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ABSTRACT OF THE DISSERTATION 

 

 

Nanomaterials for Electrical and Electrochemical Sensors 

 

by 

 

Mohammed Sedki Abuelhassan 

 

Doctor of Philosophy, Graduate Program in Materials Science and Engineering  

University of California, Riverside, March 2022 

Professor Ashok Mulchandani, Chairperson 

 

 

The increasing environmental contamination, especially from heavy metals, toxic gases, 

radioactive materials, pesticides, and pathogens, is a global concern. In this regard, 

electrical and electrochemical sensors attracted a huge attention. The efficiency and 

sensitivity of any sensor system is highly dependent on its sensing material interface. This 

work is focused on synthesis, characterization, and optimization of different nanomaterials 

(0D, 1D, and 2D) for the sensitive detection of three environmental contaminants, i.e. 

bacteria, heavy metals (Arsenic), and toxic gases (NO2). Tuning the material properties to 

harvest the highest efficiency, for bio/chemical sensors, is a main challenge in every 

project.  

A linker-free gold magnetite nanocomposite (Fe3O4-Au) was synthesized using a novel 

approach that provided very tiny magnetite (~ 10 nm) nanoparticles (NPs) with a high 

surface area, and synergistic electrocatalytic effects of the two nanomaterials due to the 
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zero spacing between them. Fe3O4-Au NPs-ionic liquid was modified on glassy carbon 

electrode (GCE) and achieved a trace level detection of As(III) in water using anodic 

stripping voltammetry.  

Non-lytic M13 phage was chemically loaded to AuNPs-GCE and used for the first time for 

the highly sensitive, selective, and stable (thermally and chemically) impedimetric 

detection of E. coli in water.   

A detailed experimental study of what really matters for getting pristine graphene-like rGO 

thin film, supported by DFT calculations, was conducted. The rGO thin film was then 

integrated into microfabricated interdigitated and single gap devices with back gating for 

field-effect transistor (FET) measurements and applications. The material’s electronic 

properties of bandgap and charge carrier mobility were monitored and correlated with the 

material quality. The resulting high quality rGO thin film served as a semiconductor 

channel in FET-based electrical sensors for detection of bacteria and heavy metals. Lastly, 

MoSe2, and ternary MoSe2(2-x)Te2x alloys were synthesized using chemical vapor 

deposition (CVD), with a gradient variation in (x) to tune the band gap and carrier mobility 

of the corresponding alloys for near-infrared (NIR) optoelectronic applications. Orders of 

magnitude enhancement in the device output was observed by Te doping. By a precise 

control of the epitaxial growth factors, Janus MoSe2(2-y)Te2y/MoSe2(2-x)Te2x heterostructure 

with defect-free interface was synthesized, and an antiambipolar transistor was recorded 

for the first time.  
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CHAPTER 1 

1.1. Introduction 

1.1.1. Overview  

A chem/biosensor is an analytical tool that transforms chem/biological events into a 

measurable output signal. A biosensor consists of three main parts, a biological recognition 

element or simply a bioreceptor, a transducer, and the associated electronics or signal 

processor [1]. The material interface is a crucial part of the transduction process. For chemical 

sensors, it is the same structure as biosensor, but adding a recognition element or not is based 

on the application. Based on the type of transducer, sensors can be stratified into mechanical, 

optical, electrochemical, electrical, etc [2–4]. Mechanical sensors detect events in the form of 

changes in mechanical properties such as stress or strain on cantilever (e.g. cantilever sensors) 

or changes in mechanical waves in a piezoelectric material (e.g. acoustic wave sensors) [5]. 

Optical sensors depend on the change in optical signal utilizing many techniques, including 

surface plasmon resonance, Raman scattering, fluorescence, and colorimetry [6]. 

Electrochemical sensors are a group of sensors that measure the change in current 

(amperometric), impedance (impedimetric), potential (potentiometric), or conductivity 

(conductometric) as a response to a change in analyte’s concentration [7,8]. On the other hand, 

electrical sensors rely on detecting the change in electrical signal associated with variation in 

analyte’s concentration and can be classified into field-effect transistors (FET), 

chemiresistors, chemical diodes, etc [9]. For each type of these sensors there are strengths and 

weaknesses, and it all depends on researchers’/users’ preferences based on the requirements 

of each application, available resources and other contributing factors.  
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1.1.2. Scope of this research 

This work is focused on electrical (FET) and electrochemical (Electrochemical Impedance 

spectroscopy, EIS) environmental sensors. For each project of this dissertation work, we do 

synthesis and properties tuning of different nanomaterials, characterize them using all possible 

types of characterizations (e.g. microscopic, spectroscopic, electrochemical, electrical, etc.), 

and implement them into micro/nanodevices, and finally apply them for the detection of 

bacteria, heavy metals, and toxic gases (NO2). From materials aspect of chem/biosensors, we 

focus on the relationship between processing, structure, properties, and performance of 

nanomaterials. There are four main projects or goals that form this dissertation: 

• Project 1: Synthesis of linker-free Fe3O4-Au nanocomposite for electrochemical 

detection of As (III) in water 

• Project 2: Evaluation of M13 phage nanofibers for EIS bacterial biosensor 

• Project 3: Synthesis of pristine graphene-like behaving rGO thin film: insights into 

what really matters 

• Project 4: CVD synthesis of MoSe2 and MoSe2(2-x)Te2x ternary alloys and Janus 

defect-free interface MoSe2(2-y)Te2y/MoSe2(2-x)Te2x heterostructures for FET 

optoelectronics  

In the first project, a new facile method was introduced for the in-situ synthesis of linker-

free Fe3O4-Au nanocomposite for electrochemical detection of As (III) in water. The 

linker-free synthesis approach allowed for synergistic electrocatalytic performance 

between Au and Fe3O4 nanoparticles. In the second project, M13 bacteriophage is 
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harvested and chemically loaded to glassy carbon electrode-gold nanoparticles 

(GCE/AuNPs) using covalent bonding through a short carbon chain linker and EDC/NHS 

chemistry. Faradaic EIS as a very sensitive electrochemical technique was used as the 

transduction system. The fabricated M13-EIS biosensor was implemented for the first 

time in early detection of coliforms (e.g. E. coli) in water at a super low limit of detection 

of 14 cell/mL, with a high stability against elevated temperatures and pH changes for more 

than a weak. In a continuation of this project, M13 was replaced with antibody for the 

early detection of Bacteroides Thetaiotaomicron, which is a very promising bioindicator 

of water contamination with feces. In the third project, a detailed mechanistic was 

introduced to study the effet of lateral sheet size on the quality of reduced graphene oxide 

