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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 (ID/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 
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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 platforms1 to energy devices2. 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 chemistry3,4. Accordingly, graphene has become an irreplaceable part of 

solid-state gas5, water quality6, and bio sensing technologies7. 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 hydrophobicity8; ii) the arrangement of the ions at the 

graphene/electrolyte interface, known as electrochemical double layer (EDL), may alter the 

properties of graphene9; iii) dissolved gases and molecules in the solutions may cause surface 

charge transfer10. 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, defectivity11. Additionally, solution parameters, including pH, 

oxidation-reduction potential (ORP), and ionic strength can add to this system’s complexity12.  

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 i) electrostatic gating effect; 

ii) 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/H2) 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-

Hückel theory occurs at low concentrations (50 mM for NaCl and 10-20 mM for KCl) in 

graphene compared to commonly used substrates SiO2 (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 µM−1, 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 sp2 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 process1. In a graphene lattice, the sp2 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 2pz electrons, a pi-electron cloud exists 

above the surface2,3. This electron cloud is made by two 𝜋 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 lattice4,5.  
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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 reduction6,7. The former means that the 

stacked graphene layers in graphite structure are diverged by dominating the applied forces to 

𝜋-𝜋 interactions between two adjacent layers8. These forces are often provided by external 

sources. Examples of such exfoliation are liquid exfoliation (e.g., sonication processes9, ball 

milling10, 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 interactions11. 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, respectively8. 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)12, Dimethyl sulfoxide (DMSO), or N-Methyl-2-pyrrolidone 

(NMP)13. In fact, overcoming the 𝜋- 𝜋 interactions requires solvents with surface tension larger 

than the surface energy of graphene to facilitate intercalation processes14. Nevertheless, recent 

examinations have employed solvent chemistry to utilize greener alternatives such as water, 

isopropanol, ethanol, or acetone15–17.  

The bottom-up processes include the reactions in which sp2 networks of carbon-carbon bonds 

are assembled gradually to build graphene sheets18. 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 GNPs19,20. 

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 structure21.  

 

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 applications23. Since the 

quality of the graphene strongly depend on the transfer method, various techniques such as 

wet24, dry25, Electrochemical delamination26, roll-to-roll27, and support-free transfer methods28 

have been developed. Although the processing details of each method are different, they will 

contain at least a few of the following steps: i) 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 29,30. For etching the substrate, ammonium persulfate and iron (III) chloride solutions 

have been the most used etchants for Cu and Ni, respectively31. For Cu, binary solutions (H2O2: 

HCl, 1:2) or other mixtures such as HCl: H2O2:CuSO4:5H2O (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 removal31,32.   

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)33. 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 m2/g, much higher than carbon nanotubes 
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(100-1000 m2/g) or even carbon black (850-900 m2/g). Also, monolayer graphene is low in 

defect and is used to devise (ultra) sensitive chemical sensors due to its surface sensitivity34. 

 

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 π (valence) and π* (conduction) bands. In defect-free graphene, the Fermi energy is 

defined where the valence (HOMO) and conduction (LUMO) collide35. 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 graphene36,37.  

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 semiconductor38. 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, respectively39. 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 holes40. 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 media41. 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=∞ is a 

semi-metal with nearly 40 meV overlap of conduction and valence bands41. 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 42. 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 conductance42,43. 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 
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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 thickness44. 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-1), the edges are prone to interact actively with the 

surroundings45. 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 edges46. 
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Therefore, the edge chemistry of graphene should be monitored for a deeper understanding of 

its electronic properties and chemical reactivity.  

