7. Absorption spectra of pyrene derivatives in pH 3-8
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Figure S8. Absorption spectra of FLG in pH range of 3 to 8
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Chapter 4 Defect Density-Dependent pH Response of Graphene Derivatives:
Towards the Development of pH-Sensitive Graphene Oxide Devices

This chapter demonstrates that a highly pH-sensitive platform could be fabricated by adjusting
graphene derivatives' type and defect density. From monolayer graphene to graphene oxides,
various graphene derivatives were tested against pH, demonstrating a significant pH response
upon the fabrication of graphene oxide-based sensors. Then, the surface functionalization was
done using various concentrations of pyrene derivatives containing the pH-sensitive graphene
groups, meaning carboxyl, amine, and hydroxyl, to explore the dominant role of defects. It was
also shown that the graphene sensitivity could be numerically correlated to the density of each
group. Later, it was found that deposition and post-treatment of graphene oxide could enhance
their stability against water, leading to the development of highly pH-sensitive graphene oxide
substrates.

Reprinted with permission from Nanomaterials, 2022, 12(11), 1801, Shayan Angizi, Xianxuan
Huang, Lea Hong, Md Ali Akbar, P. Ravi Selvaganapathy, and Peter Kruse. DOI:

10.3390/nan012111801© 2022 MDPI
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Abstract: In this study, we demonstrate that a highly pH-sensitive substrate could be fabricated by
controlling the type and defect density of graphene derivatives. Nanomaterials from single-layer
graphene resembling a defect-free structure to few-layer graphene and graphene oxide with high
defect density were used to demonstrate the pH-sensing mechanisms of graphene. We show the
presence of three competing mechanisms of pH sensitivity, including the availability of functional
groups, the electrochemical double layer, and the ion trapping that determines the overall pH
response. The graphene surface was selectively functionalized with hydroxyl, amine, and carboxyl
groups to understand the role and density of the graphene pH-sensitive functional groups. Later, we
establish the development of highly pH-sensitive graphene oxide by controlling its defect density.
This research opens a new avenue for integrating micro-nano-sized pH sensors based on graphene
derivatives into next-generation sensing platforms.

Keywords: pH; graphene; graphene oxide; defect; surface functionalization

1. Introduction

The pH measurement in an aqueous solution is a universal need and is widely uti-
lized in various applications, from biology [1] to wastewater treatment [2]. The standard
techniques for pH detections are often based on electrochemistry (potentiometry) using a
porous glass electrode [3,4]. Later, the development of ion-selective membranes introduced
a new category of sensing devices, such as field-effect transistors [5,6]. The ion-selective
membranes transfer the charge to a conductive active layer under varying gate poten-
tials [7]. Other pH detection methods, including conductometric [8,9] and optical [10,11],
operate based on the pH sensitivity of an indicator dye, where adding an organic redox-
active indicator is essential. Nevertheless, commercial pH measurements have a number
of drawbacks. The porous glass electrodes require high maintenance and are prone to
performance loss at low ionic strength or high temperature [12]. The ion-selective mem-
branes are subject to degradation and loss of sensitivity over long-term operation [13,14].
The optical measurements require the introduction of undesirable chemical species in the
reaction solution [15,16]. Therefore, developing reagent-free pH-sensitive platforms has
remained a relevant topic.

Since the first successful isolation of monolayer graphene from graphite [17], there
has been an increasing trend towards integrating these atomically thin structures into
many sensing applications, including pH detection units. This broad range of graphene
sensing applications is mainly due to three of its characteristics: superior conductivity,

Nanomaterials 2022, 12, 1801. https:/ /doi.org/10.3390 /nano12111801
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high specific surface area, and modulable surface chemistry [18-20]. Single-layer graphene
(SLG) consists of an sp?-hybridized covalently bonded carbon network, while vertically
stacked consecutive layers of graphene are held together by van der Waals forces [21].
Since the electronic properties of graphene greatly depend on the presence of delocalized
7 electrons, any minor disruption of the surface infinite symmetry causes changes in its
electrical properties [22,23]. Therefore, defects involving sp® carbon atoms or in-plane
lattice asymmetries play a vital role in determining graphene’s ultimate electrical and
chemical properties [24]. Accordingly, the defect engineering of graphene can lead to
the generation of other graphene derivatives, such as graphene oxide (GO) and reduced
graphene oxide (r-GO).

The sensing performance of graphene derivatives in contact with an aqueous environ-
ment is profoundly reliant on the electrolyte parameters, including pH, oxidation-reduction
potential, ionic strength, dissolved oxygen, and temperature [25]. Therefore, the concept
of pH sensors based on graphene derivatives can be fully developed only if the aqueous
electrolyte’s impact on graphene is entirely investigated. Moreover, the pH-sensing mecha-
nism of graphene has been shown to be defect-dependent [26], but there is still no clarity
on the role of defects in the pH response of graphene devices.

This lack of understanding originates because “ideal” defect-free graphene tends to
be hydrophobic [23], making it challenging to elucidate the structure of the aqueous solu-
tion/graphene interface [27]. However, oxygen-based impurities enhance the surface local
charges and decrease the liquid/surface contact angle [28-30]. Therefore, the defectivity
level, type of defects, and their configurations (edge or plane) on graphene play a vital
role in the graphene-solution interface. Despite a few studies exploring the possibility
of developing a pH-sensing platform based on graphene derivatives [28,31-35], there is
still a gap in understanding their response to pH at high defect levels. Thus far, there
exist only a few reports on the application of GO in pH sensing, primarily due to three
main limiting factors in the development of such devices: (i) the water dispersibility of
the GO due to its hydrophilic nature and high negative zeta potential [36], (ii) its low
surface conductance and semiconductive nature, (iii) the lack of understanding of the pH
detection mechanisms of GO [37]. In 2020, potentiometric and chemiresistive measure-
ments of hydrothermally reduced GO revealed potential sensitivities of 66 mV/pH (pH
2-12) and 44 mV/pH (pH 4-7), respectively. Accordingly, the reported working range
of the chemiresistor was limited to acidic pH, and the higher pH sensitivities required a
three-electrode design [38,39]. Although the presence of oxygen functional groups was
shown to be responsible for such detection, no explanation for the limited linear range
and mechanism has been proposed. In a different study, a sensitivity of 51 mV/pH was
obtained for a pH of 2-10 using potentiometry [40] and FETs [41]. The authors successfully
demonstrated the reversibility of the charge transfer on the GO surface upon exposure to
pH. While the nature of the response has remained unknown, this study has pushed the
boundaries toward mono- and diprotic acid potentiometric titration units based on GO.

Herein, we demonstrate the possibility of developing a pH-sensing platform based on
various graphene derivatives, including single-layer graphene (SLG), few-layer graphene
(FLG), and GO, focusing on the mechanisms by which each of these structures responds
to pH. Furthermore, we examine the defect density-dependent pH response of graphene
by varying the -COOH, -OH, and -NH; concentrations. The results fill the existing gap in
understanding the GO pH detection mechanism and creates foundations for developing
reagent-free GO pH chemiresistive sensors with a high sensitivity and reproducibility. The
results of this study open up a new window into the development of graphene derivative-
based pH sensing devices.

2. Materials and Methods
2.1. Single-Layer Graphene Transfer Process

The SLG coated with PMMA was purchased from Graphenea Inc. To fabricate the
sensor, the PMMA /SLG/Cu samples were cut into 1 cm x 1 cm squares and then placed
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Cléaning and patterning FLG is airbrushed

into 200 mL 0.1 M Ammonium persulfate (APS, purchased from VWR) to etch off the
copper film. After about 30 min, the PMMA /SLG samples were transferred to 500 mL DI
water to rinse off the remaining APS and transferred on a glass slide (VWR). The samples
were first heated to 100 °C for 30 min and then annealed for 2 h at 600 °C under N, using
a three-heat zone tube furnace (Lindberg Thermodyne 21100). The samples were then
immersed in acetone overnight (16 h) to remove the PMMA. The annealing step is essential
to achieve minimum PMMA residue on graphene.

2.2. Synthesis of FLG and Sensor Fabrication

Synthesis: The synthesis process of FLG has already been reported elsewhere [42].
Briefly, 40 mg of graphite powder (Alfa Aesar, Haverhill, MA, USA, 99.99%) is mixed with
4.5 mL and 10.5 mL of IPA and DI water, respectively. The mixture is then sonicated for
6 h using an Elmasonic P60H ultrasonic cleaner, 100% power; sweep mode at 37 kHz.
Then, the products are centrifuged (Eppendorf MiniSpin Plus microcentrifuge) for 5 min at
14,000 rpm (13,149 x g). Afterward, the supernatant products are collected and centrifuged
again for 15 min at the same speed. Lastly, the precipitated products are ordered and used
for sensor fabrication.

Sensor fabrication: The frosted sides of the glass slides (VWR VistaVision) were
initially rinsed with methanol (Fisher Scientific Canada, HPLC) and patterned by two
parallel rectangles drawn by a 9B pencil (Figure 1a). Then, the FLG suspension was
airbrushed (e NEO-Iwata CN Gravity Feed Dual Action Brush #N4500) using a nitrogen
gas directly on the surface, preheated to 150 °C, until the resistance was measured in the
range of 5-10 k() (Figure 1b). The copper tape was attached as sensor contacts to the
pencil-drawn rectangle/airbrushed sample. To avoid direct exposure of copper tape to
aqueous solutions, the contacts were covered by parafilm (Parafilm “M”, VWR). Increasing
the temperature to 70 °C (above the melting point of parafilm) leads to a more uniform
coverage (Figure 1c). An SEM image of an FLG film deposited for a sensor and the I-V
curve characteristics of a typical device are shown in Figure 1d,e, respectively.

The contacts and
dielectrics are applied

P

200

°
Current (uA)

Figure 1. Sensor fabrication steps: (a) Cleaning and prepatterning with pencil-drawn contacts,
(b) airbrushing FLG, and (c) attachment of Cu tape and dielectrics. (d) SEM image of the FLG
airbrushed on the surface, (e) the I-V curve of the fabricated chemiresistive sensor indicating the
ohmic device (sensor resistance was ~10 k() ).

Annealing: The airbrushed samples were placed into a furnace under the flow of
N3 /Hj (95%/5%) and heated to 500 °C and 350 °C for FLG and GO, respectively. A temper-
ature of 350 °C has been shown as a safe temperature to anneal GO without considerable
thermal decompositions or mass loss [43]. The samples are left to cool down gradually
overnight in an N, atmosphere.
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Pyrene derivatives functionalization: Pyrene carboxylic acid (Py-COOH), 1-amino
Pyrene (Py-NH>), and 1-hydroxypyrene (Py-OH) were purchased from Sigma Aldrich and
used without further purification. To dope the samples, the fabricated sensors were placed
into solutions of the respective pyrene in acetonitrile overnight (~16 h). At the end, the
functionalized sensors were rinsed with pure acetonitrile to remove any excess pyrene.

pH measurement experiment: In preparation for the experiments, the devices were
initially placed into a 3.42 mM NaCl solution and left overnight to equilibrate with the
environment. An initial ionic conductivity above 0.33 mS/cm (equivalent to 3.42 mM NaCl)
minimizes possible interferences due to changes in ionic strength when adjusting pH using
NaOH (99%-Caledon Laboratories Ltd., ACS reagent) or HCl (37.2%-Caledon Laboratories
Ltd., Ahmedabad, india. ACS reagent). The pH of the solution was adjusted by drop-wise
addition of NaOH (0.1 M) or HCI (0.1 M) into the system until the desired pH (pH 3 to 9)
was achieved. The devices were kept at each pH for 30 min while the current was recorded
at intervals of 1 data point every two seconds. The last 60 data points (two minutes) from
each step were used for further analysis.

2.3. GO Preparation and SENSOR fabrication

The GO powder was purchased from Zentek Ltd (Canada). Initially, 40 mg of GO was
dispersed in 15 mL of ultrapure water and sonicated for 1h. The products were airbrushed
on a preheated substrate to 200 °C. If annealing was required, the samples were placed at
350 °C for 24 h under Ny /H; (95%/5%) reducing environment. Then, the copper tapes were
attached and subsequently covered by parafilm as dielectric (as discussed in Section 2.2).

2.4. Characterization

A Renishaw inVia Raman spectrometer was used to characterize the defect level of the
graphene film. A Renishaw 633 nm HeNe laser with 17 mW power output was focused
through the 50 x objective lens with a spot size of about 1.5 um. The laser power used for
few-layer graphene analysis was 50% to minimize the noise and 5% power for graphene
oxide to avoid film damage. The range of the Raman region was from 500 to 3500 cm "
with a spectral resolution of 2 cm ™. Spectra were recorded in at least two different spots
for each sample to ensure reproducibility.

The XPS analyses were carried out with a Kratos AXIS Supra X-ray photoelectron
spectrometer using a monochromatic Al K(alpha) source (15 mA, 15 kV). A charge neutral-
izer was used on all specimens. Survey scans were collected from an area of 300 x 700 pm?
using a pass energy of 160 eV. High-resolution scans used a pass energy of 20 eV. All spectra
were charge corrected to the mainline of C 1s (graphitic carbon, 284.5 eV). Spectra were
analyzed using CasaXPS software (version 2.3.14).

3. Results and Discussions
3.1. pH Response of Bare Graphene

The response of bare graphene to pH was chosen as a starting point for understanding
the impact of surface defectivity. Considering that most liquid-phase exfoliation methods
to produce graphene derivatives, including ultrasonication, generate a high degree of
defectivity (oxygen content between 10-15%), a defect-free (1-2%) CVD-grown SLG was
used as a reference sample to obtain an insight into the response of pure graphene to
pH. The SLG’s low defectivity was confirmed by the XPS results, as shown in Figure 2.
According to the high-resolution O 1s spectra, shown in Figure 2a, the peak at 533 eV is
associated with the oxygen doubly bound to C, while the peak at 534.19 eV corresponds to
oxygen in the SiO, substrate. The nature of oxygen—carbon bonds can be further analyzed
using C 1s high-resolution spectra, as shown in Figure 2b. As seen, C-OH/C-O-C, and C=0
peaks located at 286.50 and 287.90 eV are the dominant oxygen-based functional groups.
The C=O0 is often interpreted as a result of graphene’s ketone, aldehyde, and carboxyl
groups [44]. The presence of C-OH indicates the formation of a primary or secondary
alcohol and carboxyl groups, and the C-O-C implies the appearance of ether and epoxy
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sites on the surface [45]. These results confirm that oxygen-based functional groups are
inevitably formed on graphene during the synthesis or transfer process. In this case, the
acetone treatment to eliminate the PMMA and subsequent multiple rounds of bathing
in DI water could cause this oxidation. Moreover, the possibility of oxygen-containing
contaminants (e.g., carboxylic acids, alcohols, aldehydes, etc.) from the environment cannot
be neglected. Nevertheless, the O/C atomic ratio of the transferred SLG is calculated at
~0.05, at the lower end of defect density. The atomic percentage of oxygen and carbon in
SLG can be found in the XPS survey spectrum shown in Figure Sla.
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Figure 2. XPS high-resolution spectra of (a) O 1s and (b) C 1s of SLG, (c) pH response of SLG
between pH 5.5-8 (the inset shows the corresponding calibration curve) with I, = 1524 nA, and
(d) schematics illustration of the formation of EDL on graphene in acidic solution and its electrostatic
gating charging.

The pH response of an SLG chemiresistive device is shown in Figure 2c. The starting
pH (5.5) was determined by an equilibrium of the aqueous solution with ambient air,
established overnight. Due to the partition of CO, from the ambient air into water, the
pH of deionized water gradually equilibrates to 5.6, assuming 400 ppm of CO; in the
air. According to Figure 2c, the current through the SLG is observed to decrease when
the pH is reduced to 3, and conversely increased when the pH was raised. The low pH
response can be explained by the electrostatic gating effect of H3O"4q, which n-dopes
the surface. Since the holes are the majority carrier in graphene due to the presence of
electron-withdrawing oxygen atoms, n-doping the surface reduces the charge carriers in
the chemiresistor and makes it more resistive. In contrast, electrostatic p-doping of OH ™54
ions accumulated in the Stern layer increases the current at a high pH [26]. The schematic
illustrations of the formation of the electrochemical double layer (EDL) in acidic solutions
are shown in Figure 2d. It should be noted that the charge transfers through the formation
of the EDL by H30* and OH™ are considered fully nonfaradaic. Therefore, the charges are
electrostatically gated to the graphene surface. This mechanism is well-defined for SLG and
is often deemed the typical graphene response to pH. This phenomenon has been studied
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in other devices such as FETs [46,47] or Schottky diodes [25], demonstrating the decrease
(increase) in Fermi energy upon exposure to a high (low) pH. However, the Fermi energy of
SLG is prone to cross the Dirac point upon severe electrostatic doping [48,49]; therefore, it
may not be a reliable system to further investigate the role of EDL and defects. Accordingly,
the following parts of this research deploy FLG-based chemiresistive devices to explore the
role of defects in pH sensitivity.