(rGO) thin films, with more experimental and theoretical insights into what really matters 

to get pristine graphene-like behaving rGO thin film. In addition, the effect of low-

temperature thermal reduction on rGO thin nanosheets’ properties was studied. The 

optimized rGO thin film was implemented in micro-fabricated FET devices and the 

electronic properties of rGO were extracted. The optimized thin film showed a very low 

band gap of 0.4 eV, and a very high carrier mobility. In a continuation of this project, we 

have loaded M13 bacteriophage into the fabricated device, forming M13-rGO-FET 

biosensor and applied it into the detection of E. coli in water. In the last project, a large 

area and high quality MoSe2 nanosheets were synthesized using chemical vapor 

deposition, characterized, and implemented for the first time as a near-infrared (NIR) 

optoelectronic device for the detection of NO2 gas. Further, we studied the doping of 

MoSe2 crystal with Te, to form ternary MoSe2(2-x)Te2x alloys. In addition, we synthesized 
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Janus in-situ prepared MoSe2(2-y)Te2y/MoSe2(2-x)Te2x defect-free interface 

heterostructures, where yx, and y≥0. 
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CHAPTER 2 

Linker-Free Magnetite-Decorated Gold Nanoparticles (Fe3O4-Au): Synthesis, 

Characterization, and Application for Electrochemical Detection of Arsenic (III) 

Abstract: Linker-free magnetite nanoparticles (Fe3O4NPs)-decorated gold nanoparticles 

(AuNPs) were grown using a new protocol that can be used as a new platform for synthesis 

of other intact metal–metal oxide nanocomposites without the need for linkers. This 

minimizes the distance between the metal and metal oxide nanoparticles and ensures the 

optimum combined effects between the two material interfaces. X-ray diffraction (XRD) 

and Fourier transform infrared (FTIR) spectroscopy confirmed the successful synthesis of 

the Fe3O4-Au nanocomposite, without any change in the magnetite phase. Characterization, 

using transmission electron microscopy (TEM), scanning electron microscopy (SEM) and 

energy dispersive X-ray (EDX) spectroscopy, revealed the composite to consist of AuNPs 

of 70±10 nm diameter decorated with tiny 10±3 nm diameter Fe3O4NPs in Au:Fe mass 

ratio of 5:1. The prepared Fe3O4-Au nanocomposite was embedded in ionic liquid (IL) and 

applied for the modification of glassy carbon electrode (GCE) for the electrochemical 

detection of As(III) in water. By combining the excellent catalytic properties of the AuNPs 

with the high adsorption capacity of the tiny Fe3O4NPs towards As(III), as well as the good 

conductivity of IL, the Fe3O4-Au-IL nanocomposite showed excellent performance in the 

square wave anodic stripping voltammetry detection of As(III). Under the optimized 

conditions, a linear range of 1 to 100 μg/L was achieved with a detection limit of 0.22 μg/L 

(S/N = 3), and no interference from 100-fold higher concentrations of a wide variety of 

cations and anions found in water. A very low residual standard deviation of 1.16% 
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confirmed the high precision/reproducibility of As(III) analysis and the reliability of the 

Fe3O4-Au-IL sensing interface. Finally, this proposed sensing interface was successfully 

applied to analyzing synthetic river and wastewater samples with a 95-101% recovery, 

demonstrating excellent accuracy, even in complex synthetic river and wastewater samples 

containing high concentrations of humic acid without any sample pretreatments. 

2.1. Introduction 

The contamination of arsenic in water is a significant concern to human health [1–3], as 

exposure can lead to a range of acute and chronic diseases, such as dysphasia, facial edema, 

dehydration, jaundice, and cancer [4–10]. Inorganic arsenic compounds, arsenite (As(III)) 

and arsenate (As(V)) commonly exist in the environment either due to geochemical 

enrichment or industrial processes. Arsenite and arsenate are more toxic than the organic 

forms. Arsenite, which is the most toxic, is a mobile and soluble form of arsenic [11]. 

Usually, the content of As(III) in water is a serious problem, because even though its 

concentration is very low, it is highly toxic even at trace levels and can enter the human 

body in different ways, causing serious health problems. The World Health Organization 

(WHO) has recommended an upper limit of 10 ppb for total arsenic in drinking water [11].  

Different analytical strategies based on spectrometry, such as atomic fluorescence 

spectrometry [12], inductively coupled plasma mass spectrometry (ICP-MS) [13] and 

graphite furnace atomic absorption spectrometry [14] are frequently used to determine 

As(III) at trace levels in a variety of samples. While these techniques have high sensitivity 

for As(III) detection, they have limitations of high operating cost, expensive instruments, 
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requirement of professional operators and bulky instrumentation, which make them 

unsuitable for on-site routine analysis. 

In contrast to these methods, electrochemical analyses, and in particular, anodic stripping 

voltammetry (ASV), is a low cost, low limit of detection (LOD) sensing method that has 

the benefit of convenient operation, high sensitivity, and the ability to perform real-time 

analysis [15,16]. Usually, the fabrication of an electrochemical sensor based on electrode 

modification can be divided into the following steps [15–18]: 1. nanocomposites synthesis 

and characterization; 2. electrode fabrication and pretreatment; 3. electrode modification 

using the synthesized nanocomposites. Electrodes of various nano-materials/particles, such 

as carbon nanotubes, metal oxides, noble metals (Au, Ag and Pt), and graphene, have been 

used for As(III) determination [15–18]. Previous reports demonstrated that AuNPs-

modified electrodes could enhance the anodic current response toward As(III) more 

effectively than other materials relying on chemical reduction by electrogenerated H2 [19–

25]. However, these methods need strong acidic conditions to guarantee enough 

electrogenerated H2 availability for electrochemical reduction of As(III) to As(0) during 

the electrochemical reduction/deposition step. This limits the application of Au-based 

materials for the detection of As(III) by non-professionals and in the field. 

Recently, a number of Fe3O4-based materials have been synthesized for arsenic removal 

because of the excellent arsenic adsorption ability of Fe3O4 [26,27]. In addition, some 

studies have been performed utilizing Fe3O4-based materials to analyze the concentration 

of As(III) [28,29]. However, the poor conductivity of Fe3O4 has limited its sensitivity for 

electrochemical detection. To improve the electrode conductivity and electrocatalytic 
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activity, electrodes modified with Au-Fe3O4 nanocomposite were reported [30,31]. 

However, the synthesis procedures used linkers such as oleic acid, oleyl amine, or 

aminopropyl trimethoxy silane to attach/decorate Au nanoparticles on Fe3O4, required a 

high temperature and high-pressure autoclave for Fe3O4 synthesis, and were time-

consuming (~24 h). The linker introduces separation between the adsorbed As(III) on 

magnetite and the Au nanoparticle catalyst that could potentially reduce electron transfer 

rate/efficiency [32]. Moreover, a large fraction of the adsorbing material surface area was 

covered/blocked by Au NPs. 

Here, we report linker-free grown AuNPs decorated with Fe3O4NPs (Fe3O4-Au) 

nanocomposite using a facile, faster and green chemistry synthesis route for application in 

chemically modified electrode ASV detection of As (III) in water. The important 

differences in the nanocomposite material between this work and the literature include the 

morphology/architecture and synthesis method as follows. 1) There is no linker between 

Fe3O4 and Au, which minimizes the distance between the metal and metal oxide 

nanoparticles and ensures the optimum combined effects between the two material 

interfaces. 2) Nanocomposite consists of AuNPs (70 nm average diameter) decorated with 

very tiny (10 nm average diameter) Fe3O4NPs which provide a higher surface area of the 

adsorbent for As(III). 3) The synthesis uses a co-precipitation method that is performed at 

low temperature (80 oC) and atmospheric pressure and does not require harsh organic 

solvents to synthesize Fe3O4NPs.  