 

Figure 2.3. a) zigzag, b) Armchair and c) arbitrary edge configuration of graphene45. Reprinted 
with permission from Royal Society of Chemistry (RSC), © Copyright 2013. Two possible 
graphene layer sequences of d) Bernal and e) Rhombohedral46. Reprinted with permission from 
IOP, © 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-sp2 networks of carbon atoms. The 

infinite symmetry of the graphene lattice is disrupted when hybridization is altered47. 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 stoichiometric48. 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 defects49. 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 bonds49. Stone Wales defects 

are not easily made due to high formation energy (Ef = 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 lattice50 (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 50 (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)51. 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 graphene51. 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 graphene52.  
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Figure 2.4. High resolution electron microscopy images of a) Stone Wales, b) single vacancy50. 
Reprinted with permission from American Chemical Society (ACS), © Copyright 2008, and 
c) one-dimensional defects in graphene51. 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 yilde53. Reprinted with permission from Royal Society of Chemistry (RSC), 
© Copyright 2010. f) An example of non-covalent functionalization of graphene using aryne 
cycloaddition reactions54. 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 

defects55. 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 ring56. However, due to the atomic radii 

difference between oxygen and carbon, the lattice expansion causes topographical distortion, 

affecting carrier mobility56. 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 energy56. 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-doped57. 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 metals58, 

alkaline earth metals59, transition metals59, halogens60. 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=O), aldehyde (−CHO) and ester (−COO−) 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 characteristics61. Other 

common functional groups of graphene are amine and amide, mainly based on nitrogen61. 

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, π electrons provide a 

fertile surface for molecules to bind through π-π or Lewis acid-base interactions54,62. On the 

other side, direct covalent binding with carbon atoms converts the sp2 hybridization to sp3, 

altering the defectivity level. Notably, the nature of π-complexes could vary classified as 

follows based on the condition: cation-π interaction, anion-π, H-π interaction, π-π interaction, 

and nonpolar interaction of gas-π62.   

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 film63. 

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 time63. 

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 resistance64. 

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 NOx65, H266, CH467, and NH368. 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 NOx with graphene65. 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 mechanism69. 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, HOCl/OCl−)70,71. 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−1, respectively, for 

free chlorine detection69. 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 HOCl and OCl− species69. 

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 Hg2+ 72. The mercury ions hole-dopes the surface through direct 

charge transfer and reduce the resistance over time72. Graphene modification by self-

assembling Au nanoparticles on 1-pyrenemethylamine was another method for detecting Cr 

(VI)73. The subsequent noncovalent modification with 1,4 dithiothreitols could also facilitate 

disulfide bond formation and produce Cr3+ 73. In 2021, Dalmieda et al. 74 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+ response74.  

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.c)75,76. 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 electrode77. 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 current77. 
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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 VDirac. Accordingly, if VG < VDirac, graphene becomes a hole conductor while VG > 

VDirac results in electrons as the majority carriers78. The current passing through graphene 

modulated by Vg can be obtained by Eq. 178: 

𝐼!" =
#
$
𝜇𝐶%|𝑉& − 𝑉'%()*|𝑉!"   (1)  

where Ids is the current between drain and source terminals; W is the width, L is the length of 

the graphene channel; µ is the mobility of the charge carrier, and Ci is the total capacitance 

generated by the gate78. 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 VG. The negative VG accumulates positive charges near the electrode 

leading to an instantaneous configuration of counter ions at the graphene surface79. This means 

the concept of EDL becomes important as the total capacitance (Ci) is defined by EDL 

capacitance (CEDL) and graphene quantum capacitance (CQ). The Ci of an SGFET is expressed 

by Eq. 278:  
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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 monitoring63. 

It is noteworthy to mention that the static mode characterization of SGFET (ISD vs VG at a 

constant VSD) results in the plot of charge neutrality point as a function of the analyte 

concentration80. 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 graphene81. As seen in Figure 2.5.e, the minimum conductivity shifts 

to a larger VG, 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 

doping81. 

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 monitoring82. 

 Apart from pH, SGFETs have been widely used for other aspects of water quality sensing, 

including interpretation of ionic strength83, ion detection84, and disinfectant detection80. 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 solution46. Reprinted with permission from IOP, © Copyright 2020. d) 
The schematic of a SFGET operating in aqueous environment using Pt gate electrode, e) The 
shift in neutrality point of graphene upon exposure to various pH, measured in the static mode 
of FET81. 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 

dependence of current on voltage 85. Generally, the direct interaction of a metal and a 

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 semiconductor86. Since the discussion here is about graphene, the M is replaced by 

graphene (G).  