The transition from SLG to FLG requires a careful surface analysis, considering that a
higher number of surface defects and functional groups are formed during the liquid-phase
exfoliation method. The XPS survey spectrum of the synthesized FLG (Figure S1b) shows
13.9 at% of O and 79.5 at% of C. The O 1s high-resolution spectra (Figure 3a) show a peak
at 532.4 eV attributed to trapped water and organic oxygen groups. The larger area of
the peaks at 289.0 eV (O-C=0), 287.0 eV (C = O), and 286.5 eV (C-OH, C-O-C) in the C
1s high-resolution spectrum of the FLG compared to the SLG (Figure 3b) exhibit a higher
oxygen content in the FLG lattice. Accordingly, the O/C ratio was calculated to be 0.24
by considering the areas of the C=C (284.5 eV) and O 1s (532.4 eV) features in the high-
resolution spectra multiplied by their corresponding atomic percentages derived from the
survey spectra. A summary of the oxygen-based functional groups in the SLG and FLG can
be found in Table 1, demonstrating the greater defectivity of the FLG compared to SLG.
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Figure 3. XPS high-resolution spectra of (a) O 1s and (b) C 1s of FLG, (c) pH response of FLG to pH
5.5-9 (I, = 1788 nA), (d) Raman of FLG deconvoluted to the main graphene characteristics of D, G,
D’, and 2D (inset shows the deconvoluted Raman spectrum of SLG), and (e) schematic illustration of
defect-induced pH response of FLG through protonation/deprotonation of carboxyl, hydroxyl, and
amine groups.
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Table 1. Summary of the oxygen-containing groups obtained from XPS spectra of SLG and FLG.

SLG FLG
Ratio to Ratio to
0, 0/ * 0, 0/ *
Area % at% C=C at% Area % at% C=C at%
C=0 0.3 0.1119 0.003074 2.8 222 0.05
0-C=0 0.2 0.0746 0.002049 3.4 2.70 0.061
C'?;IO/ O 13 0.4849 0.01332 11.9 9.46 0.214

* Atomic percentage is obtained by Area x total atomic percentage.

To explore the impact of the enhanced defectivity on the pH response, the chemire-
sistive response of the FLG is shown in Figure 3c. As seen, the current response to the
variation in pH is entirely reversed compared to the SLG (Figure 2c), indicating that the
dominant pH response mechanism is different. This means that decreasing the pH reduces
the current, while increasing the pH toward the basic solution increases n-doping. We
have recently shown that the defect-induced pH response of graphene originates from the
protonation/deprotonation of carboxyl and amine at a low pH and hydroxyl groups at a
high pH [26]. For example, in carboxyl groups, upon decreasing the pH to 3 (below the
pKa =3.1), the —COO™ is protonated to -COOH, and the surface becomes p-doped. The
same concept can be applied to the protonation of -NH; to -NH;3;" and the protonation
of -O~ to -OH at a pH around 3.7 and 8.2, respectively. Since this charge is transferred
directly to the surface, the protonation causes p-doping, while deprotonation results in
n-doping, giving an exact opposite behavior to the EDL-induced response. Apart from the
defect-induced response, H3O" ions have also been shown to enter the gaps between FLG
flakes at a low pH. This proton injection in FLG can be confirmed by the blue shift of the
2D peak in the Raman spectra of FLG after the pH exposure (Figure S2). This result could
be explained by the Faradaic charge transfer upon proton injection and p-doping of the
graphene by lowering its Fermi energy [32,50]. This phenomenon becomes dominant when
a porous structure is present [51] (e.g., porous graphitic electrodes in supercapacitors) [50].
Therefore, it is expected to observe a rise in conductance at low pH where H3O™ is present,
mainly close to the surface. Accordingly, the main 2D peak of the FLG spectra (shown in
Figure S2) shifts due to the lattice parameter modification by the stiffening/softening of the
phonons—charge carrier interactions [52].

The defectivity level can also be estimated by Raman spectroscopy. The FLG (Figure 3d)
and SLG (Figure 3d-inset) both exhibit the three main Raman characteristics of graphene,
namely D, G, and 2D bands [53]. The D band stands for the presence of sp3-hybridized
environments, generated mainly by defects. The G band, however, represents the sp?
hybridization of the graphene lattice. Thus, the ratio of intensity (or area) of D to G
qualitatively characterizes the defectivity level of the structure. Accordingly, the Ip/Ig
of the SLG is calculated at 0.11, while the FLG shows 0.43, supporting the XPS results.
These values can also be well-fitted to previously published reports that low defect density
graphene (less than a cross-over point of Ip /Ig~0.35) demonstrates positive pH sensitivity
(Figure 2¢, inset), while the higher Ip /I ratio results in inverted pH sensitivity. It should be
mentioned that the positive and negative sensitivities are defined relative to the variation of
the current with the pH. This cross-over is where the graphene will become pH insensitive.
The schematic illustration of such a protonation/deprotonation mechanism can be seen in
Figure 3e.

3.2. Selective Functionalization of Graphene

Knowing that the type and density of the defects in graphene derivatives determine
their pH response, the development of a pH-sensitive device can be achieved by selec-
tive functionalization. For this purpose, noncovalently attached pyrene derivatives with
various pH-sensitive functional groups were employed as a model system to resemble
the graphene surface terminated with pH-sensitive groups [26]. The charge transfer upon
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protonation/deprotonation of the functional groups is directly transduced to the FLG [46]
via the interactions of the 7-electron system of the pyrene ring with the FLG surface [54].
The maximum concentration of each pyrene derivative was chosen to give more than 90%
surface coverage [55]. Moreover, the low pyrene solubility in water aids in the stability
of the functionalization. However, to minimize the impact of the pre-existing defects of
the FLG on pyrene functionalization, it is necessary to anneal the FLG samples under
a reducing environment to eliminate the functionalities. The Raman spectra of the FLG
before (Figure 3d) and after (Figure S3) annealing demonstrate the effective surface defect
reduction, decreasing the Ip/Ig from 0.43 to 0.2. This surface defect reduction can be
further confirmed by the pH response of the annealed samples (Figure S4). It is observed
that the pH—current relationship is inverted compared to the bare (unannealed) FLG, rather
more like the SLG (see Figure S5 for the calibration curve). This phenomenon demonstrates
that the FLG has been annealed to a low defect state where the EDL response is dominant.
Figure 4 displays how the variation of carboxyl group concentration on graphene
affects the pH response of a chemiresistive device. The sample exposed to 0.3 M Py-
COOH (Figure 4a) demonstrates a selective response to the pH of around 3, giving a
current change of ~55% (—21.58%/pH). This response is considered significant compared
to the other graphene devices, where the maximum response barely exceeds 20% (see
Figures 2c and 3c). The low pH sensitivity of the device at a high pH could be due to two
simultaneous factors: (i) the annealing before pyrene functionalization has successfully
eliminated the responsive functional groups, or (ii) the pyrene molecules have passivated
the existing groups and defects. Notably, the pH sensitivity of the device to a pH range of
3—4 decreases upon reduction of the pyrene concentration to 0.15 mM (—12.31%/pH) and
0.1 mM (—2.11%/pH), as shown in Figure 4b,c, respectively. With doping concentrations
around 0.05 mM (Figure 4d), a pH-insensitive platform (—0.2%/pH, Figure 4e, inset) is
obtained, indicating the response due to carboxyl groups is balanced out by the response
due to electrostatic gating by the EDL. The calibration curves representing the pH sensi-
tivities are shown in Figure 4e. Although it is not easy to accurately measure the defect
density of the -COOH group added to the surface, an estimate can be arrived at by making
two assumptions: (i) the FLG film is flat with minimum surface roughness; (ii) a monolayer
of molecules forms during functionalization. The last assumption has already been vali-
dated experimentally and can be considered realistic based on the selected concentrations
in Table S1 [55]. Using these assumptions, and considering that each Py-COOH carries one
carboxyl group, the approximate surface density of -COOH defects can be estimated:

Surface density = SCre_

Pyrene

where SCpg,; is the relative surface coverage of pyrene derivatives obtained from the liter-
ature [54,55], as shown in Table S1, and Apyyen, is the area occupied by a single molecule
of the respective pyrene derivative. The plot of the maximum pH response of the FLG
as a function of the carboxyl group is shown in Figure 5a. Notably, the linear trend is
not observed, and a carboxyl group density ~5.36 x 10'3 cm~2 is estimated to be where
the EDL becomes dominant. The nonlinear dependence of the maximum response to the
carboxyl group surface density confirms that the pH response is not exclusively determined
by the functional group mechanism. It should also be noted that any sensing data above
the maximum concentration of Py-COOH (0.3 mM) may not be valid due to exposure of
the FLG to a concentrated solution that may contain dimers or stacked molecules, leading
to an invalidation of the above-noted assumption that only a monolayer of molecules is
formed [53,54]. The detailed information of the data shown in Figures 4e and 5 have been
provided in Tables S2 and S3, respectively.
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Figure 4. Sensing performance of 8 h annealed FLG functionalized by (a) 0.3 mM (I, = 1274 nA),
(b) 0.15 mM (I, = 1980 nA), (c) 0.1 mM (I, = 2052 nA), and (d) 0.05 mM (I, = 1812 nA) of Py-COOH;
(e) the calibration bar graph of the sensors demonstrating the highest pH response at around -COOH
pKa (3.1). The error bars represent average + standard deviation of the last two minutes of the
chemiresistive response (3 samples each).

Similar results can be obtained by using Py-NH,, resembling amine groups of the
FLG (see Figure 5b). The current increase at a pH of around 3—4 can be interpreted as the
protonation of -NH, to -NH3* and the p-doping of the surface. Remarkably, the highest
concentration of Py-NH; (1.4 mM) does not lead to the maximum pH response of the
surface (Figure 6a—d); this occurs at concentrations of around 0.7 mM, giving a maximum
pH response of 6.8% (Figure 6e). Moreover, Figures 5b and 6e both reveal two phenomena:
(i) 0.1 mM Py-NH,, equivalent to a surface density of ~ 5.35 x 10'3 em~2 for -NH, groups,
is not sufficient to overcome the EDL response of the surface, so that a maximum negative
response of ~ —4.5% is obtained; (ii) at 0.35 mM (equivalent to 1.5 x 10' cm~2), a response
of the device to both pH 3 and 4 is considerable, demonstrating that the lower surface
coverage of Py-NH; may expose the leftover carboxyl group from the annealing process. It
should be noted that the maximum response to pH drops from 3.1% to 2.7%, corresponding
to 1.4 mM and 0.7 mM, respectively. Therefore, as expected, lower Py-NH; exposure leads
to a lower response to a pH of 3. However, this trend is violated below 0.7 mM, equivalent
to the surface density of 2.68 x 10 cm~2. One possible mechanism for the lower pH
response of the high amine concentration could be an amide formation reaction between
-NH, and -COOH of the surface. Upon these reactions, C in R-COOH is reduced to R-
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CONH),, n-doping the surface. This n-doping counteracts the p-doping of the protonation

and leads to a lower response.
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Figure 5. Variation of FLG pH sensitivity as a function of (a) carboxyl, (b) amine, and (c) hydroxyl
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Figure 6. Sensing performance of 8 h annealed FLG functionalized by (a) 1.4 mM (I, = 2035 nA),
(b) 0.7 mM (I, = 2775 nA), (c) 0.35 mM (I, = 2330 nA), and (d) 0.1 mM (I, = 1927 nA) of Py-NH,.
(e) Graph represents the calibration curve of the Py-NH,-functionalized sensors. The sensing perfor-
mance of 8 h annealed FLG functionalized with (f) 1.6 mM (I, = 385 nA), (g) 0.8 mM (I, = 1220 nA),
and (h) 0.4 mM (I, = 764 nA) of Py-OH. (i) The calibration bar graph of the sensors demonstrating the
maximum pH response at pH around -OH pKa (8.7). The error bars represent average =+ standard

deviation of the last two minutes of the chemiresistive response (3 samples each).

The pH responses of the Py-OH-functionalized FLG at three different concentrations of
1.6, 0.8, and 0.4 mM are presented in Figure 6. The device pH response is dominated by the
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protonation/deprotonation of the -O~ /-OH groups at ahigh pH (pK, = 8.7). Accordingly,
the current drop at a pH of 9 of Figure 6f-h is due to this phenomenon. The corresponding
calibration curves demonstrate that the device response to a pH of 7-9 is proportional to
the -OH concentration and the density, so that a pH of 7-9 and sensitivity of 1.6, 0.8, and
0.4 mM can be calculated for —28.04, —4.12, and —3.02%/pH, respectively (Figure 6i, inset)
Furthermore, the sensing behavior of the OH-functionalized FLG can be further analyzed:
from a pH of 5.5 down to 3 and back up to 7, the device resembles the annealed FLG, while
ata pH of 8 or above, it responds with OH groups. This manifestation reveals that even
one sensor can respond differently at different pH ranges, depending on the dominant
pH-sensing mechanisms. This result can be further confirmed by the significant impact
of the high -OH concentration on the pH response, leading to an almost —75% response
to a pH of 9 when the surface defect density is 1.07 x 10'* cm~2 (Figure 5c). The detailed
information of Figure 6e,i can be found in Tables S4 and S5, respectively.

3.3. pH Response of GO and Its Application towards the Development of GO-Based pH Sensors

Based on the discussion above, enhancing graphene defectivity leads to a more defect-
induced response and higher sensitivity. Therefore, highly defective graphene derivatives
such as GO, carrying various surface/edge functional groups, are expected to be a worth-
while platform to study. The Raman spectrum of the GO with overlapping D and G bands
is shown in Figure S6, demonstrating a Raman spectrum consistent with the literature. The
Lorentzian deconvolution of the spectrum reveals the presence of multiple subpeaks under
the curves, demonstrating an Ip /I ratio of 1.74. The significant overlap of the D" and G
bands are also due to the enhanced intervalley scattering in the high defect region. Even
though the presence of D** at 1479 cm™! is often indicative of disordered carbons (amor-
phous), it could be due to the cumulative scattering of C=C stretching in sp2 regions and the
C-H wagging modes in a nanocrystalline diamond [56,57]. The higher defect density can
enhance the GO pH sensitivity for aqueous solution applications. However, the stability of
GO in water becomes an issue upon its exposure to aqueous solutions. The higher degree
of local surface charges caused by functional groups decreases the GO water contact angle,
increasing the GO dispersibility. The instability of GO-based chemiresistive device upon
exposure to water can be seen in Figure 7a(1-3). Figure 7a(1) shows the airbrushed GO
on the glass slide, and (b and c) display the same sensor after exposure to an aqueous
solution after 30 and 60 min of exposure, respectively. This means that the delamination of
the active layer of GO-based chemiresistors (Figure 7a(3)) limits their stability to less than
30 min. Moreover, the semiconductive nature of GO causes a high film resistance, which is
impractical as a conductive active layer. Therefore, despite the remarkable properties of
GO, it cannot be used as the active layer in a sensor in its pristine form.

To prevent disintegration, the GO samples were annealed at 350 °C under a reducing
environment [43]. Exposure of GO to temperatures above 450 °C should either be done
in vacuum systems or under a high flow of inert gas to avoid thermal decomposition [58].
This annealing treatment results in a visible color change from brown (Figure 7a(3)) to gray
(Figure 7a(5-7)), indicating the successful reduction of the GO.

A comparison of the Ip/Ig ratio of pristine GO (Figure S6) with that of the 24 h
annealed GO (Figure 7b) confirms an increase in surface sp? hybridization. However, due
to the surface-insensitive nature of the Raman measurement, the obtained Ip/Ig = 1.3
(Figure 7b) indicates that a considerable number of defects still remain in the bulk. The low-
temperature annealing of GO assists in the formation of a stable conductive GO film, while
the intrinsic characteristics are preserved. It should be noted that the thermal annealing
(reducing) of GO results in a more uniform and well-controlled product as compared to the
chemically reduced GO [59]. Moreover, the Ip /I = 1.3 obtained from the 24 h-GO reveals
that only a surface reduction has occurred, and the term reduced GO is not applied here.
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Figure 7. (a) The GO sensor fabrication: (1) Bare GO; (2) Bare GO exposed to the aqueous solution
for 30 min; (3) Bare GO exposed to the aqueous solution for 6 min; (4) tTe GO chemiresistor without
water exposure; (5) GO annealed for 6 h and (6) 26 h; (7) The 24 h annealed GO-based chemiresistor.
(b) Deconvoluted Raman spectrum of 24 h-GO represents the presence of (from left to right): D, D*, G,
D’,2D, 2D, D + G, and an I /I ratio of 1.3. (c) The pH response and (d) calibration curve of 24 h-GO
(Io = 242 nA). The solution conductivity response of (e) FLG (I, = 2870 nA) and (f) 24 h-GO-based
devices (I, = 1050 nA).

The chemiresistive pH response of the 24 h annealed GO (24 h-GO) is shown in
Figure 7c. Notably, the stepwise variation of the current in the 24 h-GO resembles the
FLG response; however, the magnitude of the response is much higher. According to the
calibration curve shown in Figure 7d, a more than 140% change in the current is obtained
by changing the pH from 5.5 to 3, leading to a total response of 175% from a pH from 3 to 9.
In order to allow for a calculation of sensitivity despite the overall nonlinear response, the
working performance of the device is divided into low (3-5) and high (6-9) pH ranges. The
selection of these two regimes is not arbitrary. The low range is chosen based on the pH
response of -COOH and -NH;, while the latter is based on the pH response of -OH groups.
Accordingly, the low range offers a sensitivity of —53.4%/pH. In contrast, the high range
sensitivity is calculated as —10%/pH. This difference in sensitivity is due to the highly
favorable formation of -COOH during the GO synthesis and the dominant response of the
carboxyl groups. Notably, the initial formation of -OH upon the oxidation of graphene to
GO could subsequently produce -COOH through the two-step oxidations of hydroxyl —
aldehyde — carboxyl [60].
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As one of the possible interferences for the pH measurement is the ionic strength of
the solution, the performances of the FLG and the 24 h-GO were measured against the
changing the solution conductivity. For this purpose, NaCl was used to adjust the solution
conductivity, giving up to 7.25 mS/cm for 75 mM. As seen in Figure 7e, the addition of
NaCl gives rise to a small stepwise reduction of the current in the FLG. The mechanism
justifying this behavior originates from the formation of an EDL on the SLG or FLG due to
the long-range arrangement of Na* ions in the Stern layer. Therefore, the electrostatic gating
charge screening is the primary mechanism, and the addition of Na*,q induces negative
charges in the FLG. In contrast, the addition of NaCl does not affect the current through the
GO film, and a prolonged drift in current is observed (Figure 7f). The cause of this drift is
unclear at this point but could be due to a number of reported effects, including interactions
of sodium ions with the oxygen sites over time [61] or variations in the concentrations of
dissolved gases (such as CO; or O) as a function of the ionic strength [62]. After drift
correction, however, there is no discernible response of the devices to ionic strength. In fact,
the EDL response is negligible compared to the high density of defects present in GO-based
devices; therefore, they exhibit an inherent potential for the selective detection of pH.