The introduced material was used to modify the surface of a glassy carbon electrode 

(Fe3O4-Au-IL/GCE) and applied as a working electrode in the ASV detection of As(III). 
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The results exhibited a comparable or higher sensitivity than the modified electrodes 

reported in the literature. The combination of AuNPs, Fe3O4 NPs, and IL resulted in many 

intriguing combined effects and catalytic abilities, such as an excellent ability to adsorb 

As(III), high electrical conductivity and good stability. In addition, the synthesis method 

introduced in this work can be used as a new platform for synthesis of intact metal-Fe3O4 

nanocomposites without the need for any linkers to achieve the optimum combined effects 

between the materials. Moreover, the electrode materials were characterized using different 

techniques (CV, SEM, EDS, XRD, TEM and EIS). Furthermore, a dual-catalysis system 

has been proposed for the first time to investigate and explain the catalytic mechanism 

behind the phenomenon. Finally, the analytical application of Fe3O4-Au-IL/GCE was 

tested for the measurement of As(III) in synthetic river water and wastewater samples. 

2.2. Materials and Methods 

2.2.1. Materials and Instruments 

Ferrous chloride (FeCl2·4H2O), ferric chloride (FeCl3·6H2O), ethylene glycol (EG), 

ammonium hydroxide (NH4OH, 25%), sodium citrate, sodium hydroxide (NaOH), 

hydrogen tetrachloroaurate (HAuCl4·3H2O), polyvinyl alcohol (PVA), sodium acetate 

(CH3COONa), ammonium acetate (CH3COONH4), monopotassium phosphate (KH2PO4), 

sodium bicarbonate (NaHCO3), manganese sulfate (MnSO4), zinc sulfate (ZnSO4), 

magnesium sulfate (MgSO4), and calcium chloride (CaCl2) were purchased from Fisher 

Scientific (USA). Humic acid sodium salt (Technical grade) was purchased from Sigma-

Aldrich. Ionic liquid ([C4dmim][NTf2]) was obtained from IoLiTec Ionic Liquids 

Technologies, INC. (USA). Arsenic trioxide (As2O3) was purchased from Strem 
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Chemicals, INC. (USA). An As(III) stock solution (1 mg/mL) was prepared by dissolving 

As2O3 in the 1.0 M aqueous NaOH. Sodium acetate trihydrate was obtained from Fisher 

Scientific (USA) and prepared as acetate buffer solution (0.2 M) with acetic acid for the 

electroanalysis of As(III). 

The prepared Fe3O4NPs (magnetite), AuNPs, and Fe3O4-Au were characterized by 

scanning electron microscopy (SEM, Zeiss 1540 XB Crossbeam scanning electron 

microscope.), transmission electron microscopy (TEM, FEI Tecnai12), energy dispersive 

X-ray spectroscopy (EDX), X-ray diffraction (XRD, PANalytical Empyrean Series 2), and 

Fourier transform infra-red (FTIR, Thermo Nicolet 6700) spectroscopy. Electrochemical 

analysis, i.e., cyclic voltammetry (CV), square wave anodic stripping voltammetry 

(SWASV), and electrochemical impedance spectroscopy (EIS) were performed on a CH 

Instrument 760Celectrochemical workstation. A three-electrode system and a 20 mL cell 

were used for all measurements, in which Fe3O4-Au-IL/GCE, Pt wire, and Ag/AgCl 

electrode were used as working, counter, and reference electrodes, respectively. During the 

deposition step, the test solution was stirred using a magnetic stir bar. The As(III) in 

synthetic wastewater detected by ICP-MS (PerkinElmer NexION 2000) was used to 

confirm the robustness of our synthesis method in complex water streams.  

2.2.2. Synthesis and Modification of Fe3O4-Au-IL Nanocomposite 

In this procedure, Fe3O4NPs were prepared using the co-precipitation method, as reported 

earlier [33], with some modifications. The de-ionized (DI) water and reagents used in this 

procedure were all de-oxygenated before use. In brief, a mixture of FeCl2·4H2O and 

FeCl3·6H2O (20 mg and 32 mg, respectively) was added to the solution consisting of 20 
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mL of DI water and 20 mL of EG. The mixed solution was heated to 60 ℃ with stirring 

under nitrogen purging. Ammonia solution (5%) was added dropwise to the above solution 

until reaching the pH of 10, and then the reaction mixture was agitated for half an hour. 

The obtained mixture was washed a few times with DI water by means of an external 

magnet to remove the excess ammonia solution and surfactant. Quantities of 10 mL of 

HAuCl4·3H2O (20 mg/mL) and 10 mL of EG were added to the obtained Fe3O4NPs and 

stirred for 2 min at 80 ℃. Then, 5 mL of sodium citrate (0.3%) was added to the Fe3O4-Au3+ 

solution and stirred at 80 ℃ for half an hour to obtain the Fe3O4-Au nanocomposite. The 

prepared suspension was washed with DI water by means of an external magnet to remove 

the excess surfactants and the free AuNPs that were not bonded to magnetite, if any. A 

quantity of 4 mL of Fe3O4-Au nanocomposite solution (1 mg/mL) was mixed with 300 μL 

of 0.5% ionic liquid (IL) in ethanol to obtain the Fe3O4-Au-IL hybrid structure. The surface 

of GCE was polished by 0.05 mm alumina powder before modification, and was then 

immersed in 1:1 HNO3, absolute ethanol and water for sonication, separately. 

Subsequently, 8 μL of the Fe3O4-Au-IL suspension was drop-casted onto the surface of 

GCE and dried in oven at 60 ℃. Other electrodes were prepared the same way as described 

above. 

2.2.3. Stripping Voltammetry Analysis of As(III) 

The electrochemical measurements of SWASV were performed in a 0.2 M acetate buffer 

solution (pH 5.0) containing different concentrations of As(III). Unless stated otherwise, 

−0.9 V was used as a deposition/reduction potential for the pre-deposition of As(III) under 

stirring for 200 s. The stirring was stopped once the deposition step was completed. An 
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anodic stripping voltammogram was obtained from −0.4 to 0.3 V after an equilibration 

period of 10 s. The frequency, amplitude and potential step were 25 Hz, 25 mV and 5 mV, 

respectively. To regenerate the modified electrode before the next measurement at the end 

of stripping, an oxidation potential of 0.6 V was applied to the working electrode for 120 s 

to remove any As(0) residuals which may not be completely stripped from the electrode 

surface. 