Two key parameters of ϕs and ϕG indicate the work functions of semiconductor and graphene, 

respectively, which in this case ϕs < ϕG 87. 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 (χ), 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 anion87.   

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 

concentrations88. 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, E88. This electric field acts as a barrier 

against the electron flow, named the built-in potential (Vbi). Also, discontinuity in the allowed 

energy state creates a potential barrier at the junction interface, named Schottky barrier (ΦSB). 

This barrier is against the flow of electrons from G to S and acts similar to Vbi for the flow 

from S to G89.  

Considering the dependence of ΦSB 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 ΦSB 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, ΦSB for an ideal junction can be postulated by Schottky-Mott’s 

equation (Eq. 3) 87:  

Φ-. = 𝜙/ − 𝜒    (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) 87: 

𝐽 = 𝐽" 0𝑒𝑥𝑝 4
0(2#3(4&5)

78'9
5 − 17   (5) 

 by isolating V, equation 6 will be produced86:  
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0
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by differentiation equation 6, we can obtain85,86,88 
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Therefore, plotting !2
!:
	vs. +

:
 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 (𝜂=1). The larger 𝜂 represents larger current leakage 
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and inefficient electron TE transport process. To obtain Φ-., isolation of V from thermionic 

theory will result in: 

𝑉 = 𝐽𝐴𝑅" + 𝜂𝛷-. +
78'9
0
𝐿𝑛 4 :

;∗9)
5    (8) 

and by defining the new term of H (J)69: 

𝐻(𝐽) ≡ 𝑉 − 78'9
0
𝐿𝑛 4 :

;∗9)
5    (9) 

𝐻(𝐽) ≡ 𝑅"𝐴𝐽 + 𝜂𝛷-.     (10) 

Accordingly, plotting 𝐻	vs. 𝐽 will result in a linear dependence having the slope and Y-

intercepts of A × Rs (area × series resistance) and	𝜂 × Φ-. respectively69.  

The temperature dependence experiment of the device is also commonly done to calculate the 

voltage-independent Φ.  at 0 V as well as the “actual” value of Richardson’s constant. 

According to the literature, Φ-.  increases as temperature increases, therefore, saturation 

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

over Φ-. and reduce the width of the depletion region90. 

To calculate Φ. and Richardson constant, the plot of ln	( 5*
9)

) vs +<<<
9

 is a straight line with the 

slope and Y-intercept of Φ-. and A*, respectively90. 

ln 45=
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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 detection91,92. But lately, their applications in aqueous electrolytes or 

detection of bio-analytes have grown. The study done by Kim et al. in 201393, 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 η decreases upon exposure to EA while Φ-. it increases from 
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0.79 to 80 eV (nitrobenzene)93.  (Figures 2.7.b and c). In contrast, strong EDs such as anisole 

decreased Φ-. 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 increases93. In 2019, Noroozi and Abdi 94demonstrated 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−1, 

LOD of 0.25 nM, and wide detection range of (100 nM to 100 µM)94. In the recent study 

published by our research group69, 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 µS·cm-1 (ultra-pure water) to 0.83 mS·cm−1 (8.55 mM NaCl) 

increased the Rs of the junction up to 257%69. 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 Rs of the 

junction by varying the pH between 3-8. This was shown for the interference correction caused 

by the pH detecting HOCl/OCl−. 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−1, 5 times more sensitive than 

a chemiresistive platform with the same materials69. 
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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 ability93. Reprinted with permission from American Chemical Society 
(ACS), © Copyright 2013. D) The reverse biased response of UV-illuminated G/n-Si junction 
to BSA94. Reprinted with permission from Royal Society of Chemistry (RSC) © Copyright 
2019. 