4. Conclusions

We have reported the development of a highly pH-sensitive platform based on ther-
mally annealed GO for next-generation sensing devices. To understand the sensing prin-
ciple of the proposed platform, we established the pH detection mechanisms of the two
most commonly used graphene derivatives (i.e., single-layer and few-layer graphene). The
contrast in pH responses of the former as a defect-free model (Ip/Ig~0.1, O/C ratio = 0.05),
with the latter having a degree of defectivity (Ip/Ig~0.43, O/C = 0.24), elucidates the
importance of defects in pH-sensing graphene. Therefore, the selective functionalization of
graphene using various pH-sensitive functional groups demonstrates graphene’s defect
density dependence on pH response. An approximate surface density of 4.82 x 1014 cm™2
of the carboxyl group on graphene leads to a 55% response with an —21.58%/pH sensitivity
for a pH of 3-5. The exact same surface density of the -OH groups, however, results in a
—75% change in the current, leading to a sensitivity of —28.04%/pH for a pH of 9-7. To
develop a GO-based pH-sensitive platform, we demonstrated the importance of the surface
reduction treatment at a relatively low temperature (350 °C) to enhance its durability for
long-term operation while retaining its high defectivity. As a result, a pH-sensitive device
with a maximum current change of 175% (from a pH of 3-9) was reported, giving the
sensitivity of —53.43 and —10%/pH pertaining to the pH range of 3-5 and 6-9, respectively.
The proposed platform demonstrates minimum interference with ionic conductivity due
to the dominance of the defects and offers a reagent-free pH-sensitive substrate for future
pH devices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12111801/s1, Figure S1: XPS survey spectra of Single layer
graphene and few layer graphene; Figure S2: Raman spectra of few layer graphene before and after
exposure to pH; Figure §3: Raman spectrum of 8h annealed few layer graphene; Figure S4: pH
response of 8h annealed few layer graphene; Figure S5: calibration curve of the pH response of 8h an-
nealed few layer graphene; Figure S6: the Lorentzian deconvolution of GO Raman spectrum; Table S1:
Summary of information on Pyrene concentrations and their corresponding relative surface coverage
obtained from literature; Table S2: average + Standard deviation of Py-COOH functionalized sensors
to pH range 3-8 (3 sensors each); Table S3: average + standard deviation of maximum response of
pyrene derivative functionalized sensors as a functional surface density (3 sensors each); Table S4:
average =+ standard deviation of Py-NH2 functionalized sensors to pH range 3-8 (3 sensors each);
Table S5: average + standard deviation of Py-OH functionalized sensors to pH range 3-9 (3 sensors
each) [63-65].
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Figure S1. XPS survey spectra of a) SLG, b) FLG
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Figure S2. Raman spectra of FLG before and after exposure to pH
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Table S1. Summary of information on Pyrene concentrations and their corresponding relative
surface coverage obtained from literature [1-3]

Pyrene derivatives Relative Surface coverage (%) Surface density
concentration (mM) (#/cm?)
0.3 90 4.82x 10*
Py-COOH 0.15 40 2.14x 10%
0.1 25 1.34x 10%
0.05 10 5.35x 10%3
1.4 90 4.82x 10%
Py-NH; 0.7 50 2.68x 10%*
0.35 28 1.05x 10*
0.1 10 5.35x 10%
1.6 90 4.82x 10*
Py-OH 0.8 25 1.87x 10"
0.4 20 1.07x 10%
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Figure S5. Calibration curve of the pH response of 8h annealed FLG

Table S2. Average + Standard deviation of Py-COOH functionalized sensors to pH range 3-8 (3 sensors

each)
Concentration/pH 3 4 5 6 7
0.30 mM 55.6+1.21 37.2+3.2 12.27+2 8.09+0.7 -1.33+ 0.9
0.15 mM 31.96 +0.84 21.12+1.26 7.33+0.24 2.68+0.3 -1.16 £ 0.01
0.10 mM 492+0.4 1.9+0.62 0.69 +£0.02 0.02 +0.003 13+1.1
0.05 mM 0.75 +0.089 0.84 +0.044 1.16 +0.1 1.04+0.1 0.28 +0.64
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Table S3. Average + Standard deviation of Maximum response of pyrene derivative functionalized
sensors as a functional surface density (3 sensors each).

-COOH -NH; -OH
Surface density | Max. response | Surface density | Max. response | Surface density | Max. response
4.82E+14 56.1+8.31 4.82E+14 3.1+0.63 4.82E+14 -75.1+4.4
2.14E+14 324+7.21 2.68E+14 2.6+0.32 1.87E+14 -16.2+1.3
1.34E+14 5.1+3.79 1.50E+14 6.66 +1.2 1.07E+14 -9.21+1.8
5.35E+13 2.05+3.26 5.35E+13 -4+019 | - | -

Table S4. Average + Standard deviation of Py-NH, functionalized sensors to pH range 3-8 (3 sensors

each).
Concentration/pH 3 4 5 6 7 8
1.4 mM 3.1+0.63 1.35+0.21 0.14+0.2 0.34+0.08 | 0.04 £0.008 0.24+0.1
0.7 mM 2.6+0.32 0.21+£0.023 | 0.36 £0.091 0.32+0.1 0.36+0.2 0.39+0.32
0.35 mM 6.66+1.2 4.42 +0.78 2.32+£0.93 2.53+1.05 2.19+£0.63 2.23+0.32
0.1 mM -4.05+0.17 | 2.77+£0.168 | 2.75+0.39 1.09+0.65 | 0.20+£0.126 | 0.78 £0.46

Table S5. Average + Standard deviation of Py-OH functionalized sensors to pH range 3-9 (3 sensors

120

each).
Concentration 3 4 5 6 7 8 9
/pH
1.6 mM -21.21+2.3 -15+1.2 -1.21+0.2 -11+2.1 -19+5.2 | -41.3+3.1 | -75.1+4.4
0.8 mM -59+1.2 -5+0.8 -5.2+0.61 -6.11+£0.22 6.68 + -133+16 | -149+13
0.9
0.4 mM -0.52+1 -0.53+2.4 | -881+0.25 | -4.34+0.11 -3.15+ -8.02+ -9.21+1.8
0.08 0.42
S7
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Figure S6. The Lorentzian deconvolution of GO Raman spectrum
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Abstract

Understanding the performance of graphene devices in contact with highly concentrated
aqueous electrolytes is key to integrating graphene into next-generation devices operating in
sea water environments, biosensors, and high-density energy production/storage units. Despite
significant efforts toward interpreting the structure of the electrochemical double layer at high
concentrations, the interface between graphene-based materials and concentrated aqueous
solutions has remained vaguely described. In this study, we demonstrate the use of graphene-
based chemiresistors as a technique to indirectly quantify the experimental Debye screening
length of concentrated electrolytes. We report a breakdown of the Debye-Hiickel theory in the
proximity of graphene surfaces at lower concentrations (10-50 mM) than previously reported
for other systems, depending on cation size, dissolved oxygen concentration, and degree of
graphene defectivity.

5.1 Introduction

Graphene-based nanomaterials will be indispensable parts of next-generation sensors,
microelectronics, and energy storage and conversion devices. Their rising importance is due to
the outstanding properties of graphene, a low dimensional material with high specific surface
area, high conductivity, low density, and ultra-high mechanical stability [1,2].However, a
considerable portion of graphene's popularity originates from the nature of its surface chemical
bonds and suitable surface modifications [3,4]. The broad range of applications of graphene

includes those in which graphene directly interacts with an aqueous solution (e.g., seawater
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desalination [5,6], sensors [7,8], and supercapacitors [9,10]). Nevertheless, our understanding
of graphene-aqueous electrolyte interactions is severely lacking and has not been sufficiently
explored. On one side, the arrangement of ions and molecules of the electrolyte in the vicinity
of the graphene is determined by the graphene's hydrophobicity. This ability to hydrogen bond
and generate strong intermolecular interactions, often measured through water contact angle
(WCA) measurements, is affected by the presence of surface local charges [11]. An ideal
graphene lattice should be formed by sp’ hybridized networks of carbon atoms, generating a
highly symmetrical m-electron cloud. Hence, introducing common external dopants (e.g.,
molecular oxygen) or other functionalities (e.g., -OH, -COOH) disrupts the orbital symmetry
and generates local polarities (defects). Therefore, the dipole orientations of water molecules
and ions vary as the graphene chemistry changes [12].

Multiple solution parameters, including pH, oxidation-reduction potential, temperature,
dissolved oxygen (DO), and, more importantly, ionic strength, influence the graphene
properties simultaneously [13,14] through the interfacial electrochemical double layer (EDL).
Therefore, the study of graphene-aqueous electrolyte interfaces requires well-controlled
conditions where the co-influence of parameters is minimized. The EDL describes the
arrangement of molecules and ions at the surface and indicates the distance from which the
solid surface potential fades into the solution potential. Therefore, the extent of EDL and its
impacts on graphene properties could be affected by the electrolytes' ionic strength [15]. Based
on this, the ionic strength of the electrolyte that adjusts the thickness of EDL could be a
powerful means to understand the impact of EDL on graphene, particularly at high
concentrations.

Most graphene electrochemical devices require sufficient ionic strength of the electrolyte to
provide cell conductance [16]. Also, the electrochemical currents are directed from one

electrode to another through the solution. Therefore, the impact of EDL on the current passing
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through (across) the graphene cannot be fully explored through electrochemical measurements,
particularly at low ionic strength [17]. Moreover, despite the applied voltage independence of
ideal EDL capacitance, the graphene electrode polarization is shown to be both frequency and
voltage-dependent [18]. These facts highlight that understanding the EDL and ion
configurations requires an alternative (or parallel) measurement method to monitor graphene
behavior upon variation of EDL continuously.

The Debye-Hiickel theory (D-H) is commonly used to postulate the relationship between the
electrostatic screening length (4p) and the ionic strength of the solution as follows [19]:
where ¢, is the free space permittivity, &, is the solution permittivity, k is the Boltzmann's
constant, T is the temperature (in Kelvin), and I represents the ionic strength [19]. The Debye
length is also considered the characteristic decay length of the EDL forces proposed by the
Poisson-Boltzmann (PB) theory. The PB theory assumes that the ions are non-polarizable point
charges immersed in a continuous solution, meaning the ion-ion interactions are nearly zero.
Accordingly, the A calculation will only be valid in dilute solutions [20]. There have been
multiple theories for concentrated electrolytes predicting the change in screening length;
however, they are either invalid at practical electrolyte concentrations for the applications
(~0.5-1 M), have ignored the role of substrates, or are not dedicated to the aqueous electrolytes.
One of the recent studies revealed that the experimental screening length deviates from D-H
theory at concentrations above 1 M for monovalent ions. This deviation was shown to increase
with the increase in electrolyte concentration. Nevertheless, most experimental measurements
of the screening length by using surface force measurement (SFM) or atomic force
measurement (AFM) require complex equipment that may not be easily accessible. Moreover,
there is no discussion of the role of the substrate in the deviation from ideality reported in the

literature. The former issue originates from the complexity of confining an electrolyte between
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two statically charged surfaces and changing the ionic concentrations while measuring the
forces within nanometer distances [21]. The AFM investigation also comes with tip sensitivity
(both materials and mode) to graphene topography and extreme substrate dependency of the
results. Therefore, investigating the EDL should be done on free-standing graphene, which
itself brings subsequent sophistication to the process [18]. The latter issue can be further
classified into two arguments: i) majority of the techniques exploring the screening length of
an electrolyte (i.e., SFM or SFG) are based on the substrates with static charges such as
Si0,[22]. Therefore, graphene derivatives with diverse conductivities have been less explored,
i1) the impacts of graphene thickness, defect density and edge termination have been ignored
in determining EDL composition in graphene devices [23,24].

In this study, we report the use of a simple graphene-based chemiresistive platform as an
indirect tool for monitoring changes in the experimental screening lengths of concentrated
aqueous solutions. With the help of electrochemical measurements, we propose a mechanism
for the deviation of the screening length from the D-H theory at high concentrations. For this
purpose, the roles of graphene defect density, cation size, and DO are explained in the
formation of EDL, developing a complete picture of the mechanism.

5.2 Results and discussions

The structure of the EDL at the electrolyte/graphene interface depends on the defect density,
surface charge, geometry, concentration, charge, and size of the ions in the electrolyte. The
total capacitance resulting from the formation of EDL on graphene originates from the
adsorption capacitance upon ion adsorption, Helmholtz Layer capacitance, and bulk
capacitance. This means that the ion adsorption to the surface should be considered a separate
capacitator parallel to where the Stern Layer containing both the inner and outer Helmholtz
layer is located. [17-19] Therefore, prior to any experiments, understanding whether the ion

adsorption could dope graphene chemically is vital. The Raman spectrum of FLG used in this

125



Ph.D. Thesis — S. Angizi; McMaster University - Chemistry

research (Figure 5.1.a, black spectrum) consists of the D, G and 2D bands at 1385, 1587, and
2580 cm’!, respectively. The D band appears due to structural asymmetries caused by sp’
hybridization in the graphene crystal, while the G band denotes the long-range ordered sp’
hybridized network of carbon atoms [25]. The ratio of D to G intensities (or areas) indicates
the defectivity of graphene [26]. Here, the Ip/Ig of the FLG is calculated as 0.33, indicating the
existence of various defects such as oxygen atoms in the forms of diverse functional groups.
The origin of these functional groups is mainly the sonication process through the direct
interaction of graphene and solvents (IPA and H»>O) [27]. Therefore, electron-withdrawing
oxygen atoms generate more holes as majority carriers and p-dope the graphene (see Section
S1 in Supporting Information for the experimental procedure). Moreover, considering the
difference in electronegativity between carbon and oxygen, oxygen dopants cause the negative
zeta potential on the graphene surface exposed to aqueous electrolytes [28]. The rationale
behind choosing FLG over monolayer graphene to study the EDL is its independence from
substrate effect as well as modulable defect density through synthesis process.

The impact of the ionic strength on the extent of the EDL (screening length) at the
graphene/electrolyte interface can be investigated by measuring the response of the graphene
chemiresistive device to the addition of salts to the aqueous electrolyte. However, since
graphene/electrolyte interactions occur through two main pathways of electrostatic gating
(known as capacitive charging) and charge transfer through redox reactions (known as
pseudocapacitive charging), it is necessary to exclude charge transfer (chemical doping) effects
during the experiments. Therefore, alkali chlorides (i.e., LiCl, NaCl, and KCI) were used to
adjust the ionic strength since they dissociate into non-redox-active hydrated ions [29,30] (see
Supporting Information Figure S1 for the measured ionic strengths of LiCl, NaCl, and KCI
solution as a function of concentration)[31]. Therefore, we do not expect to observe chemical

doping by the cations, which is confirmed by the Raman spectrum of graphene exposed to 0.1
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M NaCl aqueous solution for two days, shown in Figure 5.1.a-red, compared to the blank
graphene (Figure 5.1.a-black). The comparison of the band positions and intensities reveals
that 1) the G band is slightly shifted to higher Raman shifts, indicating the charged doped
surface of graphene (n or p doping cannot be determined), ii) the redshift of the 2D band,
demonstrating the hole-doping of graphene, and iii) a slightly higher In/Ig ratio for NaCl
exposed graphene [29,30]. This shows that the graphene has slightly been p-doped by being in
an aqueous electrolyte for a long time, and no trace of Na* doping (ion trapping or charge
transfer) is observed. Nevertheless, the situation is different when 0.1 M NaCl is drop-cast on
FLG and dried at 100 °C by forcing the ions to trap on and between graphene sheets. In this
case, shown in Figure 5.1.b-red, a blueshift in the G band (from 2578 to 2573 cm!) is observed.
This observation is in agreement with literature reports that ionic forms of metal with low
ionization energy (e.g., Na*, K*, Ca?") can n-dope the graphene surface at a high concentration
when directly applied [29]. Therefore, the response generated by the addition of both alkaline
and alkaline earth ions are safe in regard to EDL measurement due to low charge transfer to

graphene (chemical doping).
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Figure 5.1. a) Raman spectra of FLG (black), FLG exposed to NaCl solution (Blue), and FLG
with drop-cast 0.1 M NaCl (red), b) chemiresistive response of FLG to the addition of NaCl in
0 ppm DO solution. e) chemiresistive response and f) calibration curve of FLG to the addition

of NaCl in the presence of DO (7 ppm).