2.2.4. Preparation of Water Samples 

DI water containing 150 ppm magnesium nitrate, 60 ppm ammonia chloride, 500 ppm 

calcium chloride, 50 ppm sodium citrate and 500 ppm potassium calcium chloride (1260 

ppm total dissolved solids), simulating the chemical composition of Yamuna River in 

Northern India, was spiked with As(III) and tested with the developed sensor to evaluate 

sensor performance. To further validate the robustness of our electrode, the electrode was 

used to measure As(III) in synthetic wastewater, the recipe of which was modified from 

the literature [34] and listed in Appendix A, Table A1. In these experiments, a 10 mL water 

sample test solution composed of 9 mL simulated water and 1 mL 2 M acetate buffer (pH 

5.0) was used for each measurement to ensure the pH 5.0 buffer condition with 0.2 M 

acetate. 

2.3. Results and Discussion 

In this work, we employ the concept of adsorbent-assisted stripping voltammetry analysis 

for sensitive detection of As(III) based on a sensing interface of AuNPs decorated with 

Fe3O4NPs (Fe3O4-Au). AuNPs have excellent catalytic properties and the Fe3O4NPs are 
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highly adsorptive to As (III), which makes Fe3O4-Au a very promising material for the 

stripping voltammetry analysis of As(III). Additionally, ionic liquids (IL) have high 

adhesiveness, conductivity, work across a wide potential window, and have been widely 

used in the modification of electrodes [35–40]. Incorporating IL into the nanocomposite 

should further enhance the sensitivity and stability of the sensing interface on the electrode 

surface.  

The synthesis method introduced in this work can be used as a new platform for synthesis 

of intact metal-Fe3O4 nanocomposites without the need for any linkers, which minimizes 

the distance between the metal and metal oxide nanoparticles and ensures the optimum 

combined effects between the materials. In this method, EG could provide magnetite with 

hydroxyl groups that facilitate the chelation of Au3+ ions (Fe3O4-Au3+), as illustrated in the 

schematic diagram of Fig. 2.1. In this novel platform method, sodium citrate is a mild 

reducing and capping agent that can reduce gold ions slowly into AuNPs [41,42], while it 

will not reduce Fe3+/2+ in magnetite and hence it enables the synthesis of the Fe3O4-Au 

nanocomposite in situ without any linkers.  
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Figure 2.1. Schematic of Fe3O4-Au nanoparticle preparation and the suggested mechanism 

of its formation. 

2.3.1. Physicochemical Characterization of Fe3O4-Au Nanocomposite 

The introduced synthesis method is time saving (1–2 h), as the synthesis of magnetite NPs 

was conducted using the co-precipitation method. It is also linker-free with no barrier 

between gold and magnetite, which improves the electron transfer between them and 

enhances their combined effects. This procedure uses simple chemicals that are mostly 

ecofriendly, and very easy to wash using deionized water, if any excess is present. In 

addition, magnetite nanoparticles were prepared to be very tiny (≈10 nm) to allow for 

higher surface area and higher adsorption of As(III). The morphology and sizes of the 

prepared particles were assessed using SEM and TEM imaging as illustrated in Fig. 2.2. 

The synthesized Fe3O4-Au suspension was drop-casted as a thin film on a piece of silicon 

wafer, at the same concentration and volume used in preparing the electrode materials, and 

sputtered with Pd/Pt to reduce surface charging, and then imaged by SEM. The SEM image 

in Fig. 2.2a illustrates that AuNPs (the bigger and brighter particles) are surrounded by 

much smaller Fe3O4NPs. However, the Fe3O4NPs were not well resolved. Further imaging 
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of Fe3O4-Au by TEM (Fig. 2.2b) shows a 70 nm spherical core AuNP decorated with 

Fe3O4NPs, which agrees with the SEM image. The TEM image of Fe3O4NPs showed the 

particles are spherical with an average size of 10±3 nm (Fig. 2.2 (c&d)). The TEM images 

confirm the success of the proposed platform, as the AuNPs and Fe3O4NPs are directly 

bound to each other without separation between them. Furthermore, EDX spectroscopy 

was implemented to calculate the actual weight ratio between Au and Fe in the prepared 

nanocomposite. The results in Appendix A (Fig. A1), determined that the weight ratio is 

approximately 5:1 (Au:Fe).  

 

Figure 2.2. Electron microscopy images. (a) SEM image of a thin film of Fe3O4-Au 

nanocomposite on a silicon wafer sputtered with Pd/Pt, (b) a higher resolution TEM image 

of the prepared nanocomposite, and (c&d) TEM images of the Fe3O4NPs. 
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The results of the XRD analysis of magnetite (Fe3O4) NPs in Fig. 2.3 show diffraction 

peaks at 30.17o, 35.53o, 43.27o, 56.96o, 62.69o, which can be assigned to the (220), (311), 

(400), (511), and (440) planes of the cubic inverse spinel-type structure of magnetite 

(PDF#85-1436) [43,44]. Moreover, the diffraction pattern of Fe3O4-Au has the same peaks 

of magnetite addressed above in addition to the characteristic peaks of the face-centered 

cubic (FCC) AuNPs at 38.23°, 44.54°, 64.71°, 77.69°, which can be assigned to the (111), 

(200), (220), and (311) planes, (Pattern 4-784) [45]. Hence, the XRD data confirm the 

successful synthesis of the Fe3O4-Au nanocomposite, without any change in the magnetite 

phase. Moreover, the intensity of AuNPs peaks is higher because they are in a higher 

concentration, which agrees with the EDS data, in which the weight ratio is around 5:1 

(Au:Fe) (Fig. A1). FTIR spectrum analysis (Fig. 2.4) of Fe3O4NPs shows a broad peak 

centering at 3380 cm-1 and two peaks at 2900 and 2915 cm-1, which are attributed to the 

stretching vibrations of O-H and C-H groups from EG, respectively. In addition, Fe-O 

vibrations show two peaks at 1380 and 565 cm-1. Vibrational peaks of Fe3O4NPs are in a 

good agreement with published work [46]. On the other hand, the spectrum of AuNPs 

shows stretching vibrations of O-H groups of PVA at 3320 cm-1, vibrations of C=O groups 

of sodium citrate at 1730 cm-1 and stretching vibrations of C-H groups at 2900 and 2915 

cm-1. The FTIR spectrum of Fe3O4-Au contains all the peaks from both spectra of Au and 

Fe3O4, which confirms the successful synthesis of this nanocomposite.  
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Figure 2.3. XRD patterns of Fe3O4NPs and Fe3O4-Au. 

 

Figure 2.4. FTIR spectra of Fe3O4 (red), Au (yellow), and Fe3O4-Au (blue). 
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2.3.2. Electrochemical Characterizations of Modified Electrodes 

The electrochemical characteristics of bare GCE and different modified GCEs, i.e., 

Fe3O4NPs/GCE, Fe3O4-Au/GCE, and Fe3O4-Au-IL/GCE were investigated using CV 

based on a ferri/ferrocyanide [Fe(CN)6]
3-/4- redox probe (Appendix A, Fig. A2a). On the 

bare GCE, two well-defined redox peaks of [Fe(CN)6]
3-/4- were found in curve a. When 

compared to the bare GCE, Fe3O4NPs/GCE showed a decreased redox current of 

[Fe(CN)6]
3−/4−, because of the poor conductivity of Fe3O4. However, stronger redox peaks 

were found with the Fe3O4-Au/GCE (curve c) compared to the Fe3O4NPs/GCE, due to the 

excellent electrical conductivity of the AuNPs. Furthermore, the addition of IL to the 

nanocomposite, i.e., Fe3O4-Au-IL/GCE, increased its conductivity and resulted in stronger 

redox peaks.  