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 clouds95. Nevertheless, since its substrate greatly 

influences its properties, it is not practical 95. 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 

in the realistic range of 95-100◦ 96,97. However, recent studies argue that the observed 
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hydrophobicity could originate from the instantaneously formed adsorbates (e.g., adventitious 

carbon) on graphene96,98. 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◦<θ <180◦), hydrophobic (90◦<θ <150◦), 

hydrophilic (10◦<θ <90◦) and super-hydrophilic (0◦<θ <10◦). This angle is defined as a tangent 

angle at the liquid-gas interface (Figure 2.8) and can be calculated as follows2:  

𝐶𝑜𝑠𝜃@ =
A+,3A+$
A$,

    (12) 

 

Figure 2.8. Three phases contact lines of water droplet on solid with the corresponding 
forces99. Reprinted with permission from Elsevier, © Copyright 2009. 
 

where, 𝛾-2, and 𝛾-$ 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 interactions99.  

The surface tension of a surface is directly associated with the liquid surface. In fact, the surface 

tension (γ LV) is due to the difference in the number of water molecules at the surface compared 

to the bulk. Accordingly, γLV 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.” 

99 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 

chemistry96.   

Surface energy is associated with the surface atoms' excess energy compared to the bulk 

material as they are not involved in chemical bonds100. 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 identical100. 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 

surfaces100. 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 96. 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 SiO2, representing hydrophobic and 

hydrophilic surfaces, respectively, changes the arrangement of ions in EDL101. Therefore, 

WCA can vary from 95° to 70° in SiO2 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 
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surface caused by electronegative oxygen atoms. This indicates the sharper drop in the surface 

potential to the solution potential for hydrophilic surfaces101.  

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 Al2O3 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.102. 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.,96 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 

functionalization96. 
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Figure 2.9. Arrangement of ions in at the graphene/electrolyte interface on a) hydrophobic 
and b) hydrophilic substrates101. 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 (SiO2)96. 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°.103 This means more significant surface 

roughness may cause the graphene to repel water more, reducing graphene/aqueous solution 

interactions104. 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 SiO2 decreases the 

WCA96. 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 holes56. 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 hydrophilicity103. The surface hydrophobicity 

increases upon functionalizing with large chain organic molecules, or groups containing −F, 

−CH3 64,81 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 hydrophobicity105. 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 (𝜃<80º). 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 substrate105.   

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 

belongs to Helmholtz106, 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 

by106,107:  

 𝐶B =
C*C-
!
𝐴     (13)    

In this equation, 𝜀= and 𝜀( are the permittivity values in vacuum and solution, respectively; A 

is the surface area of the electrodes106. Although the calculation of EDL’s capacitance seems 

simple using the abovementioned equation, accurate measurement of 𝜀( has been a challenge. 

The spectroscopic measurements have successfully determined the bulk solution’s 𝜀( ; 

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 𝜀( 108,109. Moreover, 

Helmholtz'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 

interface110.  
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Figure 2.10. Theoretical models on EDL and their corresponding ion arrangement: 1) 
Helmholtz, 2) Gouy-Chapman Stern, 3) Grahame’s theories.  

Gouy and Chapman later improved the Helmholtz theory by introducing the concept of the 

diffuse layer111. 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 Stern107, 

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 follows107:   

+
,"#$

= +
,./012*034

+ +
,#!556&/

    (14) 

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 graphene69. 
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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 IHL due to the attraction forces of polarized electrode107. 

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 112. 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 107 where the total capacitance of EDL is due to ions adsorption (Cads), 

Helmholtz Layer (CH), and bulk capacitance (CB). This should be noted that Cads and 

CH represent the capacitance caused by ions in the IHL; however, the Cads exclusively indicates 

the presence of unhydrated adsorbed ions on the graphene surface107. As seen in Figure 2.11.a, 

the equivalent circuit confirms the existence of bulk resistance (Rbulk), solution resistance (Rs), 

and interfacial resistance (Rint). 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-

Hückel (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 follows113: 

	𝜆' = MC*C-D9
E5F)

     (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 potential113.  
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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 solution64. According to the literature, reducing the pH increases the H3O+ 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 

graphene64,112. 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 interactions64,114. The surface roughness or edge termination 

have also been shown effective in local charging the surface through an ion trapping 

mechanism112. 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)114. 