Figure 5.1.c represents the chemiresistive response of the device to addition of NaCl. To ensure

the dissolved gases and redox-active elements were minimized prior to the experiments, the
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solution was purged continuously with dry Na(g), yielding nearly 0 ppm DO in the solution
(Figure S2). As seen in Figure 5.1.c, addition of up to 10-20 mM NaCl reduces the current
across the graphene chemiresistor. However, adding even more NaCl causes an unexpected
increase in current, so the graphene response to salts is inverted. The former behavior in low
concentrations follows the conventional EDL formation mechanism in graphene devices. By
introducing the NaCl Na™ and CI- hydrated ions are generated. Due to the presence of negatively
charged oxygen atoms in functional groups of graphene, the Stern Layer is dominated by the
Na* ions. Moreover, the underpotential deposition of alkali metals requires strong interactions
between graphene and Na* to lower the energy needed for the electrodeposition. Therefore, it
is unlikely to occur at such low applied potential (50 mV) in aqueous electrolytes and Na* ions
maintain their solvation spheres and cannot directly adsorb onto the surface [32]( For the
voltage-dependent EDL response of graphene, see Figure S3). Hence, these two layers of
charges (Na being positive, graphene being negative, and water being dielectric) can be
considered a standard capacitor. This means the formation of stern layers by Na® ions
immobilizes electrons in the graphene; therefore, the chemiresistive current decreases. The
level of n-doping increases as more NaCl is added to the solution, mainly due to the
considerable reduction in theoretical Debye length (Figure S4).

The latter part of Figure 5.1.c (above 10-20 mM) is the result of deviation from ideal behavior,
meaning from a particular concentration, A, increases as a function of salt concentration. In
2019, Gaddam and Ducker found this concentration around 1 M for NaCl, nearly independent
of substrates[19]. These findings may be explained by the balance between ions' electrostatic
double-layer forces with the van der Waals [33—35] and hydration interactions [36,37]. At low
concentrations, ions can be considered separated; the local electric field on each ion is caused
only by that ion. Therefore, the long-range double layer forces dominate, attracting ions to the

charged surface of graphene. At higher concentrations, the deviation from the D-H theory's

129



Ph.D. Thesis — S. Angizi; McMaster University - Chemistry

condition alters the balance of forces. One theory proposes that the dominant Coulombic
repulsive forces between similar ions (Na*-Na*) cause the EDL to expand and A, to increase
[38,39]. Accordingly, the magnitude of EDL capacitive charge screening at the graphene
surface decreases, leading to lower resistances (larger current). Some theoretical studies predict
more complex surface structures, including overscreening of surface charge at the surface for
low potentials and ion accumulation at interfaces where the surface potential is high. This
substrate surface potential undergoes a “charge reversal” due to the non-electrostatic
contributions of cation upon interactions with water. Early studies suggested that only divalent
cations could result in a strongly correlated liquid at the surface while monovalent ions do not
represent a charge reversal [40]. Nevertheless, this phenomenon was later observed for
monovalent ions at concentrations around 1 M[22]. In contrast to the literature stating that no
charge reversal occurs up to 0.15 M, we have seen this inversion at around 10 mM for Na* in
the absence of DO (see Figure 5.1.d for the calibration curve). Hence, the role of the substrate’s
surface chemistry needs to be considered. Another possibility could be a cross-over of the
neutrality point of graphene’s band structure. As mentioned before, graphene is p-doped due
to naturally found oxygen atoms, and charge screening of the stern layer induces electrons (n-
doping). This means the graphene’s Fermi energy might pass the neutrality point, where
electrons become the majority carriers. To test this hypothesis, we exposed the graphene to a
series of experiments to ensure the charge type was the same. The graphene device was initially
exposed to pH variation from 3 to 5 and down to 3, and the ionic experiment was conducted
shortly after in the same solution. After one day of exposure to a highly concentrated salt
solution (around 600 mM NacCl), graphene was exposed to the same pH experiment. As seen
in Figure S5, the pH response of graphene is not changed but suppressed. The pH response of
graphene with the Raman Ip/lg ratio of 0.38 is believed to be due to the presence of pH-

responsive functional groups of the surface namely carboxyl (-COOH), hydroxyl (-OH), amine
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(-NH), and indirectly ketone (-CO-) and aldehydes (-CHO). Considering the p-doping nature
of graphene, protonation of —COO™ to COOH at pH around its pKa (3.74), the current increases.
As seen, after exposure to salt for a day, the pH response remains the same, meaning the nature
of the charge carriers has not changed.

The structure of the EDL formed by mono or divalent cations becomes more complex when
DO is present. The graphene chemiresistive response to EDL in electrolyte equilibrating with
air (7 ppm DO) (Figures 5.1.e and f) also shows the current inversion upon the addition of
NaCl, however, at much higher concentrations (50-75 mM). This could be due to two
simultaneous phenomena: i) direct absorption of DO and surface oxidation, and ii) charge
neutralization that diminishes the electrostatic forces caused by Na*. The former is due to the
redox activity of the DO toward withdrawing electrons from graphene. The latter must happen
upon formation of the Stern layer by positively charged ions. These results can be confirmed
by Electrochemical Impedance Spectroscopy (EIS) of graphene in the 0 and 7 ppm DO (Figure
5.2.c). Compared to when DO is present, N> purged solution exhibit lower charge transfer
resistance (R¢t), smaller diffusion resistance, and slightly more ideal capacitive EDL
characteristics (Figure S6). These indicate that the presence of DO may disrupt the long-range
arrangement of Na" ions and diminishes their capacitive charges to the graphene. Also, the
possibility of the adsorbed DO to the surface should be considered. In this case, graphene
surface charge may alter. However, since the DO adsorption on the surface is strongly ionic
strength dependent (Figures 5.2.a-c), this can be said that change in FLG response to DO is due
to the presence other ions in the Stern layer (here Na“ and C17).This hypothesis was also
confirmed by testing the graphene response to DO at various ionic strengths. By equilibrating
the graphene samples in NaCl electrolytes overnight, the device response against change in DO
between 0 ppm (N> purged) and Air purged (11 ppm) was recorded. Figures 5.2.d and e show

that the graphene device does not respond to changes in DO in 1- and 10 mM Na'. But the
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introduction of DO causes a stepwise variation in current at 100 mM (Figure 5.2.f). Notably,
upon purging the N> and dropping DO at 100 mM NaCl, the graphene is significantly
influenced by the densification of the Stern layer and current drops, demonstrating the impact

of DO contributions into EDL is stronger when Debye screening length is small.
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Figure 5.2. Chemiresistive response of graphene to variation of DO between 0 (N2 purged) and
11 ppm (air purged) in a) 1 mM NacCl, b) 10 mM NacCl, ¢) 100 mM NacCl solutions, d) schematic
illustration of EDL at graphene/electrolyte interface focusing on the role of DO.

As discussed above, the chemiresistive response of graphene demonstrates a current inversion
upon increasing salt concentration, relatively similar to what has already been reported for the
screening length of the solution. Notably, the plot of A, as a function of graphene sensor
response (Figure 5.3.a- blue dots) revealed linear dependence in both regions. In fact, the slope
of the fitted lines represents the dependence of sensor response to the screening length of EDL
at low (black) and high (red) concentrations. Accordingly, two regions with slopes of 0.0286
and —0.454 can be obtained for NaCl (Figures S7.a and b). Also, since the deviation from
ideality occurs at around 50-75 mM for NaCl, two responses could be considered for the
concentration above 50-75 mM: i) experimentally measured sensor response (%;) obtained
from the blue dots, ii) the theoretical response at high concentration in which A is reduced
continuously as a function of NaCl concentration (%p) and is obtained from the relationship

between and A and sensor response at low concentrations. The difference between %s and %p
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indirectly represents the separation of experimental screening length (4) from its theoretical
value (4p).

The other term that needs to be defined is the ratio of ionic radius, a, and A (a/ /10)' The
a/ 1. ratio represents the concentration of the solution. When a/ Ap &« 1, ionic radii are
D

significantly smaller than the screening length, meaning the solution is dilute, and the surface

potential of the ion drops into the solution before reaching the other ion. When ¢ / A > 1, the

surface energy of the ions drops within the distance equal to or less than the ionic radius. Based

on the literature, the ¢ ~ 1 is where the deviation from ideality occurs when the forces are
Ap Y

measured using a surface force apparatus (SFA) technique at the surfaces without static charges

[39]. By plotting the %,—%, as a function of a/ . (Figure 5.3.b), this can be seen that up to

50 mM Na*, %,—%, is nearly zero, meaning the theoretical and experimental screenin
s—70p y g p g

lengths are almost the same. Nevertheless, at a/ A 0.06, the %,—%,, starts to increase,

confirming the screening length of EDL does not follow the D-H theory anymore.

The characterization of ¢/, also draws attention toward the cation size-dependent response of
Ap P 1Y

graphene chemiresistive platform. Consider KCl as an alternative salt to NaCl with a similar
anion: the A, can be assumed nearly the same for both salts at a particular concentration (the
spectroscopically measured relative dielectric constants are almost the same for both Na™ and
K*[41,42]. However, careful considerations have revealed that dielectric constant at the
interface (EDL) is nearly 10% less of that in bulk solution. This value can reach the permittivity
saturation of water (6) when strong electric field (107 V/m) is present [23]. Therefore, upon
increasing the concentration and reducing the Ap, the one with a larger ionic radius will enter

the non-ideal condition earlier due to the larger a/)lD value. These assumptions can be

confirmed by the chemiresistive response of graphene to LiCl and KCI compared to NaCl. As
seen in Figure 5.3.c, adding Li does not lead to any current inversion up to 500 mM. This could
be due to two simultaneous phenomena: i) the small size of Li" compared to A, requires

considerably higher concentration to reach the current inversion zone (low a/ /10)’ more than

what is used here; ii) the Li'-intercalation or injection processes into graphene flakes upon the
) p grap p
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addition of LiCl. This is a commonly observed phenomenon in applications where graphene-
based materials are in contact with electrolytes containing Li*. Accordingly, upon Li*
intercalation, the graphene is n-doped and the chemiresistive current decreases. Figures 5.3.d
and e show the NaCl and KCI, respectively. A comparison of the curves shows that the current
inversion for KCl happens at lower concentrations (10-20 mM) compared to NaCl (50-75 mM),
demonstrating that the EDL response of graphene is cation size dependent. This can be re-

confirmed by the faster rise of %,—%p from 0 value in KCI compared to NaCl in Figure 5.3.b.
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Figure 5.3. a) Graph of change in sensor response as a function of theoretical Debye screening
length (blue) for two sections of ideal (black) and non-ideal (red) solutions. Chemiresistive
sensing response of FLG to ¢) LiCl, d) NaCl, and e) KCI. (The insets show the corresponding
calibration curves).

The graphene defectivity may also impact the arrangement of ions in the EDL. The presence
of defects alters the graphene solution interactions. For example, according to Figure S7.a, the

addition of NaCl causes the stepwise reduction in the chemiresistive current due to capacitive

n-doping of graphene (In/Ic= 0.33) by the Na" ions. However, this scenario is not seen in
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reduced graphene oxide for 12h (Figure S8.b), 9h (Figure S8.c) or 6 h (Figure S8.d), having
In/lg ratios of 1.11, 1.25 and 1.43, respectively. This observation is in agreement with our
recent study on the competing roles of EDL and defect density in graphene during the
interaction with the aqueous environment[12]. Accordingly, by increasing the defect density,
three mechanisms may interrupt the formation and effect of EDL: i) formation of alkali metal
complexes with oxygen atoms in surface functionalities, ii) dominant defect-induced
interactions caused by the surface functionalities, and iii) discontinuity of the Stern layer [43].
The last phenomenon occurs primarily due to the greater surface charge of graphene caused by
oxygen. Hence, interpretation of graphene surface defectivity is necessary to understand the
impact of EDL, and the results of this research should be narrowed to graphene with an Ip/Ig

range of 0.3-0.5, containing pH responsive oxygen based functional groups.

1- Conclusion
We have presented a systematic study of the performance of graphene devices exposed to
concentrated aqueous electrolytes. The change in the current passing through the graphene thin
film upon interaction with an aqueous electrolyte was shown to be a means to indirectly
determine the experimental screening length of the solutions. An improved picture of EDL
containing Stern layers, the diffuse layer, and the bulk solution, was illustrated, focusing on the
role of DO at the graphene surface. It was demonstrated that the presence of cations in the Stern
layer n-dopes the graphene through electrostatic charge screening, and these charges are
neutralized by surface oxidation of DO. We also demonstrate that the current inversion of
graphene devices upon adding NaCl is due to deviation from D-H prediction, and the
experimental screening length increases as a function of salt concentration. This concentration
was shown to be dependent on DO concentration, cation size, and defect density at the graphene

surface. Accordingly, a lower DO, larger cation size, and lower defectivity cause the current
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inversion to occur at lower concentrations. This study is a starting point for further exploration
of the substrate-dependent experimental screening length of concentrated solutions.
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Section S1- Device fabrication and characterization

S 1.1 Materials

Graphite powder (99.99%) was purchased from Sigma Aldrich. Glass slides were bought from
VWR. Isopropanol (99.99%) was purchased from VWR. Ultrapure water with a resistance of
18.2 MQ cm was obtained from a Millipore Simplicity UV water purifier system. Sodium
chloride (99.99%) and Lithium chloride were purchased from VWR. Potassium chloride was
purchased from Caledon Laboratories Ltd). Sodium hydroxide (99%) and hydrochloric acids
(37.2%, HPCL 99.99%) were used to regulate the pH in the experiments if necessary. Graphene
oxide was provided from ZEN Graphene Solutions Ltd, containing 33% oxygen atoms in
graphene structure.

S 1.2 Device fabrication and experimental procedure

The fabrication procedure of a chemiresistive sensor based on a few layers of graphene (FLG)
has been reported in detail elsewhere 3. Briefly, 40 mg of graphite powder mixed with H>O:
IPA (10.5:4.5 mL) are sonicated for 6h in a bath sonicator (Elmasonic P60H ultrasonic cleaner)

at 37 kHz and 30 °C. Then, the suspension is centrifuged twice by using an Eppendorf MiniSpin

139



Ph.D. Thesis — S. Angizi; McMaster University - Chemistry

Plus microcentrifuge, once at 14,000 rpm (13,140 g) for 5 minutes, the supernatant is separated,
then centrifuged at 14,000 rpm (13,140 g) for 15 minutes, and the sedimented flakes are kept
for the sensor fabrication.

To fabricate the chemiresistive sensors, the glass slides were rinsed with methanol and dried
with N> (g) to eliminate the surface contaminations. Then, the slides are pre-patterned with two
rectangles of 9B pencil to reduce the contact resistance between the active layer and electrodes.
The glass slides are heated up to 100 °C, and the FLG is spray-coated on the surface uniformly
until the average surface resistance reaches ~ 5 kQ. Subsequently, the copper tape is attached
on both sides of the FLG film, covering the pencil-drawn rectangle. Lastly, parafilm (M) is
used to mask the contacts to avoid direct contact with electrodes and solution. To ensure the
sealing quality of the parafilm, the substrate should be heated to 70 °C.

S 1.3 Characterizations

The Raman spectroscopy was done using a Renishaw inVia instrument in the range of
500-3500 cm™! with a spectral resolution of 2 cm™!. The 633 nm laser was focused using a 50
objective lens on the sample. The laser power was set to 1 % to avoid surface damage during
the analysis. The spectra were taken from three spots on each sample to ensure data
reproducibility.

The UV-Visible spectra of FLG in the presence of salts were obtained by placing 1 mL of
solution (0.3 mL of salt solution with the desired concentration in 0.7 mL FLG/ethanol/DI
water suspension) into a quartz cuvette in an Orion Aquamate 8000 spectrophotometer over a
range from 250 to 600 nm.

For chemiresistive measurements, an eDAQ EPU452 Quad Multifunction isoPod was used to
measure the sensing behavior sensors. The channel type for chemiresistive sensing was set to
the biosensor, with an applied voltage of 50 mV. A conductivity probe (cell constant K=1.057)

was calibrated by using 0.1 mM KClI solution (12.64 mS.cm™) for 30 minutes. The pH electrode
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used in the experiments was calibrated with pH 4 and 7 calibration solutions before the

experiments.