EIS was used to explore the material/electrode interface properties and changes based on 

the impedance changes (Appendix A, Fig. A2b). The EIS results show different 

semicircles, each with a diameter equivalent to the charge transfer resistance (Rct), which 

corresponds to the process of electron transfer limitation [47–49]. Based on the value of 

semicircle diameter, the order of the Rct of different modified electrodes was as follows: 

Fe3O4/GCE (curve b) > Fe3O4-Au/GCE (curve c) > Fe3O4-Au-IL/GCE > bare GCE (curve 

a). The EIS results are consistent with those of CV. 

2.3.3. Optimization of Analysis Parameters 

Deposition potential and deposition time play a key role in the SWASV sensitivity 

(stripping peak current/concentration) of heavy metals detection. Additionally, Fe3O4NPs 

and AuNPs play a unique role in the dual-catalytic system for the SWASV detection of 
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As(III). Therefore, in this study, responses of Fe3O4-Au-IL/GCE toward As(III) were 

investigated to find optimal values of deposition potential, deposition time and the mass 

ratio of Fe3O4 to AuNPs. Fig. 2.5a shows the influence of deposition potential on the 

stripping peak current of 20 ppb As(III) for 200 s deposition time and Fe:Au of 1:5. As 

shown in the figure, the stripping peak current increased with an increase of deposition 

potential reaching a maximum at -0.9 V followed by a small decrease at deposition 

potential above -0.9 V. The lower currents at potentials below -0.9 V are ascribed to 

incomplete reduction of As(III). On the other hand, the small decrease in current at 

deposition potentials above -0.9 V are the result of hydrogen evolution. Thus, the 

deposition potential of -0.9 V was chosen for As(III) preconcentration.  

The effect of deposition time on the peak current of 20 ppb As(III) at -0.9 V deposition 

potential and Fe:Au of 1:5 is shown in the Fig. 2.5b. The results show a monotonic increase 

in peak current as a function of deposition time. The direct relation between the current 

and deposition time suggests a lower LOD could be expected by increasing the deposition 

time. However, as a longer deposition time implies a longer analysis time, we selected a 

200 s deposition period.  

Different mass ratios of AuNPs to Fe3O4NPs in Fe3O4-Au composite on the stripping peak 

current of 50 ppb As(III) at -0.9 V deposition potential and 200 s deposition time were 

examined (Fig. 2.5c). The results show an increase in the stripping peak current from 1.8 

µA to ~6.6 µA when the Fe3O4-Au composite contained 10 to 16.3% (by mass) of Fe 

followed by a rapid drop to ~0.3 µA for 100% Fe (i.e., Fe3O4NPs only). This indicates a 

clear complementarity relationship between the two components of the nanocomposite in 
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enhancing the sensitivity of the sensor for As(III) detection. It is interesting that although 

Fe3O4NPs have a strong adsorption capacity for the As(III), the response on 

Fe3O4NPs/GCE was the smallest. That may be ascribed to the poor conductivity of 

Fe3O4NPs, which affects both reduction of As(III) to As(0) and the oxidation of As(0) to 

As(III) on the electrode surface. Additionally, while the stripping response on AuNPs/GCE 

was higher than Fe3O4NPs/GCE, it was lower than Fe3O4-Au/GCE at different Fe mass 

ratios. This may be attributed to the combined effect of the strong adsorption capacity of 

Fe3O4 and good conductivity and catalytic ability of AuNPs. Based on cost and maximum 

sensitivity, Fe3O4-Au nanocomposite containing 16.3% (by mass) Fe was selected as the 

optimum composition. 

 

 

 

 

 

 

 

 

Figure 2.5. (a) Effect of the deposition potential, (b) deposition time and (c) weight ratio 

between Fe and Au on stripping current for 20 ppb (a and b) and 50 ppb (c) of As(III) in 

0.2 M pH 5.5 acetate buffer at Fe3O4-Au-IL/GCE. Each data point is an average of 5 

measurements from 3 electrodes and error bars represent ±1 standard deviation. 

(a) (b

) 
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2.3.4. Analytical Characteristics of Fe3O4-Au-IL/GCE for As(III) 

The stripping responses of 50 μg/L As(III) on bare GCE and different modified electrodes 

are shown in Fig. 2.6. As shown in Fig. 2.6a, almost no stripping response was obtained 

on the bare GCE. The stripping response of As(III) on Fe3O4NPs/GCE was not significant 

either, due to the poor conductivity of Fe3O4NPs. In contrast, at the Fe3O4-Au/GCE, a 

higher stripping peak signal was obtained due to the combined effect of Fe3O4NPs and 

AuNPs, which can be ascribed to the dual-catalysis system (Fig. 2.6b). H2 was 

electrogenerated on the AuNP decorated with Fe3O4NPs at the applied negative potential 

during the electrodeposition step. The generated H2 then donates electrons in the reduction 

of As(III) to As(0), and forms H+ ions. Due to the strong adsorption capacity of Fe3O4NPs, 

As(III) concentration near the electrode surface gradually increased, which enhanced the 

catalytic efficiency of H2 on the As(III) adsorbed to Fe3O4NPs even at a high pH condition 

(the first catalytic system). Furthermore, the surface-activated Fe(II) can also donate an 

electron to form Fe(III), which helps reduce As(III). The produced Fe(III) will then acquire 

an electron, to revert to Fe(II), from either the electrode or the oxidation of As(0) to As(III) 

during the stripping process of SWASV. The procedure described above is a complete 

Fe(II)/Fe(III) cycle. During this process, the electron transfer between electrode and As(III) 

was mediated by Fe(II), which was used as an electrocatalyst (the second catalytic system). 

This mediation of the Fe(II)/Fe(III) cycle together with the catalysis of AuNPs will 

efficiently promote the deposition of As(III) and further enhance the sensitivity toward the 

electrochemical detection of As(III) [23,50]. Additionally, the stripping peak current was 
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further improved with Fe3O4-Au-IL/GCE due to the good conductivity and adhesiveness 

of IL. 

 

 

 

 

 

 

Figure 2.6. (a) The SWASV responses of 50 μg/L As(III) on different modified electrodes; 

(I) bare GCE, (II) Fe3O4NPs/GCE, (III) AuNPs/GCE, (IV) Fe3O4-Au/GCE and (V) Fe3O4-

Au-IL/GCE. (b) The catalytic mechanism of Fe3O4-Au in the electroanalysis of As(III). 

Glassy carbon electrode (GCE); ionic liquid (IL). 