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 = +
E
Σ𝑐%𝑧E) and 

reduces the Debye screening length115. 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 discussion116. By introducing NaCl and formation of Na+ and 

Cl− 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 ions117. Nevertheless, 

recent research studies have shown graphene affinity towards OH−, Cl−, and SO42− ions110. 

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 69. This hypothesis is that exposure of graphene to aqueous electrolytes 

changes the intensity of peaks associated with O−H stretching (3000 -3600 cm−1) 110. Sum 

generation frequency studies (SFG) show that symmetry disruption at the interface causes a 

sharp peak at around 3600 cm−1, 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 concentration110. 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 molecules110. 

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 electrolyte115. 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)113. When a large number of ions are attracted to graphene, the non-

electrostatic interactions of water-cations with surface 𝜋 bonds could result in the surface 

charge reversal, depending on the charge, size, and affinity of the cations118. 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 (Sstr) versus SCL is a 

powerful way to elucidate the mechanism118. Van der Heyden et al. 118 stated by using Sstr, 

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 113 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 explored113. 

 

Figure 2.11. a) A comprehensive equivalent circuit explaining the EDL structure in graphene 
devices107. Reprinted with permission from Elsevier, © Copyright 2014. b) Deviation of 
experimental decay length from theoretically measured Debye length113. 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 doping119. 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 39,120. 

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 > Ef. In contrast, if Ef <LUMO, the dopant (acceptor) is charged by 

graphene121. 

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. Ions 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.   

2.4.2.1 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 

groups64. In fact, at neutral pH, carboxyl groups are in the deprotonated forms (−COO−) and 

carry negative charges. By reducing pH below its pKa= 3.75, −COO− is protonated as −COOH 

and the surface is p-doped64. Similar phenomena happen in the presence of amine groups with 

the pKa of 4.12, meaning the reduction in pH protonates NH2 to NH3+. Comprehensive studies 

showed that the hydroxyl (−OH) group with pKa=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 64,122,123. Hence, controlling the concentration of 

pH-sensitive functional groups could result in pH-insensitive graphene by balancing the gating 

effect and defect-induced responses. 

The pH response of other carbon-based nanomaterials such as CNTs 124 also follows the same 

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 3-9114. Therefore, GO could potentially be 

integrated into next-generation biological devices where simultaneous pH measurement is 

required.  

 

Figure 2.12. A schematic of defect induced pH response of graphene caused by oxygen based 
functional groups64. 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 content63. 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. 16 125:   

𝐸GH = 𝐸= − 2.3026
49
IJ
𝑙𝑜𝑔 [(F!L*F(]-

[=N%!%OF(]*
   (16) 

Where Emv and Eo 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.125. 

For water disinfection purposes, hypochlorite (OCl−), hydrogen peroxide (H2O2), peracetic acid 

(CH3COOH), or potassium permanganate (KMnO4) are commonly added to water63. These 

disinfectants act as oxidizing agents, preventing the growth of pathogens and bacteria44. 

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 

concentration63. 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 

graphene126. 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 HOCl). To be more specific, by addition of 

hypochlorite to water, depending on the pH, three components of OCl−, HOCl, and Cl2 can be 

present127. In fact, equilibrium among these three components is pH dependent so that Cl2, 

HOCl and OCl− are stable in low (below 4), mid (5-7), and high (above 7) pH values, 

respectively127. These three together are often referred to as ‘free chlorine’. Graphene 

interaction with free chlorine is also pH dependent. Both HOCl and OCl− 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 OCl− and 

electron-deficient sites in the surface (point defects) or carbon atoms attached to oxygen sites, 

the attraction forces of HOCl remain controversial69. ORP of a solution is also adjusted with 
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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.127 

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/L119. Also, DO is produced by aeration of 

water through wind, photosynthesis of phytoplankton, algae etc119. 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 128. For example, laser-induced graphene decorated with Platinum nanoparticles 
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was shown to operate in an extended linear dynamic range of 30-400 µM with a response time 

of 2s128. In another report, reduced- GO decorated with silver nanoparticles significantly 

enhanced DO detection, offering a LOD and sensitivity of 0.031 µM and 0.205 µA/µM, 

respectively129. 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. 