The electrochemical measurements were performed using a three-electrode configuration on

an EC301 electrochemical workstation (Palmsens). The electrolyte was purged with dry N2 (g)

for 40 minutes to eliminate the dissolved O: prior to electrochemical measurements. Similarly,

to enhance the dissolved O> content, air was purged for 40 minutes. EIS measurements were

conducted in the frequency range of IMHz to 10 KHz with AC and DC potentials of 10 and 5

mV, respectively. In each case, FLG and graphite were used as working and counter electrodes

with a Ag/AgCl reference electrode.
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Figure S1 (Figure 5.4). Change in the ionic conductivity of the a) LiCl, b) NaCl, and c) KCI solution as a

function of concentration.
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Section S2 — Applied voltage-dependent EDL response

Since the formation of EDL at the graphene/electrolyte depends on the applied potential across
the graphene, we tested four potentials of 10, 50, 100 and 500 mV to the chemiresistive device.
We measured the response against the addition of NaCl. As seen in Figure S3, higher voltage
causes a larger signal-to-noise ratio and lower noises. However, sensor-to-sensor variation was
increased considerably so that the standard deviation at 500 mV was measured at more than
35%, while this value is less than 1% for 10 mV. Therefore, it is safe to say the high potential
is not a reliable environment to operate due to approaching the water hydrolysis potential (i.e.,

1.2 V).
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Chapter 6 Graphene-Silicon Schottky Devices for Operation in Aqueous
Environments: Device Performance and Sensing Application

The aim of this chapter is to better understand the interaction between graphene and aqueous
electrolytes by developing a graphene/n-type silicon Schottky junction. This was the first ever
study on utilizing the Schottky junction in an aqueous electrolyte. Therefore, in addition to
fully characterizing the bare junction properties, variation of graphene properties upon
exposure to multiple water parameters such as pH, ORP and ionic strength were investigated.
To expand the applicability of this diode sensor design in an aqueous environment, the
graphene surface was functionalized via non-covalent functionalization using 1-aminopyrene.
Then, it was used for the detection of free chlorine - a common disinfectant for drinking water
- to elucidate the sensing capabilities of this new platform. The device demonstrated up to 80%
change in series resistance (4% change in Schottky barrier height) of the functionalized device
upon exposure to 1 ppm free chlorine. In contrast, the unfunctionalized device only shows a
17% response. The results of this study will provide a new approach to developing highly

sensitive detection methods for analytes.
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ABSTRACT

Graphene/silicon Schottky diodes have recently been of heightened interest due to their high sensitivity
towards surface chemical modifications. Here we demonstrate the operation of a graphene/n-type silicon
Schottky junction in aqueous media, quantifying the impacts of the ionic strength, oxidation-reduction
potential, and pH of an aqueous solution on diode characteristics. The roles of the electrical double layer
and the surface functional groups of graphene in determining the graphene/silicon junction response to
changes in the aqueous environment were investigated. The application of this diode sensor design was
demonstrated in an aqueous environment by the introduction of functional groups to the graphene
surface via non-covalent functionalization (here with 1-aminopyrene). Free chlorine - a common
disinfectant for drinking water - is used to illustrate the sensing capabilities of this new platform,
demonstrating up to 80% change in series resistance (4% change in Schottky barrier height) of the
functionalized device upon exposure to 1 ppm free chlorine, while the unfunctionalized device only
shows a 17% response. The results achieved in this study will open up new opportunities for highly
sensitive detection of (bio)analytes using graphene/silicon diode devices in aqueous environments,
beyond their conventional gas sensing applications.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

The fabrication and characterization of well-defined graphene
samples in 2004 [ 1] enabled its massive incorporation into a variety
of applications such as optoelectronic devices [2], energy storage
[3] and electrochemical sensors [4,5]. Its unique cone-shaped
electronic band structure, superb electrical conductivity, high
charge carrier mobility and tuneability of surface chemistry are
highly beneficial in sensing applications [6,7], from simple cost-
effective layouts such as chemiresistors [8,9] to more complex ge-
ometries such as Schottky diodes or field-effect transistors (FETSs).
The development of graphene-silicon heterojunctions (G/Si) has
provided researchers with a unique platform for the accurate un-
derstanding and manipulation of graphene's electronic properties.
Unlike chemiresistive platforms where Ohm's law dictates the
change in graphene resistance [10], the current rectification at the
interface of graphene/Si (lightly doped n-type or p-type), resembles
diode characteristics [11]. This current rectification, resulting from

* Corresponding author.
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the formation of a Schottky barrier at the interface, is due to the
built-in potential against charge transport from graphene to Si [12].
Since the Fermi level of graphene (4.6—4.7 eV) is located in the
bandgap of Si, both p-type and n-type Si can form a Schottky
junction with graphene [13]. A p-type Si has been shown to form a
higher Schottky barrier (®sg) compared to n-type Si (0.61—0.78 eV
and 0.52—0.73 eV for p-Si and n-Si, respectively) [14].

The concept of a Schottky junction between graphite and a
semiconductor was first introduced in 2009 [15], when Highly
Ordered Pyrolytic Graphite (HOPG) was added on top of three
different semiconductive substrates of Si, GaAs, and 4H-SiC.
Since the outmost surface of HOPG touching the substrates can
be considered as a monolayer of graphene, it was accurately
predicted that a graphene/semiconductor device should exhibit
diode characteristics [15]. However, since the band structure of
graphene is thickness-dependent, the results needed further
verification. Later, incorporation of few-layer exfoliated graphene
on Si [11,12], bilayer [14] and monolayer graphene on the various
substrate including n-type [16,17] and p-type Si [18,19], GaN [20],
GaAs [20], CdS [21], MoS; [22], other 2D materials [6,23,24],
expanded the application of graphene/semiconductor-based
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Schottky diodes to various areas of photodetectors, photovoltaics,
and chemical sensors [25—27].

Thus far, G/Si Schottky diodes have been proposed for applica-
tions in gas sensing, demonstrating high sensitivity for the detec-
tion of numerous gaseous species such as HpS [28], NH3 [28], or Hy
[28]. The rectifying behavior of the G/Si junction provides re-
searchers with two possible detection regimes: 1) forward bias at
which the series resistance (Rg) of the device is dominant [29,30],
and 2) reverse bias at which the saturation current is limited by the
formation of a Schottky barrier ®@sg [31,32]. A Schottky barrier is a
potential seen by graphene charge carriers when moving to silicon
due to the difference in graphene work function and silicon elec-
tron affinity. This allows researchers to identify possible in-
teractions by monitoring the variation of Ry or ®sg. However,
despite the great inherent sensing potential of this platform, very
few attempts have been made to explore sensing in liquid media
[13,30,33,34]. This is mainly due to the simultaneous impacts of
multiple environmental parameters on graphene surface chemistry
and the complication of data interpretation. In 2013, Kim et al. [30]
successfully fabricated a monolayer G/Si diode sensor and exposed
it to various liquids and gases. They demonstrated that upon
exposure of graphene to electron-acceptor molecules, the ®sg of the
device increases (decreases)) for n-Si (p-Si). Also, the R of the de-
vice drops (rises) for n-Si (p-Si) upon exposure to electron accep-
tors. Surface charge doping of graphene by molecules can therefore
modulate the Fermi energy (Ef) of graphene and the electronic
properties of the device. However, their droplet sensor geometry to
test neat organic liquids is not practical for continuous measure-
ments or other applications [30]. Similarly, Noroozi and Abdi [33]
reported a considerable variation of the saturation current in G/n-Si
by exposing it to the electron-donating protein Bovine Serum Al-
bumin (BSA) under UV light. Incident UV photons generate
electron-hole pairs, enhancing the saturation current by injecting
the generated holes into the graphene. This enables reverse bias
sensing measurement, which will reduce the energy consumption
of the system. With the addition of BSA as an electron donor, the
overall series resistance of the diode decreased. Moreover, the
addition of BSA changed the absorption of the solution, decreasing
the incident light. Therefore, they observed a dramatic reduction in
saturation current by increasing the BSA. They reported sensitiv-
ities as high as 0.5 A M~ with a detection limit of 0.25 nM [33].
However, the impact of environmental parameters such as pH, ionic
strength, temperature, and surface modifications in the presence of
aqueous solution was not discussed.

Here we demonstrate that G/n-Si Schottky diode devices can
also meaningfully operate in aqueous environments. We elucidate
the impact of pH of the solution, ionic strength, and oxidation-
reduction potentials on the performance of the Schottky diode.
Furthermore, to demonstrate the possibility of quantitatively and
selectively sensing analytes in aqueous solutions, a monolayer of 1-
aminopyrene (AP) was adsorbed onto the graphene layer to
enhance the sensitivity and selectivity against free chlorine, a
commonly used disinfectant for drinking water. Our systematic
exploration of the impact of different parameters on device per-
formance lays the foundation for widespread applications of G/Si
Schottky diodes as chemical or biosensors in aqueous
environments.

2. Device fabrication

A lightly doped n-Si wafer (Fig. 1a) was rinsed and sonicated
several times in acetone, isopropanol, water, and isopropanol for
15 min each and dried by Ny(g). This needs to be done with much
care since the presence of contamination can severely impact the
performance of the device. Then the wafer was transferred into a
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wet-oxidation tube furnace (Lindberg, model STF55666C-1) for in-
situ formation of SiO, (~200 nm) at 1000 °C for 30 min (Fig. 1b).
The heating cycle of the furnace was as follows: 15 K min~! ramp
from 25 to 400 °C, hold for 30 min at 300 °C; 15 K min~! ramp from
400 to 800 °C and hold at 800 °C for 30 min. Then the samples are
ramped up to 900 °C and 1000 °C and held for 30 min at each step.
A 200 nm SiO; was formed after 30 min at 1000 °C. A gradual in-
crease in temperature is required to avoid the formation of
microcracks in the Si substrate. Then the Si/SiO; samples were
cooled down gradually overnight. The samples were directly etched
using an ammonium fluoride/hydrofluoric acid (4:1) buffer (Sigma
Aldrich) to pattern the desired area of SiO; (Fig. 1c). The samples
were then rinsed in DI water and transferred to a sputtering ma-
chine (Torr DC/RF). A 20 nm Ti and 200 nm of Au were sputtered as
contacts onto the desired areas using pre-patterned Kapton tape
(Uline, S-11731) (Fig. 1d) The graphene was transferred to the
etched SiO; area and heated to 100 °C for 30 min followed by 50 °C
for 6 h (Fig. 1e). The heating enhances the graphene adhesion to the
surface by gradual evaporation of water between graphene and
substrate. The sample annealing after hot acetone treatment was
done at 600 °C in a three-heat zone Lindberg Thermodyne 21100
tube furnace purged with Ar/H, (95%/5%, purchased from Praxair
Inc.). To control the flow of the analyte solutions, a poly dimethyl
siloxane (PDMS) channel was added on top of the device (Fig. 1f). To
dope the devices with 1-aminopyrene, they were exposed to a
1.4 mM ethanolic solution overnight. The devices were then thor-
oughly rinsed with ethanol to remove away any excess molecules or
any possible dimers or trimers on the graphene layer [33].

Experiments started by flowing DI water over the G/Si junction
overnight in order to attain equilibrium and avoid abrupt changes
in current. The platform has a 2 cm long PDMS channel so that the
solution can interact with the graphene without reaching the gold
contacts. The desired analyte solution is prepared in a bowl con-
taining 800 mL DI water. Then, the solution is moved through the
channel over the graphene devices using a two-channel peristaltic
pump (Masterflex® L/S® Digital Miniflex Pump Systems from
ColeParmer) with a flow rate of 0.2 mL/min. After interacting with
the graphene devices, the solution leaves the channel and is
collected in a waste container. Current-time graphs were then
recorded continuously while the devices are exposed to various
environments. To normalize the current by the surface area of the
transferred graphene, the current density (J) - voltage curves were
taken once the device response had stabilized (approximately after
30 min). Each experiment involved two sensors used in parallel per
condition. Data from three experiments was combined into each
calibration curve, ensuring reproducibility of the data over at least
six devices per condition. Detailed information about materials and
characterization techniques that were used in this paper has been
provided in the Supplementary Material, sections S1 and S2,
respectively.

3. Results and discussions
3.1. Device performance

Since the electronic structure of a Schottky junction is affected
by structural defects, the performance of a G/n-Si Schottky diode
strongly depends on the quality of the transferred graphene. A
Raman spectrum of graphene on SiO; is shown in Fig. 2a, repre-
senting the main Raman characteristic features of graphene. Given
that the modulation of electron transport by defects, edges, and
doping impacts the position and intensity of the Raman peaks, the
surface phonon scattering of graphene depends on its electronic
properties [33]. The G band located at 1590 cm™! is due to the high-
frequency Ezg phonon at T, representing a primary in-plane
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Fig. 1. a-f) Device fabrication process, g) schematic illustration of the proposed platform indicating the thickness and lateral dimensions.

vibrational mode of the sp? hybridized lattice configuration [35].
The peak at 1350 cm ™! (D band) is due to the presence of asym-
metry in the graphene lattice [35]. As seen in Fig. 2a, the graphene
monolayer has a very low-intensity first-order D peak due to high
crystal symmetry. The ratio of intensities of D to G bands (Ip/Ig) is
often utilized to quantify the defectivity level of the graphene so
that as the defect density increases, the ratio of Ip/Ig increases (in
the low defect density region). As seen in Fig. S1, incomplete
removal of PMMA from the graphene transfer causes a considerable
D peak to arise at around 1342 cm ™. Hence the transfer process of
graphene is extremely important to maintain the graphene's
inherent electrical characteristics, particularly the surface sensi-
tivity and high mobility. The D’ band at 1620 cm™! (appears as a
shoulder of the G band) is due to electrons being scattered in the
K—K direction (intervalley) [36]. The 2D peaks, labelled at
2680 cm ™, are generated by a two-photon mode transition in the
graphene lattice. Generally, monolayer graphene has an Ip/Ig ratio
of ~2—2.9. However, the substrate-mediated enhancement of the
Raman features of graphene causes a significant change in this ratio
so that graphene on Si/SiO, may exhibit a ratio of 7—9 with a peak
width of ~35 cm™, as previously reported [37,38].

Generally, oxygen-based functional groups are known to exist
on transferred graphene due to the transfer process, storage con-
ditions, and exposure to air [39]. Hence, graphene is intrinsically p-
doped. From the atomic ratios in the survey XPS spectrum of the
transferred graphene, as well as the high-resolution O 1s spectrum,
shown in Fig. 2 b, we can calculate a 0.05 O to C atomic ratio in the
graphene. The ratio is obtained by considering that 4.8% of the total
oxygen atoms (O 1s peak at 534.19 eV) are bonded to aromatic
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carbon, compared to 96.8% of the total carbon assigned to C=C (the
total atomic percentages of C, O are 37.3% and 42.8%, respectively).
Consistent with the C 1s high-resolution spectrum (Fig. 2c), the
oxygen may be bonded to the graphene lattice as C—OH and C—0—C
(286.5 eV), C=0 (287.9 eV), and O—C=0 (289 eV) [40]. The C—C,
C—H peak at 285 eV will in part be due to the PMMA residual left
on the surface during the transfer process [41,42].

Scanning Electron Microscopy (SEM) images (Fig. 2d and e)
show the graphene monolayer after transfer onto SiO,. The inevi-
tably formed wrinkles or folded layers provide contrast as dark
lines. The dry transfer of graphene leads to a continuous layer of
graphene, even across the etched step. The G/Si interface creates a
Schottky barrier due to the difference in graphene work function
and the electron affinity of the n-Si substrate. Therefore, the device
made by this junction exhibits current rectification with a rectifi-
cation factor (r) of 64, evidenced by the J-V curve shown in Fig. 2 f.
Since the carrier transport is controlled by the G/Si interface, the -V
behavior of the diode can be well described using the thermionic
theory [29]:

Ikl () 1]
where J; is the saturation current density, q is the electron charge,
Vp is the applied voltage, kg is the Boltzmann constant, T is the
temperature and the 7 is the ideality factor. The ideality factor in-
dicates how far the diode is from the ideal condition (n = 1)[30].
This theory posits that the current at the junction is dominated by
the emission of thermally excited carriers (electrons or holes) over

(M
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Fig. 2. a) Raman spectrum of monolayer graphene transferred on SiO,. XPS high resolution spectra of b) O1s and c) C 1s for transferred graphene. FESEM images of transferred
graphene on d) SiO; and e) interface of Si and SiO, indicating the continuity of the film, f) J]-V curves of the G/n-Si device.

the existing barrier (built-in potential, ®;;) [13]. In a real device,
deviation from ideality will increase at higher currents due to R
[14], the series resistance which includes all resistances of the
contacts, bulk metal and bulk semiconductor. It diminishes the
effective voltage at the G/Si interface so that eq. (1) can be rewritten

as [13]:
)1

where V — Rl is defined as effective voltage (V). The saturation
current density, Js, can be expressed as:

)

where &g is the Schottky barrier potential in eV and A" is the
Richardson's constant (112 A cm 2K% for n-type Si and
32 Acm~2K2 for p-type Si), and T is the temperature (in Kelvin). As
seen in eq. (3), the magnitude of Js is exponentially dependent on
&gp and therefore a slight modulation of @gg causes a considerable
change in J;. The detailed mathematical approaches to obtain Rs,
®sg and 7 are presented in the Supplementary Material, Section S3).

Moreover, unlike an ideal diode, the Js of the G/n-Si junction is
not constant and varies depending on the applied reverse bias
(Fig. 2f, inset). This is largely due to the voltage-dependent Fermi
energy (Ef) of graphene, by which the magnitude of ®sg changes

q-(V —Rsl)

kT (2)

J=h[exp(

q%Psp

ksT 3)

JS:AA‘exp(—
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due to the applied bias. Accordingly, adjusting the bias voltage to
more negative values (with respect to graphene) causes the Ef to
shift towards the Dirac point, decreasing the ®sg and therefore,
enhancing the Js [34,43]. In fact, the much lower density of states in
graphene compared to its conductive alternatives leads to a strong
bias dependence of the position of its Fermi level [43]. On the other
side, the instant formation of native SiO, (with thicknesses be-
tween 1 nm—10 nm) on the etched Si introduces both acceptor and
donor-type surface states on Si [44]. Nevertheless, the native oxide
layer is often tunneled by thermionic currents while at higher oxide
thicknesses, the presence of surface states on SiO; may pin the
graphene Eg [45].