 

2.3.4.1. Sensitivity, Limit of Detection, and Reproducibility  

The Fe3O4-Au-IL/GCE operating at optimal Fe:Au mass ratio, deposition potential, and 

deposition time determined above, was applied to analyze 0 to 100 ppb of As (III) in 0.2 

M pH 5 acetate buffer (Fig. 2.7). The results show well-defined Gaussian shaped response 

with peak current around 0 V which increased with increasing As(III) concentration (Fig. 

2.7a). As illustrated in Fig. 2.7b, the peak stripping current, i.e., response, was linearly 

related to As(III) concentration over the complete concentration range of 0 to 100 ppb. The 

sensitivity (the slope of the calibration plot) was 0.122 mA/ppb As(III) and the LOD 

(calculated based on S/N = 3) was 0.22 ppb. The high sensitivity and low LOD is credited 

to the combined effects of excellent absorption ability for As(III), high electrical 

(a) 
(b) 
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conductivity and good stability of AuNPs, Fe3O4 NPs and IL. Appendix A, Table A2 shows 

a comparison of this work to the previous literature in terms of electrode material, 

technique, linear range, and limit of detection. 

 

 

 

 

 

 

Figure 2.7. (a) SWAS voltammograms for additions of 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 

and 100 μg/L As(III). (b) The corresponding calibration curve of As(III). 

 

Furthermore, the developed sensor demonstrated excellent reproducibility as evidenced by 

a very low (1.16%) relative standard deviation (RSD) for five repetitive measurements of 

60 ppb As(III) (Appendix A, Fig. A3). 

2.3.4.2. Selectivity 

Water sources contain a plethora of anions and cations that can potentially have a negative 

influence on the SWASV detection accuracy of As(III). We investigated the selectivity of 

the proposed sensor based on the analysis of 50 ppb of As(III) from 100-fold higher 

concentrations of Na+, K+, Ca2+, Zn2+, Mg2+, Mn2+ and Fe2+, and a 150-fold higher 

concentrations of Cl-, NO3
-, SO4

2-, CO3
2-, F- and PO4

2-. As shown in Fig. 2.8, there were 

(b) 

(a) (b) 
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no measurable changes in the peak current signals (current variation < ± 10%) in the 

presence of all the tested ions, confirming the proposed Fe3O4-Au-IL/GCE is efficient in 

the detection of As(III) in the presence of non-target species in water. 

 

Figure 2.8. The selectivity of the proposed sensor in the presence of high concentrations 

of different ions (a: Cation; b: Anion) on the stripping peak current of 50 μg/L As(III) at 

Fe3O4-Au-IL/GCE in 0.2 M acetate buffer (pH 5.0). Each data point is an average of 5 

measurements from 3 electrodes and error bars represent ±1 standard deviation. 

2.3.5. Analysis of Simulated Water Samples 

To evaluate the applicability of Fe3O4-Au-IL/GCE for practical application, the sensor was 

applied to detect 5, 10 and 15 ppb of As(III) spiked in simulated river water representing 

the chemical composition of Yamuna River water in Northern India. Yamuna River is one 

of the most polluted rivers in India, and perhaps the world, with a complex matrix of 

pollutants [51,52]. As shown in Table 2.1, the recoveries (i.e., agreement) ranged from 

97.2% to 101.3% (average of 99.06%) and the RSD ranged from 3.3% to 4.8% (average 

3.9%). The excellent recoveries and low RSD demonstrate the promise of the developed 

sensor for monitoring As(III) in real environmental samples. To further validate Fe3O4-Au-

IL/GCE’s robustness in complex wastewater streams, we used the sensor to detect As(III) 

in synthetic wastewater samples containing high concentrations of humic acid (50 mg/L), 

(a) (b) 
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and compared it with values measured using ICP-MS. The Fe3O4-Au-IL/GCE sensor 

successfully determined As(III) concentrations, which were comparable to the results 

generated by ICP-MS (i.e., 95.4% ±4.7%) indicating that Fe3O4-Au-IL/GCE is a robust 

electrode for detecting As(III) in complex water streams. 

 

Table 2.1. Detection of As(III) in simulated river water. 

Sample 

no. 

Founda 

(μg/L) 

Added 

(μg/L) 

Detected 

after 

addinga 

(μg/L)  

Mean 

recovery 

(%) 

RSD (%) 

1 3.12±1.08 5 7.98±1.23 97.2 4.8 

2 4.89±0.89 10 15.02±1.15 101.3 3.3 

3 9.95±0.96 15 24.75±0.90 98.67 3.6 

a Mean value ± Standard Deviation. Each data point is an average ±1 standard deviation 

from 3 measurements using 3 electrodes. 

2.4. Conclusions 

In this work, an effective sensitive interface was designed using AuNPs decorated with 

Fe3O4NPs embedded in IL for the determination of As(III) at a trace level based on 

adsorbent-assisted in-situ electrocatalysis. The procedure for Fe3O4-Au synthesis 

introduced in this work 1) produced very tiny (≈10 nm) Fe3O4NPs enhancing the surface 

area for As(III) adsorption, 2) did not use a linker between gold and magnetite, which 

enhanced their combined effects, 3) is a green chemistry approach and 4) greatly reduced 

synthesis time (1–2 h). The proposed Fe3O4-Au-IL/GCE significantly enhanced the 

stripping response of As(III) as compared with the Fe3O4/GCE and AuNPs/GCE, as it 
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provided a specific interface for As(III) to transfer electrons. Additionally, a Fe(II)/Fe(III) 

cycle and electrogenerated H2 were activated to catalyze the reduction/stripping of the 

As(III)/As(0), which enabled a high sensitivity. The presence of IL in the composite 

contributed to better sensitivity and stability. The analytical, spectroscopic and microscopic 

features of the proposed Fe3O4-Au-IL/GCE characterization by XRD, EDX, TEM, SEM, 

EIS SWASV, and CV showed that the combined effect of AuNPs, Fe3O4 and IL resulted 

in a much better electrical conductivity, larger specific surface area and higher catalytic 

ability than the bare electrode. Moreover, several synthetic water samples were tested to 

further verify the practicability of the proposed platform. The results showed that Fe3O4-

Au-IL/GCE can be successfully applied to the analysis of As(III) in synthetic river and 

wastewater samples without any sample pretreatment procedures, which suggested that it 

could be further applied to heavy metal analysis in real samples. 
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CHAPTER 3 

Non-lytic M13 Phage-Based Highly Sensitive Impedimetric Cytosensor for Detection 

of Coliforms 

Abstract: A highly sensitive and selective non-lytic M13 phage-based electrochemical 

impedance spectroscopy (EIS) cytosensor for early detection of coliforms is introduced for 

the first time. AuNPs were electrochemically deposited on the surface of glassy carbon 

electrode, and the M13 phage particles were immobilized on them using 3-

mercaptopropanoic acid linker and zero-length crosslinkers (EDC/NHS). Next, the sensor 

surface was blocked to avoid non-specific binding. The M13-EIS cytosensor was tested for 

detection of F+ pili Escherichia coli species, using XL1-Blue and K12 strains, as examples 

of coliforms. The selectivity against non-host strains was demonstrated using 

Pseudomonas Chlororaphis. The binding of E. coli to the M13 phage on the cytosensor 

surface increased the charge transfer resistance, enabling detection of coliforms. The 

biosensor achieved a limit of detection (LOD) of 14 CFU/mL, the lowest reported to-date 

using EIS-phage sensors and exhibited a high selectivity towards the tested coliforms. The 