𝑂E + 2𝐻E𝑂 + 2𝑒3 → 𝐻E𝑂E + 2𝑂𝐻3   (17) 

𝐻E𝑂E + 2𝑒3 → 2𝑂𝐻3     (18) 

𝑂E + 2𝐻E𝑂 +	4𝑒3 → 4𝑂𝐻3    (19) 

2.4.3 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 graphene120. 

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: i) 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 

graphene with alkaline metals 58,130–132, alkaline earth metals 133,134, transition metals 135–138, 

semi-metals 139–141, and non-metals 142–145 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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1- 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- Ions 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. 

2.4.4 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 boundaries64,112. 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 properties64. 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 vacancies112. These 

vacancies are the entrance gates for ion diffusion. It has been shown the H3O+ 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 molecules146. 
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Figure 2.13. Charge transfer by proton injection/extraction mechanism112. 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 (ID/IG=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 (ID/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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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/nano12111801© 2022 MDPI 
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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-Hückel 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 sp2 hybridized networks of carbon atoms, generating a 

highly symmetrical π-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-Hückel theory (D-H) is commonly used to postulate the relationship between the 

electrostatic screening length (𝜆') and the ionic strength of the solution as follows [19]: 

	𝜆' = MC*C-D9
E5F)

      

where 𝜀=  is the free space permittivity, 𝜀(  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 𝜆' 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 

SiO2[22]. Therefore, graphene derivatives with diverse conductivities have been less explored; 

ii) 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 
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research (Figure 5.1.a, black spectrum) consists of the D, G and 2D bands at 1385, 1587, and 

2580 cm-1, respectively. The D band appears due to structural asymmetries caused by sp3 

hybridization in the graphene crystal, while the G band denotes the long-range ordered sp2 

hybridized network of carbon atoms [25]. The ratio of D to G intensities (or areas) indicates 

the defectivity of graphene [26]. Here, the ID/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 H2O) [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 KCl) 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 KCl 

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 i) 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 ID/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-1) is observed. 

This observation is in agreement with literature reports that ionic forms of metal with low 

ionization energy (e.g., Na+, K+, Ca2+) 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 N2(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 Cl- 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, 𝜆' 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 
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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 𝜆' 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 NaCl), 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 ID/IG 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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(-NH2), 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, N2 purged solution exhibit lower charge transfer 

resistance (Rct), 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 Cl−).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 (N2 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 N2 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.  

 
Figure 5.2. Chemiresistive response of graphene to variation of DO between 0 (N2 purged) and 
11 ppm (air purged) in a) 1 mM NaCl, b) 10 mM NaCl, c) 100 mM NaCl 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 𝜆'  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 𝜆' is reduced 

continuously as a function of NaCl concentration (%D) and is obtained from the relationship 

between and 𝜆' and sensor response at low concentrations. The difference between %s and %D 
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indirectly represents the separation of experimental screening length (𝜆") from its theoretical 

value (𝜆').   

The other term that needs to be defined is the ratio of ionic radius, a, and 𝜆'  (𝑎 𝜆'_ ). The 

𝑎
𝜆'_ ratio represents the concentration of the solution. When 𝑎 𝜆'_ ≪ 1 , ionic radii are 

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 𝜆'_ ≥ 1, the 

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

on the literature, the 𝑎 𝜆'_ ≈ 1 is where the deviation from ideality occurs when the forces are 

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

[39]. By plotting the %"–%' as a function of 𝑎 𝜆'_  (Figure 5.3.b), this can be seen that up to 

50 mM Na+, %" –%'  is nearly zero, meaning the theoretical and experimental screening 

lengths  are almost the same. Nevertheless, at  𝑎 𝜆'_ ≈ 0.06, the %"–%'  starts to increase, 