3.2. Impact of aqueous solution parameters

3.2.1. Effect of solution conductivity and ionic strength

The structure of an aqueous solution at the surface of graphene
is known to depend on surface properties such as defect density,
roughness, and edge configurations [46,47]. Ideal graphene with an
infinite symmetry of sp? hybridization is considered to be a hy-
drophobic structure repelling the water [48]. However, the exis-
tence of local polarities such as defects brings the water closer to
the surface and therefore, impacts of capacitive electrostatic gating
effects enhance considerably. Nevertheless, the structure of water
at the surface of graphene is still a controversial topic [49]. The
formation of the EDL becomes important when the ionic strength of
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the solution increases. To evaluate how the ionic strength may
affect the electronic band structure and sensing performance of G/
Si, we performed a series of experiments in which the ionic con-
ductivity of the solution is increased stepwise by the addition of
NaCl. The chosen concentrations of NaCl were 0, 0.17, 0.85, 3.42 and
8.55 mM corresponding to 0, 10, 50, 200, and 500 ppm, respectively.
The chosen concentration range of NaCl provides a wide range of
solution conductivity, from nearly 0.055 uS cm~! in DI water to
0.8231 mS cm ™! for 8.55 mM NaCl (see Fig. S2). The given range of
NaCl concentration encompasses common applications in drinking
water (with average solution conductivities of 0.2—0.8 mS/cm) [50]
while still preserving the validity of the ideal solution approxima-
tion. Therefore, the activity coefficients of both monovalent ions
(Na*,q and Cl™,4) remain above 0.95.

As expected, the J-V characteristics of the diode vary consider-
ably with the increasing ionic strength of the solution. In particular,
the overall Rs of the diode rises at a forward bias. Accordingly,
increasing the concentration of NaCl to 8.55 mM can cause up to
257% change in Rg of the diode (Fig. 3a). In contrast, higher ionic
strength increases the saturation current at any given reverse bias,
resulting from a reduction of @gg of the diode (Fig. 3a, inset). It is
observed that the change in ®sg follows an exponential decay
function, giving a higher change when ®sg is larger. In fact, since
dgp is determined by the difference in electron affinity of the silicon
and the Fermi energy of graphene, at a constant dopant level of Si,
the ®sp reduction is controlled by Fermi pinning at a high doping
level [29]. Also, it should be noted that the measured ®sp is already
less than the theoretical value (0.74 eV) due to the Schottky barrier
lowering mechanism [13]. Therefore, further reduction in ®sg (by
doping the graphene) is not thermodynamically favorable at the G/
Sijunction interface. Here, the change in R and ®sg behavior can be
explained by a two-step mechanism: 1) adsorption of cations (e.g.,

:
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Na™) on the surface of graphene (which contains oxygen-based
functional groups) to form the Inner Helmholtz Layer (IHL), sub-
sequently causing the assembly of anions (e.g., CI”) in the Outer
Helmholtz Layer (OHL); 2) electrostatic gating by the generated EDL
attracts excess electrons to the graphene surface. Here, graphene
(—) and IHL (+) can be modeled as the plates of a capacitor, causing
a static charge separation across an infinitely thin dielectric [51]
(Fig. 3b). Given that the graphene starts out being p-doped, the
charge carrier density is diminished by the accumulation of excess
negative charges, therefore resulting of an increase of Rg of the
device. In contrast, ®sg decreases since the Ef shifts towards the
Dirac point. Therefore, the ionic strength of the solution will heavily
affect the device performance of a G/n-Si Schottky diode. It is
important to note that the calculation of @z is done at 0 V where no
bias is applied on the surface. Therefore, the formation of the EDL is
governed by the chemistry of the surface.

The charge screening due to electrostatic gating can be dis-
cussed using Debye-Hiickel theory. The electric field created by an
ion in the electrolyte changes the solid surface potential by the
formation of a compact layer of immobile ions in the vicinity of the
surface [52]. Moreover, independent interactions of ions in an
electrolyte induce an electric field with the charge screening length
of [53]:

leoerkpT
Vo 2le?

Ip= (4)

where ¢, is the vacuum permittivity (8.85 x 10°12F m’]). e is the
permittivity of the solution, kg is the Boltzmann constant
(138 x 1073 J K1), T is the temperature (in Kelvin), e is the
electron charge (1.6 x 107! C), I is the ionic strength. The ionic
strength of an aqueous solution is defined as [ = %Ec,-z,? where ¢;
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Fig. 3. a) Variation of G/n-Si Rs by exposure to various concentrations of NaCl (the inset shows changes in @z with solution conductivity, i.e., ionic strength), b) The schematic
illustration of the EDL and charge doping of the graphene surface by the inner Helmholtz layer. The variation of ¢) R and d) ®sz as a function of Debye length shows the impact of
changes in the EDL on surface characteristics, e) The schematic representation of EDL at high ionic strength. An increase of ionic strength reduces the screening length (Debye
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and z; are the concentrations and charges of the different ions,
respectively [53]. As per equation (4), the Debye length Ap is
inversely proportional to the square root of the ionic strength of the
solution.

According to equation (4), an increase in ionic strength causes a
reduction in the Debye length of an aqueous solution, thus reducing
charge screening length. The calculated Debye length of a 50 ppm
NaCl solution is ~24 nm while this value drops to ~3 nm for
500 ppm NaCl, thus intensifying the impact of EDL on both Rs and
&gp. Notably, a 175% change in R results from a reduction of the
Debye length from 5 nm to 3 nm (Fig. 3c), while the change in R; for
a Debye length reduction from 25 to 5 nm is only 98%. At the same
time, ®gp is lowered as the Debye length is reduced (Fig. 3d). The
schematic illustration of an EDL resulting from a high ionic strength
aqueous solution is shown in Fig. 3e. As seen, the IHL is concen-
trated in Na* ions and is closer to the surface. Hence, the mean
charge screening length decreases, leading to higher surface n-
doping. Therefore, changes in the ionic strength of the solution (and
hence the structure of the EDL) have a considerable impact on the
modulation of the charge carrier density in graphene.

3.2.2. Effect of pH

To obtain a full insight into the operation of a G/Si Schottky
junction in an aqueous solution, the general pH response of gra-
phene devices should be well understood. As seen in Fig. 4a,
increasing the pH causes a reduction in the Rs while lower pH re-
sults in a higher Rs. The mechanism by which graphene perceives
the pH variation has been subject to debate due to the existence of
competing mechanisms by which the graphene surface responds to
pH [54]. It has recently been shown that a (near) defect-free gra-
phene surface tends to repel the water molecules due to its hy-
drophobicity, resulting in a very low susceptibility to pH variations
(and any other ionic interactions) [55]. However, the presence of
“external” chemical species in graphene introduces polar defect
sites which favor stronger interactions with the aqueous phase and
the formation of an EDL [56]. The defect density of graphene thus
determines the overall pH response. At low pH, the accumulation of
H30";q ions close to the graphene’s surface (in the IHL) causes
surface charge doping with electrons. This accumulation is often
due to the presence of negatively charged oxygen-containing
functional groups on the graphene surface. Therefore, this n-
doping causes an increase in device Rs and decreases the ®gp. In
contrast, accumulation of OH™,q in the IHL (or reduction in H30™;q)
causes p-doping and consequently a lower Rs and a higher &g [57].
Nevertheless, since the dominant pathway for modulation of the
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surface current is through electrostatic charging, the overall vari-
ations of R (Fig. 4b) and &g (Fig. 4b, inset) do not exceed —20% and
1% for the pH range of 3—8, respectively. However, according to the
XPS results shown in Fig. 2c, the presence of pH-sensitive func-
tional groups on graphene (including carboxyl and hydroxyl
groups) cannot be ignored. We have recently shown that the
deprotonation of carboxyl groups (and amine groups if present)
near their pKj, value of 3.41 induces extra electrons to the surface
[54]. Similarly, hydroxyl groups (-OH) at high pH values close to
their pK; of 8.51 undergo protonation, thus hole-doping the sur-
face. This protonation/deprotonation of functional groups enhances
responses due to defects and will provide an opposite sign response
compared to the capacitive charge screening by the EDL [58]. This
can be seen in the change in ®gg (Fig. 4b, inset). From pH 3 to 4, the
®sp does not change considerably, meaning the deprotonation of
—COOH to -COO™ on the surface balances the p-doping caused by
EDL. Analogous behavior is seen at pH 6—8 for the deprotonation of
—OH to -O. Hence, the balance between the two competing
mechanisms of pH-sensitive groups and electrostatic gating effects
will determine the net response of graphene to pH variation. At low
defect density — as is the case for the G/n-Si Schottky devices
presented here — the EDL-induced gating effect will dominate,
meaning that the acidic and basic solutions dope the surface with
electrons and holes through electrostatic interactions, respectively.
In contrast, a higher defect density, particularly of pH-sensitive
groups, would result in the dominance of direct charge transfer
upon protonation/deprotonation of the groups. Since these two
mechanisms provide opposite responses to the surface, they will
balance each other out at a certain cross-over point. At this point
the surface would be pH-insensitive, providing a chance to develop
pH-insensitive graphene-based devices. A variation in pH, there-
fore, affects the junction performance through both EDL and defect-
induced mechanisms. Special attention must be devoted to un-
derstanding the impact of pH in graphene devices.

3.2.3. Effect of oxidation-reduction potential (ORP)

The ORP of a solution describes its average ability to act as an
oxidant in a redox reaction as a result of the presence of an
ensemble of dissolved redox-active species. These species will also
be present in the EDL and act as n-dopants (reducing agents) or p-
dopants (oxidants) at the graphene surface. Therefore, the perfor-
mance of the G/Si junction in an aqueous environment will be
strongly impacted by the ORP. The ORP of natural water is often
dominated by the presence of dissolved oxygen (DO) [50]. In order
to prevent pathogen growth in drinking water, however, the ORP is
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Fig. 4. a) J-V curves of a G/n-Si Schottky diode upon exposure to pH 3—8 (inset illustrates the corresponding semi-logarithmic graph), b) change in series resistance and ®gp (inset)

of the device as the results of pH.
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often artificially increased by the addition of a disinfectant. Free
chlorine, a commonly used disinfectant for drinking water, can be
employed to evaluate the impact of solution ORP on the perfor-
mance G/n-Si junctions. In practice, the ORP of a solution is
measured as the potential difference between a platinum working
electrode and a reference electrode and is governed by the Nernst
equation as [59]:

RT
Emy=Eo —2.3026 WF log

;
[re(.iu.cer] _ (5)
[oxidizer]

where Eny, Eo, R, T, 0, and F are the actual redox potential, standard
redox potential, gas constant, temperature, number of electrons
transferred during the reaction, and Faraday constant, respectively.
Depending on solution pH, the term free chlorine encompassed Cl,,
HOCl,q and OCI™ 4. Above pH 5, the presence of HOClyq and OCl ™ 5q
as oxidizers in pH-dependent equilibria can be written as:

1)Hoc1 +H* +2e—Cl- + Hy0

o (6)
B RT [cr
Emy, =Eo — 2.3ﬁlogW
2) OCl~ + H,0 +2e—Cl~ +20H~
(7)

[CI-][OH~)?
[0CI]

Accordingly, free chlorine at pH 5 will consist of 99.71% HOCI
and 0.29% OCI~, whereas at pH 9.5 OCI™ is dominant at 99% [60].
Below pH 5, the equilibrium starts shifting towards Cl; as the active
species, limited in concentration by its solubility. Since we use a
dilute sodium hypochlorite solution as a source of free chlorine, and
HOCI is a weak acid, the addition of up to 1 ppm free chlorine in-
creases the pH from 5.5 to 6.4 (Fig. S3) according to:

RT
Emy =Eo — 2.3ﬁlog

HOCl=0Cl~ + H*

[ocrT][HY] 3
Kq = “JHOCT pKq =7.25at25°C

Over the entire observed pH range, HOCI is the dominant free
chlorine species, with only small amounts of OCl™ present. Never-
theless, the impact of pH during the ORP measurements cannot be
neglected since according to equations (6) and (7), an increase in
[H *] (decreasing the pH) results in a higher ORP. Therefore, this pH
response may constructively or destructively overlap the actual
device response to ORP, affecting the accuracy of the measurement.

As seen in Fig. 5a, exposing a G/n-Si junction to increasing free
chlorine concentrations (see Fig. S4a for the relationship between
free chlorine concentration and ORP), causes an increase in the
forward bias current of the device. The variation of R with ORP is
shown in Fig. S4b, indicating that R varies with ORP due to the
addition of free chlorine.

The R of the device changes from 11.2 to 8.1 kQ, corresponding
to 0 ppm and 1 ppm concentration of free chlorine, respectively
(Figure S5a). To calculate the response of a Schottky diode to ORP,
the following equation is used:

(8)

(Rs - Rs 0 ppm)

x 100
Rs 0 ppm

Response (%) = (10)

where R; is the series resistance at a given free chlorine concen-
tration, with O ppm serving as a baseline. As seen in Fig. 5b, the
overall reduction in R can be up to —17%. This enhancement in
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current density (or reduction in Rg) is mainly due to the oxidizing
(i.e., electron-withdrawing) characteristics of the solution at a high
ORP value, resulting in the induction of holes. Since the graphene
has already been p-doped, the overall R across the film and junc-
tion decreases. Accordingly, the hole doping of graphene should
shift the Ef away from the Dirac point, leading to a higher value of
dgp (at 0 V). However, this trend is not observed in the Schottky
device, showing that in addition to the ORP of the solution other
environmental parameters (including pH and ionic strength) also
affect the ®sp variation (the H-] graphs of devices to obtain ®spy are
shown in Figure S5b). According to Fig. 4b our G/n-Si device will
show a nearly —8% change in Rs (increase in ®sg from 0.694 to
0.698 eV) as a result of the expected pH change from 5.5 to 6.4. This
confirms that a part of the response to free chlorine is due to the
change in pH. Moreover, the addition of free chlorine to DI water
increases the ionic strength of the solution. Therefore, the change in
Rs and @gp is in part due to the electrostatic gating effect and
reduction of Ap. As seen in Fig. 5c, the addition of 1 ppm free
chlorine to DI water causes a nearly 18% change in solution con-
ductivity, while the change is less than 1% when 3.42 mM Nacl is
present. Therefore, this is necessary to maintain the solution con-
ductivity above a certain value (0.40 mS cm™!) to minimize the
impact of ionic strength on device response. However, a significant
increase of the ionic strength will suppress the response to ORP due
to the domination of electrostatic gating of EDL over the surface
oxidation by free chlorine. As seen in Fig. 5d increasing the ionic
strength reduces the device response at a particular concentration
(here 0.5 ppm free chlorine, 797 mV ORP at pH 5.9). The overall
reduction of the G/n-Si response upon addition of 8.55 mM NaCl is
calculated to be ~75%. This demonstrates that the ORP interaction
with the surface is strongly dependent on the p-doping of graphene
through charge screening of free chlorine.

3.3. Application as a sensor by introducing selectivity through
chemical functionalization

Up to this point, we have quantified how G/n-Si Schottky
junctions immersed in aqueous media respond to changes in their
environment. These junctions can be utilized in sensing applica-
tions if a selective response to a single parameter can be obtained
while minimizing interferences. Even though blank G/n-Si devices
can detect changes in free chlorine concentration, they exhibit a
non-specific response to a range of parameters including solution
ORP, pH and ionic strength. Therefore, they cannot be used to
selectively detect free chlorine. A selective response can be ach-
ieved by surface functionalization with moieties that undergo se-
lective chemical interactions [10,61,62]. Here we demonstrate that
the functionalization of a G/n-Si diode with 1-aminopyrene (AP)
can enhance both sensitivity and selectivity towards the detection
of free chlorine. The pyrene rings can anchor the AP to the graphene
surface, providing a stable functionalization, while amine groups
provide selectivity toward free chlorine.

The Raman spectrum of AP is shown in Fig. 6a (bottom spec-
trum), including the distinct features of the pyrene ring systems at
1621, 1595, 1406, 1220 and 1187 cm™ . In general, pyrene peaks in
the range of 1650-1500 cm ™! are assigned to C—C stretching modes
mixed with the in-plane vibration of C—H (right dashed box). The
peaks at 1406 cm ™' (middle box) and 1220 cm ™! (left box) originate
from C—C stretching coupled with ring-breathing vibrations and
C—H in-plane bending vibrations, respectively. The peak at
1187 cm™! is assigned to N—H stretching vibrations of amine
groups [63].

The simultaneous presence of Raman features typical for both
graphene and AP in the spectrum of AP-graphene (Fig. 6a, top
spectrum), confirms the successful functionalization of graphene.
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concentration (inset shows the change in @), ¢) Graph represents the change in solution conductivity by addition of free chlorine at different NaCl background concentrations, d)
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As seen in the top spectrum, the higher intensity of the peak at
1593 cm~' compared to bare AP (Fig. 6a bottom spectrum) in-
dicates the presence of newly emerging vibrations perpendicular to
the surfaces of pyrene and graphene (due to m-7 interactions).
Moreover, the G band of graphene overlaps with the AP peak at
1593 cm ™}, causing a selective enhancement of in-plane vibrations
of sp?-hybridized C—C bonds. Hence, graphene functionalization
with pyrene derivatives through -7 interactions decreases the
delocalization of 7 electrons and charge-dopes the surface.

The J-V curves of AP/G/n-Si upon exposure to water are shown
in Figs. S6 and S7. Rg is found to increase once the AP/graphene
starts interacting with the DI water. Moreover, similar to the blank
G/n-Si (Figure S7a), the AP/G/n-Si shows a slightly higher Js in
aqueous solution compared to the dry state (Figure S7b). These
changes are due to the instant formation of an electrical double
layer (EDL) on the surface and the pH response of the surface. From
the J-V curves of AP-G/n-Si (Fig. S6) and their semi-logarithmic
graphs (Fig. S6, inset) upon exposure to free chlorine it can be
found that Rs is reduced dramatically compared to the blank device,
demonstrating that the surface sensitivity towards free chlorine is
enhanced. As seen in Fig. 6b, the R of the AP-functionalized sensor
changes by nearly —80% upon exposure to 1 ppm free chlorine. In
contrast, Rs of the blank sensor only changes by —17% under the
same conditions (Fig. 5b, calculated values for Rs and ®gp in
Figures S8a and b). ®sp of the AP-doped device (Fig. 6¢) also in-
creases by almost 3% upon addition of 1 ppm free chlorine.