SEM micrographs confirmed the successful capturing of E. coli on the M13-based EIS 

cytosensor. Moreover, the sensor showed almost the same sensitivity in the simulated river 

water samples as in phosphate buffer, reflecting its applicability to real samples. On the 

other hand, this sensor system exhibited high stability at harsh environmental conditions 

of pH (3.0-10.0) and temperature as high as 45 oC for up to two weeks. Overall, this sensor 

system has excellent potential for real field detection of fecal coliforms. 
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3.1. Introduction 

Bacterial infectious diseases remain one of the main causes of morbidity and mortality 

worldwide. Around 250 million people, per year, are affected by pathogenic infections, of 

which around 8% are mortal [53]. Although there is a progress in declining the number of 

deaths caused by bacterial infections, it is only by 1%. Fecal coliform contamination in 

aquatic environments is a serious problem, caused mainly by the presence of human or 

animal fecal material in water [54]. Fecal coliforms cause diarrhea, but they are not highly 

pathogenic by their nature. However, large number of fecal coliforms in water indicate the 

higher risk of the presence of other pathogens in water, causing severe infections, including 

dysentery, typhoid fever, ear infections, hepatitis A, etc. Escherichia coli is considered the 

main indicator of fecal contaminations used in the water quality testing [55–57].  

The currently available diagnostic tools for coliform use complex and time-consuming 

microbiological assays such as selective growth, cell counting, microscopic examination, 

etc. (Spiegelman et al., 2005; Keer and Birch, 2003). Moreover, the results from these 

techniques are also hard to interpret and need expertise. Other contemporary techniques 

such ELISA [60] and PCR [61] are used with high sensitivity for detection of microbes. 

However, they are also expensive and time-consuming [62,63].  

Recently, microbial electrochemical sensors (MESs) were introduced as accurate, real-time 

and highly sensitive systems for early detection of microbes, assessment of cell viability, 

and understanding the biochemical pathways and mechanisms [64–67]. Electrochemical 

biosensors attract great deal of attention because they are fast and highly sensitive [68–71]. 

Electrochemical impedance spectroscopy (EIS) is an effective tool to rapidly and 
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sensitively monitor the minute changes at the electrode interface. Moreover, EIS is a 

nondestructive technique due to the small amplitude perturbation [72]. Therefore, the label-

free electrochemical impedance cytosensors have been increasingly explored for clinical 

diagnosis. 

The specificity of a biosensor for a specific detection of a target bacteria/microorganism 

greatly depends on the type of the biorecognition element. In this regard, aptamers, 

peptides, and antibodies possess high selectivity. However, they are highly sensitive to the 

environmental conditions and susceptible to damage or loss of binding activity in harsh 

conditions (Zhou et al., 2017). On the other hand, bacteriophages, or shortly phages, are 

viruses that bind very strongly and specifically to target bacteria (Chen et al., 2015b; Soper 

et al., 2002; Zhou et al., 2017). Phages have many advantages that entitle them to be heavily 

used as biorecognition elements [77]. Phages are inexpensive and easy to prepare and 

purify, stable against harsh conditions of organic solvents and high temperature [77–81]. 

Moreover, phages are easy to immobilize on sensor surface due to their functional groups 

[78]. 

The phage recognizes its host bacterium through binding to specific receptors on the 

bacterial surface. Upon attachment, the phage penetrates the bacterial cell membrane, 

injects its genetic material (DNA/RNA) that initiates protein synthesis, replication and 

phage assembly inside the bacterium [82]. The phages then exit bacterial cell by different 

mechanisms depending on the type of the phage; either by cell lysis (lytic phages), such as 

T4 & T7 phages, or by extrusion without killing the host cell (non-lytic phage), for example 

M13 phage [83].   



36 

Zhou et al. used T2 bacteriophage-based biosensor for electrochemical detection of E. coli 

B, with a limit of detection of 103 CFU/mL (Zhou et al., 2017). The sensor's first response 

was an increase in impedance due to the attachment of the insulating layer of bacteria, 

followed by a sudden decrease due to the release of molecules on cell lysis. This makes the 

biosensor less reliable, if more bacteria were still getting immobilized while others are 

being ruptured, producing opposite responses. Other studies used the lytic phages (λ, T4 & 

T7) for cell lysis to release some molecules, such as β-galactosidase, which were used 

indirectly in the qualitative and quantitative detection of bacteria [85–87]. Although the 

low detection limit of a few CFU was achieved by detecting the released molecules, the 

detection required a very long time (6 h).  

In this work, we present for the first time, a non-lytic filamentous M13 phage-modified 

impedimetric microbial biosensor for an early detection of the fecal coliform bacteria, E. 

coli. When compared to reported cytosensors using lytic phages where the sensor response 

initially increased due to bacteria attachment and then decreased due to release of 

conductive cellular contents upon cell lysis, the response of our sensor only increased with 

increasing concentration/binding of E. coli to non-lytic M13 phage. This we believe is an 

advantage. The M13 phage is immobilized on the electrodeposited gold nanoparticles 

(AuNPs) on glassy carbon electrode (GCE) by means of covalent bonding using 3-

mercatopropanoic acid as a linker between AuNPs and M13. The limit of detection of the 

biosensor is very promising, reaching the LOD of 14 CFU/mL, and the sensor has excellent 

stability over a wide range of pH (3.0 – 10.0) and temperatures (25 and 45 oC).  
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3.2. Materials and methods 

3.2.1. Materials  

Gold chloride hydrate, potassium ferricyanide, 3-mercaptopropanoic acid (MPA), 2-(N-

morpholino) ethane sulfonic acid (MES), 1-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC), N-Hydroxysuccinimide (NHS), and Bovine albumin (BSA) were 

purchased from Sigma-Aldrich (St. Louis, USA). Ethanol amine (EA) was purchased 

from Acros Organic-Fisher Scientific. All solutions were prepared with Milli-Q water.  

3.2.2. Cell culture and bacteriophage preparation  

Single colony of XL1-blue (Escherichia coli K12) was inoculated to LB media 

supplemented with 10 µg/mL tetracycline and incubated at 37 oC with 250 rpm shaking. 

After overnight culture, cells were harvested by centrifugation at 5,000g for 5 min. 

Collected cells were washed three times with PB buffer and ready for assays. Similarly, 

Pseudomonas chlororaphis was cultured in LB media. 