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

The characterization of 𝑎 𝜆'_ also draws attention toward the cation size-dependent response of 

graphene chemiresistive platform. Consider KCl as an alternative salt to NaCl with a similar 

anion: the 𝜆' 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 𝜆', the one with a larger ionic radius will enter 

the non-ideal condition earlier due to the larger 𝑎 𝜆'_  value. These assumptions can be 

confirmed by the chemiresistive response of graphene to LiCl and KCl 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 𝜆'  requires 

considerably higher concentration to reach the current inversion zone (low 𝑎 𝜆'_ ), more than 

what is used here; ii) the Li+-intercalation or injection processes into graphene flakes upon the 
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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 KCl, 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 %"–%' from 0 value in KCl compared to NaCl in Figure 5.3.b.  

 
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 c) LiCl, d) NaCl, and e) KCl. (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 (ID/IG= 0.33) by the Na+ ions. However, this scenario is not seen in 



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

 135 

reduced graphene oxide for 12h (Figure S8.b), 9h (Figure S8.c) or 6 h (Figure S8.d), having 

ID/IG 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 ID/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 MΩ 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 13. Briefly, 40 mg of graphite powder mixed with H2O: 

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 
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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 N2 (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 kΩ. 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−1 with a spectral resolution of 2 cm-1. 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 KCl solution (12.64 mS.cm-1) 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 O2 prior to electrochemical measurements. Similarly, 

to enhance the dissolved O2 content, air was purged for 40 minutes. EIS measurements were 

conducted in the frequency range of 1MHz 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.  

 
Figure S1 (Figure 5.4). Change in the ionic conductivity of the a) LiCl, b) NaCl, and c) KCl solution as a 

function of concentration. 



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

 142 

 
Figure S2 (Figure 5.5). Variation of dissolved oxygen in a solution equilibrating with air upon purging 

N2 and air 

 

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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Figure S3 (Figure 5.6). Voltage-dependent response graphene chemiresistive device in a) 10 mV, b) 
50 mV, c) 100 mV, and d) 500 mV applied potential, d) signal-to-noise ratio of the sensors operate at 

each voltage with the n= 6.  
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Figure S4 (Figure 5.7). Change in theoretical Debye screening length of the solution as a function of 

NaCl concentration 

 

 
Figure S5 (Figure 5.8). pH response of graphene to pH 3-5 before and after the exposure to highly 
concentrated NaCl solution (0-600 mM). 
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Figure S6 (Figure 5.9) Nyquist plots of FLG chemiresistive sensor in 50 mM NaCl in 0 and 7 ppm 

dissolved O2. 

 
 

 

  
Figure S7 (Figure 5.10). The linear slopes of chemiresistive response as a function of screening 

length for a) low range and b) high concentration regions.  
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Figure S8 (Figure 5.11). Defect density-dependent EDL response of graphene surface exposed to 
NaCl solution for a) graphene, reduced GO for b) 12 h, c) 9h, and d) 6h under N2/H2 environment at 
350 °C 
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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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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 3rd 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 3rd chapter of the thesis can be summarized as 

follows: 

• Demonstration and optimization of graphene thermal reduction processes to reduce its 

defectivity level. The optimizations are done in N2 (without reducing agent) and 

N2/H2 (95/5-with reducing agent). The former was shown inefficient in reducing the 

defectivity below ID/IG values of 0.36, while the latter demonstrated a ratio as low as 

0.15 during only 6 hrs of annealing. 

• 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, Dʹ, and G 

bands are reported based on the deconvoluted spectra. 

• Illustrating 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 ID/IG 
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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 ID/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 −NH2. 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-NH2, 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 

H2O, 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 4th 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 NH2 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 ºC and 24 hr are found to result 

in reduced GO with slightly reduced ID/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 5th 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-Hückel 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 6th 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 Rs 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 1-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 0.53μM-1, 

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.  
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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.   

c) 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 ΦSB 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 Pb2+ could result in 
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severe health issues, particularly in children, G/Si Schottky junctions could be a platform for 

such detection.  

 

 