One possible mechanism for the response in AP-G/n-Si is due to
the chlorination of the amine group of the AP. In fact, multiple steps
of amine (-NH;) oxidation to monochloramine (-NHCI) and
dichloramine (-NCl,) may offer a promising pathway to sense free
chlorine. X-ray photoelectron spectroscopy (XPS) was used to

evaluate this hypothesis. High-resolution Cl 2p spectra of AP-doped
graphene before exposure to free chlorine reveal two peaks at
200.18 and 201.78 eV corresponding to Cl 2p2 C—Cl and Cl 2p3,
2 C—Cl, respectively (Fig. 6d) [64]. The presence of organic chlorine
on graphene has already been detected by exposing the graphene
to chlorine gas in graphene-based gas sensors. However, it has been
suggested in the literature that the appearance of two new peaks at
198.78 eV (Cl 2p3p; chloride) and (200.38 eV Cl 2p3; chloride) is
due to chlorine that is covalently bound to the amine nitrogen of
the pyrene (-N-Cl) (Fig. 6e) [65—67]. Further evidence of chlorina-
tion can be observed in N 1s spectra. The peak located at 402.02 eV
can be assigned to the protonated form of amine (Fig. 6f and g) [68].
However, it has been assigned to the formation of —NH—CI bonds
elsewhere [65]. To obtain an insight into the formation of chlora-
mine, we found that the atomic ratio of Cl (associated with amine
chlorination, not organic chloride) to N (amine) changes from 0 to
0.21 as aresult of the free chlorine treatment. This means that more
than 20% of the amine N is chlorinated by free chlorine. The lack of
evidence for the formation of dichloramine implies that free chlo-
rine detection occurs through one-step chloramination, and
dichloramine is unlikely to form. This can be confirmed by the pH
dependence of chloramine species as well. As suggested in the
literature [69], the formation of dichloramine is more likely at low
pH values (pH 3—4) whereas here the addition of hypochlorite to
the solution increases the pH from 5.5 to 6.4. Hence, dichloramine
will not be thermodynamically stable at high pH.

To understand the variation of @ in blank and doped condi-
tions, Fig. 7 schematically represents how ®gg varies with free
chlorine concentration. The simultaneous influence of multiple
effects on bare sensors causes the fluctuations of ®sz with high
error bars as shown in Fig. 5b, inset. Variations in the ionic strength
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Fig. 6. a) Raman spectra of 1-aminopyrene (bottom) and 1-aminopyrene doped graphene (top), extracted b) Rs and c) in ®spy variation of devices at given free chlorine con-
centrations, Cl 2p high-resolution XPS spectra of AP/G/n-Si d) before and e) after exposure to free chlorine. N 1s high-resolution XPS spectra of AP/G/n-Si f) before and g) after

exposure to free chlorine

of the solution, as well as electrostatic gating effects of non-faradic
hydronium (H30" ;) and hydroxide (OH ™ ,4) ions, may impact the
charge doping of graphene oppositely [70]. Therefore, since the
addition of free chlorine (a salt of a weak acid (HOCI) and a strong
base (NaOH)) increases the pH and the conductivity of the solution
in addition to the interactions of free chlorine with graphene [71],
the variation of ®sg may not follow a clear trend (Fig. 5b, inset). The
comparison of the responses of blank and AP-doped devices to
0.5 ppm free chlorine is shown in Fig. S9. As explained before, the
ORP response of blank devices is strongly affected by ionic strength
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(~75% reduction in device response from DI water to 500 ppm
NaCl) while covalent interactions are dominant in AP/G/n-Si and
less affected by changes in the EDL.

In contrast, the AP-functionalized sensor exhibits an up to 4%
increase in @sg upon exposure to 1 ppm free chlorine (Fig. 6¢) due
to AP selectively forming a chloramine species, as discussed in the
XPS results. The charge transfer upon oxidation of the amine groups
directly impacts the electronic structure of the graphene sheet due
to close w-7 interactions with the pyrene rings. Hence, band
bending due to the band alignment at the G/n-Si interface becomes
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affinity of Si, respectively.

more extreme, providing a higher built-in potential against elec-
tron transport at the conduction band edge of Si. These enhanced
internal electric forces increase @sg and widen the depletion region
into the bulk Si (shown by positive and negative signs). Therefore, a
higher degree of rectification is expected in doped sensors
compared to blank sensors. The degree of rectification (rectification
factor r) is obtained by the ratio of currents at + voltage of the flat
band region (Vgg) [34]. The flat band region is where the R is
dominant, and the semi-logarithmic J-V curve deviates from the
initial straight behavior. In our proposed sensors, Vg is predicted to
be +0.4 V so that the variation of r can be plotted as in Fig. S10. As
presented, the doped sensor demonstrates a considerably higher r
at any free chlorine concentration, and it is enhanced as the free
chlorine concentration increases.

3.4. Interference studies

To further evaluate the sensing capability of this platform, we
studied interferences due to commonly present anions and cations,
other oxidants, and pH variations. The anionic interferences were
measured for 2.5 ppm HPO3~, 250 ppm SO5~, 25 ppm NO3,
43.5 ppm Cl~ (in addition to the 121.25 ppm background), 11.2 ppm
HCO3, and compared to 0.5 ppm free chlorine (Fig. 8a - left side).
The concentration of each ion was chosen based on maximum
guideline values or concentrations usually found in drinking water
[72,73]. As seen, the response originating from free chlorine is
higher (for both blank and doped sensors) compared to other
analytes, which is due to the strong oxidizing nature of free chlo-
rine. However, the doped sensor demonstrates nearly —60%
response while the blank offers only —13% response to 0.5 ppm free
chlorine. This compares with less than 4% response to HPOZ~, SO%~,
and NO3. However, the addition of CI~ and HCO3 causes blank
sensor responses of 5% and 7%, respectively. Common cationic
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interferences also result in considerably lower responses (less than
4% for K™ (4.2 ppm), Mg™ (7.1 ppm) and Ca™ (12.3 ppm)) compared
to free chlorine (Fig. 8a — right side). However, the addition of Na™
leads to a 7.5% response in the blank sensor. We believe this could
be due to the enhanced ionic strength of the solution through the
addition of 27.5 ppm Na' in addition to the existing Na* back-
ground (78.66 ppm or 3.42 mM). Moreover, as seen in Fig. 8b, the
sensors still show a substantial response upon exposure to other
common disinfectants (with the same concentration as free chlo-
rine, 9.53 pM or 0.5 ppm). Exposure to MnOz caused —33 and —21%
changes in R; for blank and doped, respectively. This could be due to
the strong oxidizing nature of MnOz and/or the direct oxidation of
the surface. The fact that both sensors respond to MnOz highlights
the fact that the ORP response is rather strong, even in doped
sensors, due to the accessible surface area of graphene to oxidants.
It is also worth pointing out that the AP doped sensors show a lesser
response to permanganate and peroxide, but a higher response to
free chlorine, due to the AP layer interfering with the non-specific
ORP response.

Variations in pH also impact the sensor response. The results in
Fig. 4 show that a blank G/n-Si device gave an approximate pH
sensitivity of —3.99%/pH. For AP/G/n-Si, however, the presence of
amine groups on pyrene rings anchored to graphene provides pH-
sensitive sites on the surface so that their protonation/deprotona-
tion has the potential to dominate the pH responsivity. As seen in
Fig. S11 corresponding to AP-doped graphene, except at pH 3, the
rest of the J-V curves overlap at both forward and reverse currents.
The UV—visible spectra of AP molecules at different pH are shown
in Fig. S12, demonstrating that the protonation/deprotonation of AP
occurs at low pH around 3—4. At high pH values, three prominent
absorption peaks at around 288, 353 and 390 nm are the main
characteristics of AP [52]. At pH 3, new peaks at 338, 323 and
309 nm arise from the presence of the protonated form of the
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K*, 7.1 ppm Mg*, and 12.3 ppm Ca™ (inset shows the relative sensor response of cations to free chlorine response), b) oxidant interference study at pH 5.6 by addition of 1.34 uM of

each oxidant (0.5 ppm HOCI = 9.53 uM)

molecule. The theoretically calculated pK, = 4.13 of AP molecules
attached on a sheet of graphene (8 x 8 cm?) is consistent with the
UV—visible data, confirming that the majority of protonation/
deprotonation occurs around pH 3—4 [54,74].

As the pH increases from 3 to 8, conversion of pyrene-NHj to
Py-NH; induces electrons to the surface and therefore, the overall
R increases (Fig. S13) while @ drops (Fig. S13, inset). These two
regimes can be observed in Fig. S13 where the change from pH 3 to
5 causes a rise in Rs while Rg decreases in the range of pH 5—8.
Moreover, the maximum pH response of AP-graphene does not
exceed 9% while more than 7% change is associated with the change
of pH from 3 to 4. Therefore, this pH insensitivity at pH above 5
makes it possible to perform sensing measurements independent
of the pH response. In contrast, the blank sensor has a 10% response
to variation of pH between 5 and 8.

3.5. Comparison with chemiresistive platforms

The nature of the response in a Schottky diode is different
compared to FETs or chemiresistive platforms. In the latter, Ohm's
law dictates a linear dependence of current and voltage while the
gate potential modulates the surface resistance through the elec-
trostatic gating effect. During the operation of a FET at zero gate
voltage, it effectively works as a chemiresistor. To compare the
performance of a chemiresistive design with the Schottky diode
geometry, our device design allows simultaneous operation in both
modes. The chemiresistive measurements of blank graphene and
AP/graphene upon exposure to 0.7 ppm free chlorine (shown in
Figures S14a and b, respectively), reveal the stepwise reduction of
resistance upon addition of free chlorine. Due to the slower kinetics
of the chloramination reaction, the AP/graphene device responds

more slowly to free chlorine compared to the sharp ORP response of
bare graphene. Nevertheless, the doped device exhibits a nearly 2
times higher sensitivity (—15% and —7.2% response to 0.7 ppm free
chlorine, respectively) (Figure S14c). Comparing these results with
corresponding Schottky diode measurements shown in Fig. S15
demonstrates a nearly 5.5 times higher sensitivity for the AP-G/n-
Si device compared to the G/n-Si device and the chemiresistive
geometry.

The different performances of these two sensing geometries
originate from the nature of the change in Rs. Among the contri-
butions of contacts, bulk metal, and bulk semiconductor resistances
to the overall R, the contacts can be considered unchanged since
they are removed from any sensing interactions by a thick dielectric
cover. In a chemiresistive geometry, the change in R of the gra-
phene between the contacts determines the sensitivity. However,
in a Schottky junction, in addition to the contributions of the
contacts and the graphene sheet, there is also a contribution of the
junction resistance to R, which plays a decisive role in determining
the sensitivity. Therefore, the difference in responses in Schottky
diode geometry and chemiresistive geometry originates from the
Schottky barrier formed at the interface of Si and graphene. The
exponential dependence of Rs on ®gz means that the small change
in @gg changes R; of the junction considerably, making the junction
sensitive to small variations. The Schottky junctions’ response fol-
lows a linear range of 0.01—0.7 ppm, a LOD of 3.1 ppb (59 nM) and a
sensitivity of 10.2 ppm~' (0.53 uM~").

A comparison of G/n-Si junction sensing performance with
other reported designs has been provided in Table 1. As seen, the
LOD of the proposed G/n-Si Schottky junction platform is lower
than most published electrochemical designs and FETs. This in-
dicates that the G/n-Si junction provides excellent sensitivity for

Table 1
Comparison of solid-state free chlorine sensors in the literature with this research.
Sensing principle Conductive layer Selective species Linear range [ppm] LOD [ppb] Ref
Potentiometry Stainless steel vs. Pt — 1-10 — [75]
Amperometry Pencil trace Graphite 7-500 6600 [76]
Glassy carbon Prussian Blue 0.009-10 9 [77]
Glassy carbon Polydopamine at GO 0.7-16 3 [78]
Pencil graphite Carbamate 04-6 400 [79]
Solution-gated FET Graphene Graphene 0.07-0.7 7 [80]
Chemiresistive Pencil trace Oligoanilines 0.06—60 - [81]
Pencil trace Oligoanilines 0.1-60 - [71]
CNTs Oligoanilines 0.06-60 - [61]
CNTs CNTs 0.03-8 - [82]
Schottky Diode G/n-Si AP 0.01-0.7 3 This work

GO = Graphene oxide; GLC = Graphene like carbon, PCAT = phenyl-capped aniline tetramers; CNTs = carbon nanotubes; AP = 1-Aminopyrene.
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the detection of analyte without the need for gate or reference
electrode, offering a robust and perhaps simpler fabrication design.
Although the working range of the device goes as low as 10 ppb free
chlorine, it starts saturating at lower concentrations (0.7 ppm)
compared to other conventional methods. Therefore, the sensor is
of the highest benefit in applications where high sensitivity is
required, such as disinfectant removal by filtration devices at the
point of use.

4. Conclusion

We demonstrate the use of a G/n-Si Schottky platform in
aqueous environments, report the impact of solution parameters
on their performance, and elucidate the working principle of these
devices in water. The impact of ionic strength of the solution was
demonstrated to be significant (up to 257% change in R) due to the
instant formation of an EDL on the graphene surface and capacitive
screening of charges. The presence of oxygen-containing functional
groups or contaminations provides negative surface charges and
therefore, the IHL on graphene is expected to be formed by cations
from the solution. As an increase in ionic strength causes the
reduction of the Debye length and more n-doping of the surface, a
higher ionic strength causes a more compact EDL and intensifica-
tion of charge doping. Moreover, the solution pH also impacts R
and ®gg. At low (high) pH, the accumulation of H30% ;4 (OH ™ 34) ions
in EDL causes n-doping (p-doping) of graphene and a decrease
(increase) in the R of the junction. The ORP of the solution was also
found to influence the performance of the device so that higher
ORP may lead to oxidization of the graphene surface. The ORP of the
solution was controlled by the addition of free chlorine.

To demonstrate the sensing capabilities and the possibility of
surface modification of this platform, we modified the graphene
surface with 1-aminopyrene to provide a sensitive and selective
area for the detection of free chlorine. The sensing measurements
reveal up to 80% change in Rs upon exposure to 1 ppm free chlorine
in AP/G/n-Si samples, giving almost 5.5 times higher sensitivity
than bare graphene sensors. Moreover, we demonstrate that the
protonation/deprotonation of amine groups on the graphene
dominates the pH response of doped graphene at low pH while the
surface becomes pH-insensitive at higher pH. This is mainly due to
the opposite signs of responses originating in surface EDL induce
response and defect protonation/deprotonation.

Associated content

Detailed information on experimental sections, X-ray photo-
electron spectroscopy (XPS), Raman spectra of the graphene,
mathematical approach to obtain the series resistance and Schottky
barrier height of the diode, impacts of free chlorine concentration
on conductivity, variation of conductivity by addition of NaCl, and
spectroscopic analysis of AP are provided in the Supplementary
Material.
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S1 Materials and Methods

The lightly doped n-type Si wafers (na~5 x10'* cm=, phosphorous) were purchased from Virginia
Semiconductor. The monolayer graphene covered by PMMA was bought from Graphenea.
Ammonium persulfate (APS) was purchased from WVR. Sodium hydroxide (99%) and
hydrochloric acid (37%) used to adjust the pH were purchased from Caledon Laboratories Ltd.
Sodium chloride used to control the solution ionic conductivity was purchased from Caledon
Laboratories Ltd. 1- amino pyrene (99%) and calcium chloride (99%) were purchased from Sigma
Aldrich. Sodium phosphate (dibasic, anhydrous) was purchased from Baker Chemical Co. Sodium
sulfate and magnesium chloride were supplied from Fisher Scientific. Potassium chloride (ACS
grade, PX1405-1) and sodium bicarbonate (ACS grade, 99%, SX0320-1) were purchased from
EMD. Ammonium fluoride hydrofluoric acid known as buffered oxide etch (BOE) 4:1 (HF:
NH4F=20%:80%) was purchased from Sigma Aldrich. Ultrapure waterused for the
experiments (18.2 MQ-cm) was obtained from a Millipore Simplicity UV water purifier system.
Sodium hypochlorite solution (reagent grade, 10 — 15%) was used as a source of free chlorine. All
chemical reagents were analytical grade and were used as purchased unless stated.

The free chlorine concentration was measured using the Hach Pocket Colorimeter™ II kit through
addition of N, N-diethyl-p-phenylenediamine and measurement of optical absorption. The results
were also checked with the obtained values from a UV-Visible spectrometer to ensure accuracy.

S2 Characterization

A Raman spectrometer (Renishaw inVia) was used to analyze the transferred graphene on Si and
SiO; in the range of 300-3500 cm™! with a spectral resolution of 3 cm™'. A 50 objective lens was
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used to focus the 514 nm laser on the sample through an aperture for a spot size of about 1 pum.
The optimum laser power was chosen to be 1% to avoid the local burning of carbon. Each sample
was characterized in three different spots to ensure reproducibility.

The SEM images were taken on a JEOL JSM7000F microscope at 20 kV.

XPS spectra were taken using a Kratos AXIS Supra X-ray photoelectron spectrometer. XPS survey
spectra were obtained from an area of approximately 300 x 700 um? by using a pass energy of 160
eV. XPS high-resolution spectra were recorded from an area of approximately 300 x 700 um? by
using a pass energy of 20 eV. The survey and high-resolution spectra of Cls, O 1s, N 1s, and Cl
2p were recorded.

The UV-Visible spectra of 1-aminopyrene were obtained by placing 2 mL of solution (0.3 mL of
1.4 mM 1-aminotpyrene/ethanol in 1.7 mL DI water) into a quartz cuvette and measuring in an
Orion Aquamate 8000 spectrophotometer over a range from 250 to 600 nm.

For electrochemical and chemiresistive measurements, a four-channel eDAQ EPU452 Quad
Multifunction isoPod was connected to the electrodes. The channel type for chemiresistive sensing
was set to the biosensor, with an applied voltage of 100 mV. An ORP electrode, a pH electrode,
and a conductivity electrode (all purchased from eDAQ Inc.) were calibrated and connected to
channel types of ISE, ISE, and conductivity, respectively. The pH electrode was calibrated with
pH 4 and pH 7 calibration solutions before the experiments. The ORP electrode was kept in
calibration solution and washed several times to avoid introducing contamination to the
experiment. The conductivity electrode was calibrated in 0.1 mM KCI solution (12.64 mS-cm™")
for 30 minutes, giving a cell constant (k) of 1.038 A. A Keithley source meter (2450) was used for
diode measurements. In the sweep function, the voltage range was set to -2 to +2 V with decimal
of 10 mV.

S2
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Figure S1. Raman spectrum of Graphene before PMMA removal.
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S3 Procedure for calculating R, n, and ®gp

To calculate the diode parameter, we start with thermionic theory as equation S1[1,2]:

J=Js [exp (W:k;l;(fsl)) = 1] eq. S1

Where the saturation current is defined as:

Js = AA"exp(— qq’i) eq. S2
kgT

by isolating V in equation S1, equation S3 will be generated:

__ nksT P A
V=" (]) + JAR, eq. S3

by differentiation equation of equation S3, we can obtain:

av _ nkgT 1
dj ]

+ AR eq. S4

So, plotting Z—‘; Vs. % will provide us with a linear zone in which slope and Y-intercepts, | and Rs
can be calculated [1]. This can be similarly done in semi-logarithmic format of equation S4:

dv nkgT
d(ln))

+ JAR;

At this point, by plotting d‘z—‘;] vs. J, Ry and 1 and can be obtained from the slope and y-intercept

of the linear sections, respectively.

To obtain @gp, isolation of V from thermionic theory will give [3,4]:

nkgT J
V = JAR + 0@y + T2 In (%) eq. S5
So, by defining the new term of H (J)
— nkgT J
H(/):V_TLn(W) eq. S6
H(J) = R;A] + ndgp eq. S7

So, plotting H vs. J will give us a linear zone having the slope and Y-intercepts of n and SBH
respectively.

It should be noted that the fitting techniques to obtain the slope and Y-intercepts are extremely
sensitive to the data scattering, the linearity of the graphs. One simple method to obtain the values
of n and R was to fit a line to the linear sections of semilogarithmic J-V curves of the sensor for
V > 3KT. However, since the dominance of R occurs at high forward biases, the obtained values
have a considerable deviation from actual values. Therefore, the calculation of R, range should be
limited in the range of V = 3KT and the flat band voltage (a voltage at which the semi-logarithmic
J-V curve deviates from the initial straight behavior).
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Figure S2. Plot of solution conductivity (mS.cm™) of an aqueous solution upon addition of
NaCl.
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Figure S3. Change in pH of solution upon addition of free chlorine.
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Figure S4. a) plot of oxidation reduction potential of the solution by addition of free chlorine b)
change in the device series resistance with increasing the ORP values.
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Figure S5. a) dV/dLnlJ vs. J graphs for the blank device at forward bias, demonstrating the validity
of the used circuit model, b) the H vs. J graphs of the blank device, revealing the linearity of the

fitted lines with less than 10% offset from the model.
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Figure S6. J-V curves of AP-G/Si upon exposure to free chlorine concentrations

170

S7



Ph.D. Thesis — S. Angizi; McMaster University - Chemistry

(a) (b)
054 0{ o Before 9 0.5 4 s @ Before
o After 3, 01 o Ater
2 /’,’”’ » 2 /,&’
& 2
044, 4 i & 044 4 £
c -6 %a.\ s & c 6 M
Toa] @ % & Toal ¥ TN
£ 0.3 U < £034 4 % :
§ 10 - 5 . v
< 42 . < 2 .
Eop2/ Eo2] mtr——— :
N 2 4 0 1 2 S 2 4 0 1 2
Voltage (V) Voltage (V)
0.1 0.14 §
o Before v
0.0 - 9 After 0.0 4
2 A 0 1 2 2 A 0 1 2
Voltage (V) Voltage (V)

Figure S7. J-V curves of a) G/n-Si and b) AP/G/n-Si devices before and after exposure to water
(the insets show the corresponding semi-logarithmic J-V curves)
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Figure S8. a) dV/dLnJ vs. J graphs for AP/G/n-Si at forward bias, demonstrating the validity of
the used circuit model, b) the H vs. J graphs of AP/G/n-Si device, revealing the linearity of the
fitted lines with less than 10% offset from the model.
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Figure S9. Blank and AP doped device performances upon addition of NaCl at different
concentrations.
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Figure S10. Variation of rectification factors for blank (black-top) and doped (red-bottom)
devices at different free chlorine concentrations.
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Figure S11. J-V curves of AP-doped device upton variation of pH from 3 to 8 (the insets
represent the corresponding semilogarithmic curves).
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Figure S12. UV-vis absorbtion spectra of 1-aminopyrene molecules at pH 3-8.
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Figure S13. Change in R and ®gpyy (inset) of the 1-aminopyrene doped devices upon exposure

to pH 3-8.
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Product Datasheet

Graphenea Monolayer Graphene film on Cu with PMMA

Graphene Film

Growth Method

CVD synthesis

Transfer Method

Clean transfer method

Quality Control

Optical Microscopy & Raman checked

Appearance (Color) Transparent
Transparency >97%
Appearance (Form) Film

Coverage >95%

Number of graphene layers 1

Thickness (theoretical) 0.345 nm

AFM Thickness (air @RT) <lnm

Electron Mobility on SiO,/Si =1500 cm2/V-s

Sheet Resistance on SiO,/Si (Van der Pauw)

450+40 Ohms/sq. (1cm x 1cm)

Sheet Resistance PEN (Van der Pauw)

750+50 Ohms/sq. (1cm x 1cm)

Sheet Resistance Quartz (Van der Pauw)

360+50 Ohms/sq. (1cm x 1cm)

Grain size

Cu foil
Thickness 18 um
Roughness 80 nm

Up to 20 um
Substrates
PMMA Coating
Thickness 60 nm
PMMA Model 495K, A2

Note: Pretreated for easier bottom layer removal

- Recommended use of the product up to 3 months

www.graphenea.com
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Chapter 7 Conclusions and Outlook

In this thesis, the interfacial interactions between graphene and aqueous electrolytes are
investigated with a focus on the role of environmental parameters such as pH, ORP, DO and
ionic strength. This is accomplished by monitoring the reactions through output electrical
signals from solid-state water quality sensors. First, graphene, as electrical transducing films
of the devices, is exposed to the change in pH, ORP, and ionic strength. Then upon interaction
with surroundings, the interfacial interactions are explored through the device signal.

The 3™ chapter of the thesis aims to address some of the existing ambiguities in the literature
on the pH sensing mechanism of graphene devices. By fabricating graphene samples with a
wide range of defectivity, it was shown that the pH response of graphene is defect dependent.
Also, functionalizing the graphene by using pyrene derivatives con various pH-sensitive
functional groups was shown as a great study model to investigate the pH responsivity of
graphene devices. The main findings of the 3™ chapter of the thesis can be summarized as
follows:

e Demonstration and optimization of graphene thermal reduction processes to reduce its
defectivity level. The optimizations are done in N> (without reducing agent) and
No/Hz (95/5-with reducing agent). The former was shown inefficient in reducing the
defectivity below Ip/Ig values of 0.36, while the latter demonstrated a ratio as low as
0.15 during only 6 hrs of annealing.

e For extracting the relevant information regarding defectivity, Gaussian and Lorentzian
Raman spectra deconvolution processes were used. Lorentzian offered a better
accuracy for first-order peak deconvolution. Accordingly, intensity of the D, D, and G
bands are reported based on the deconvoluted spectra.

e [llustrating a comprehensive plot on how graphene pH sensitivity varies by the change

of defectivity. The graph shows two main regions: the high defect region (above Ip/lg
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=0.35) demonstrates an inverse relationship between change in the chemiresistive
current and pH. In this region, increasing the defectivity enhances the sensitivity. In
low defect region (below Ip/Ig= 0.35), reducing the defectivity increases the sensitivity
to a certain value. Considerable reduction in defectivity, however, reduces the
sensitivity due to the dominance of graphene hydrophobicity.

* The mechanism justifying the sensing mechanism in low defectivity region is shown to
be the dominance of electrostatic gating effect of ions in EDL. Upon addition of an
acid, accumulation of H3O" ions in the vicinity of graphene generates a field effect that
immobilizes opposite charges (electrons) in graphene. Therefore, it is expected to
observe that reducing the pH decreases the graphene current.

* The mechanism explaining the high defectivity region is shown to be protonation-
deprotonation of pH sensitive oxygen containing functional groups, namely “COOH,
—OH and —NH». Upon reducing the pH below 4, —COO™ group of the surface are
protonated to —COOH and the surface is p-doped. Similarly, increasing the pH above 8
deprotonates —OH to —O~; therefore, graphene is n-doped.

= Pyrene derivatives containing graphene’s functional groups (Py-NH., Py-OH, Py-
COOH, and Py-CHO) are used to functionalize the annealed graphene to explore the
pH response of each group.

= A general roadmap for pH sensitivity of graphene is presented. Although the results are
specifically for the FLG synthesized by sonication method in the presence of IPA and
H>O, the concept can be generalized to other graphene synthesis methods and
defectivity. Hence, predictions on how the plot would change by various defects are
also given.

In the 4™ chapter, we focused on the pH sensing mechanism of graphene derivatives, including

SLG, FLG and GO. Also, we showed how pH response of graphene depends on the type and
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density of each functional group. Finally, optimization of GO thermal reduction processes
resulted in the development of stable GO devices in an aqueous solution. The results of this
study could assist researchers to understand how various graphene nanomorphologies respond
to the change in pH and open new avenues for manufacturing GO based pH-sensitive platforms.
The main findings of chapter 4 can be summarized as follows:
=  Successful transfer of a SLG by using a wet chemical technique followed by
chemiresistive sensor fabrication. In this method, Cu substrate is etched off using APS,
then the graphene is rinsed with water and methanol. Then suspended graphene film is
transferred onto desire substrate, followed by hot acetone treatment and thermal
annealing process.
* Finding the numerical relationships between the functional groups’ defect density and
pH sensitivity of graphene. Pyrene derivatives are used to create graphene surfaces with
selective functional groups. The results reveal that larger contents of in-plane -COOH

results in ~ 55% change in current when pH is changed from 5.5 to 3. A similar

observation was shown for NH> and OH at low and high pH ranges, respectively.

* GO chemiresistive device was fabricated through solvent chemistry and optimization
of deposition parameters.

* GO chemiresistive stability in water was enhanced by optimization of the thermal
annealing process. The temperature and duration of 350 °C and 24 hr are found to result
in reduced GO with slightly reduced Ip/Ig compared to GO, while the film conductivity
enhances to 5-10.

= Proposing a reduced GO base pH sensing platform by demonstrating its pH sensitivity.
The proposed device responds to pH change from 3-9 by 175% change in

chemiresistive current.
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In the 5™ chapter, we focused on the performance of graphene devices in contact with

concentrated aqueous electrolytes. We demonstrate the use of graphene-based chemiresistors

as a technique to indirectly quantify the experimental Debye screening length of concentrated

electrolytes. We report a breakdown of the Debye-Hiickel theory in the proximity of a graphene

surface at a lower concentration (10-50 mM) than previously reported for other systems,

depending on the cation size, dissolved oxygen concentration, and degree of graphene

defectivity. The key findings of this research are:

Demonstration of possible interactions between Na® ions and graphene surface.
Graphene exposure to concentrated NaCl solution does not result in Na* doping. While
drop casting NaCl could result in chemical doping. Therefore, change int the current
upon exposure to alkaline salt solutions could be due to EDL.

Demonstration of mechanisms through which graphene is influenced by ions at the
surface. We used Grahame’s theoretical model for EDL and predicted the change in
graphene response upon exposure to LiCl, NaCl, and KCl solutions.

The presence of positively charged ions (Li*, Na* and K*) in the proximity of graphene
is confirmed by n-doping the graphene through the electrostatic gating effect.

The impact of DO on graphene properties is enhanced by increasing solution ionic
strength. Therefore, DO should be considered in EDL composition and is responsible
for neutralizing the impact of Na" ions.

Graphene current decreases by the addition of salt concentration; however, it starts to
rise again at higher concentration. The mechanism justifying this behavior is anticipated
as surface charge reversal due to the formation of strongly correlated liquids at the
surface and the balance between the van der Waals forces forming the EDL and

Coulombic repulsive forces between two ions with similar charges.
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= The current inversion was found to be cation-size dependent, demonstrating a current
inversion at a lower concentration for K* than Na*.
= The current inversion is found to be DO-dependent, revealing a faster inversion when
DO is absent.
= The current inversion phenomenon is also shown to be defect dependent. GO and
reduced GO with large defectivity do not show a response to Na addition due to the
dominance of defect induced response.
Finally, in the 6™ chapter, we strive to demonstrate the practical application of the obtained
knowledge on the interfacial interaction between graphene and aqueous electrolytes. For this
purpose, a novel platform containing chemiresistive and Schottky diodes was fabricated. The
sensitivity of the Schottky junction’s properties to environment was used to explore the
interactions. Free chlorine, as the primary disinfectant of water, is chosen as the model study
here. Its addition to water is shown to increase the pH, ORP, and ionic strength at once;
therefore, its sensitive and selective detection occurs only if the graphene interactions with
environmental parameters are understood properly. The key findings of this study are as
follows:
= Development of a novel platform by SLG and n-Si that operates in both modes of
chemiresistor and Schottky diode simultaneously.
= Demonstration of G/n-Si junction properties in bare and wet conditions. We showed
operation of such junction ins the presence of water is possible.
= Interpretation of junction response to the change in pH. Upon using the previously
discussed mechanism of pH, the impact of EDL on graphene was demonstrated by
adjusting the pH. Accordingly, nearly 18% response is reported for such system for the

pH change from
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= Demonstration of the junction response to the change in ionic strength. It was shown
that junction R increases nearly 257% upon exposure to only 8.55 mM NaCl compared
to DI water.

* Demonstration of the junction response to the ORP change in the solution. For this
purpose, the bare surface of graphene is exposed to free chlorine, and graphene response
to the change in ORP of the solution is measured.

» Surface functionalization of graphene with 1l-amino pyrene molecules and its
application for free chlorine detection. The AP molecule showed selective detection of
free chlorine with minimum interference with cations, anions, and other disinfectants.

= The Schottky device revealed nearly 5 times higher sensitivity compared to the
chemiresistor, demonstrating a LOD and sensitivity of 59 nM and 0.53uM,
respectively, for free chlorine detection.

As demonstrated in this thesis, understanding graphene - aqueous electrolytes interfacial
interactions are still in the early stages of research. Here in, some of the future research avenues
to explore are introduced.

1- Exploring the interfacial interactions

a) understanding the relationship between graphene wettability and its interfacial
interactions:

We have shown that graphene/electrolyte interactions strongly depend on graphene defectivity.
However, the impact of types of defects, their positions, graphene size, thickness, and
substrates has not been fully explored. Hence, a careful analysis of parameters affecting
graphene wettability is required to obtain a universal insight into the degree of interactions. In
the next step, a correlation of graphene wettability with pH, ORP and ionic strength of the

solution could be obtained.

186



Ph.D. Thesis — S. Angizi; McMaster University - Chemistry

b) Advanced electrochemical characterizations of EDL at high concentrations:

We demonstrated that ion arrangements at the graphene/electrolyte interface are determined
by graphene surface charges. We also showed that graphene device responses to ionic strength
is comprised of two sections: low and high. In this project, advanced electrochemical
measurements could be used for better interpretation of the ion arrangements. Techniques such
as EIS cloud elucidate equivalent circuit assigned to the interface, demonstrating the sectional
and total capacitances. Moreover, SGFET could also be used to modulate the EDL forces
through applying gate voltage. Accordingly, a better understanding of how graphene electronic
properties change upon exposure to salt.
¢) Development of Graphene/Si Schottky diode FETs to explore the interfacial interactions
In this project, by the addition of a back gate or solution gate electrode to the configuration of
the G/n-Si junction, the ®sp can also be modulated through the gate voltage. This means the
device sensitivity towards interactions could be enhanced more since carrier mobility and

density in each reaction can be modulated through the gate electrode.

2) Towards Development of water quality sensing platforms

a) Development of pH sensors based on graphene oxide:

We reported the development of a pH-sensitive platform based on reduced graphene oxide.
However, its selectivity towards pH was never tested. Therefore, surface functionalization or
application of ion-selective membranes could enhance the selectivity of this system, producing
pH sensors that can be integrated into small electronics.

b) Application of graphene/Schottky FETs for the sensitive detection of other water analytes:
Taking advantage of the sensitivity of G/Si Schottky junctions, it can be used for the detection

of other water parameters such as Pb*. Since the low concentration of Pb** could result in
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severe health issues, particularly in children, G/Si Schottky junctions could be a platform for

such detection.
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