For bacteriophage preparation, overnight culture of XL1-blue was 1:100 inoculated to 50 

mL 2YT/Tet media and cultured at 37 C with shaking. When OD600 reached 0.3, 100 µL 

stock of bacteriophage M13KO7 (~1013 pfu/mL) was added to cell culture and incubated 

at 37 C without shaking for 30 min. Kanamycin was then added to media to give a final 

concentration of 35 µg/mL. Cells were overnight cultured at 30 C, 250 rpm, and 

centrifuged at 7,000 g for 30 min. The supernatant was collected and mixed with 12.5 mL 

ice-hold 20% w/v PEG6000 / 2.5 M NaCl solution. After incubation for 2 hours at 4 C, 
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the mixture was centrifuged at 11,000 g for 30 min and the pellets were resuspended in 

10 mL TE (10 mM Tris / 1mM EDTA). The resuspended solution was centrifuged at 

18,000 g for 15 min and the supernatant was filtrated by using 0.22 µm filters. The titer 

of prepared phage was determined by serial dilution of infected XL1-blue cells on Tet/Kan 

agar plates. 

3.2.3. Electrodeposition of AuNPs 

Before electrodeposition of AuNPs on its surface, GCE (3 mm in diameter) was polished 

with 0.2 μm alumina slurry on microcloth pad, rinsed and washed ultrasonically with 

deionized water. AuNPs were electrochemically deposited on the cleaned GCE by 15 

cycles of cyclic voltammetry (CV) in 10 mM gold chloride solution by scanning the 

potential from -0.7 to -1.2 V at a scan rate of 0.05 V/s [88]. Pt mesh worked as the counter 

electrode, while Ag/AgCl was used as the reference electrode. The prepared AuNPs were 

characterized by SEM imaging, EDX spectroscopy, CV and EIS measurements. The SEM 

FEI NNS450 was used in all SEM characterizations in this work.  

3.2.4. Surface modification with M13 phage  

Fig. 3.1 shows a schematic of the surface modification steps, including electrodeposition 

of AuNPs, for sensor fabrication. GCE with electrodeposited AuNPs was immersed in 0.1 

M solution of 3-mercaptopropanoic acid (MPA) in ethanol for 1 h to form a self-assembled 

monolayer on gold surface, followed by washing with ethanol to remove any physically 

adsorbed MPA molecules. The carboxyl group of MPA was then activated using 
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EDC/NHS chemistry. Briefly, the Au-MPA electrode was immersed in 0.1 M MES buffer 

(pH 5.5) containing 0.15 M EDC for 20 min. then removed from EDC solution and 

immersed in 0.15 M NHS for other 20 min. The electrode was washed using MES buffer 

to remove unreacted EDC/NHS molecules. The modified and activated electrode was 

incubated with M13 solution (1011 PFU/mL) at 4 °C for 3-4 h, followed by rinsing with PB 

buffer to remove unbound phages. Subsequently, the electrode was immersed in 0.1 M 

ethanolamine solution for 30 min to passivate unreacted -NHS groups, followed by 

incubation with 0.2 % BSA solution for 30 min to block unfunctionalized Au. The 

electrode was washed thoroughly with PB solution. In this work, EA+BSA are labeled as 

“blocker” on graphs and schemes. All the modifications steps during the electrode 

fabrication were monitored and characterized using CV and EIS in ferricyanide solution.  

 

 
 

Figure 3.1. Schematic diagram of the EIS cytosensor fabrication process. 

3.2.5. Instruments and measurements  

All electrochemical (CV and EIS) measurements were performed in potassium ferricyanide 

K3Fe(CN)6, as redox probe. The 10 mM ferricyanide solution was prepared in 0.1 M KCl 

and phosphate buffer (pH 7.4). The electrochemical measurements were done using CHI 

6005E with Pt mesh as auxiliary electrode and Ag/AgCl as reference electrode. All EIS 
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measurements were conducted at the Faradaic potential of 0.15 V, which was determined 

from CV (E1/2 = 0.15 V), and at the frequency range of 1-104 Hz. For detection of microbial 

cells, the modified and washed electrodes were immersed in bacterial cells suspension in 

PB at pH 7.4 for 30 min, washed to remove any non-specifically adsorbed bacterial cells, 

followed by EIS measurement. The charge transfer resistance value, Rct (Ohms) was 

extracted by computer simulation and fitting of the data using the CHI 6005E software.  

Charge transfer resistance change (∆Rct) is calculated from the equation ∆Rct = Rctf – Rcti, 

where Rctf is the equilibrated Rct after incubation with bacteria in PB or simulated river 

water followed by washing with PB, and Rcti is the recorded Rct of the sensor after M13 

immobilization and blocking, washing and incubation in PB or simulated river water 

followed by washing with PB. The sensors were stored in refrigerator in PB, except for 

studies of temperature stability when they were stored at room temperature or 45 oC. 

3.2.6. SEM imaging  

The imaging was pursued on gold film instead of gold nanoparticles to avoid any feature 

overlap. The thin film of gold was functionalized with MPA and them modified with M13 

phage and incubated with E. coli XL1-Blue. After 30 min incubation with E. coli XL1-Blue, 

the phage-modified electrode was rinsed with PB solution and left to dry for 2 h, and then 

coated with a thin film of Pt/Pd sputtering to enhance the conductivity of samples and avoid 

surface charging, as all phages, bacteria, EA and BSA are non-conductive. 
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3.2.7. Preparation of artificial water samples  

The composition of the artificial river water was prepared to simulate the 

chemical/biological composition of Yamuna River in northern India. The samples were 

prepared by dissolving 50 mg/L sodium citrate, 60 mg/L ammonium chloride, 500 mg/L 

potassium chloride, 500 mg/L calcium chloride, 150 mg/L magnesium nitrate in de-ionized 

water. The pH was adjusted to pH 7.5 and kept at 4oC for future use. E. coli XL1-blue 

bacteria were spiked into an aliquot of the simulated river water samples and serially 

diluted to the required concentration range (102 – 105 CFU/mL).  

3.3. Results and Discussion 

As discussed in the introduction, the usage of bacteriophages as biorecognition elements 

in microbial biosensors is highly promising and preferred due to their higher stability 

compared to antibodies [77]. In addition, they are selective to their strain based on the 

receptors on the bacteria cell wall. The infection/binding process of M13 phage to E. coli  

involves the binding of the minor coat gene 3 protein (g3p) of the phage to the F pili 

(primary receptor) of bacteria, followed by the binding to the inner membrane protein TolA 

as a coreceptor [89–91]. Hence, it binds to E. coli strains with F+, such as XL1-Blue and 

K12, while it doesn't bind to the non-E. coli strains. In this study, AuNPs were 

electrochemically deposited on the GCE to increase the available surface area and enhance 

the electron transfer at the electrodes surface. E. coli XL1-Blue and K12 were used as the 

host/positive cells, while P. chlororaphis was implemented as the non-host/negative cells 

to test the EIS cytosensor selectivity. To eliminate potential false positive reading, the same 

measurements were carried out using a similar sensor structure but without modifying the 
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sensor surface with M13 phage, as a negative control. To determine the efficiency of the 

EIS cytosensor, the sensitivity and LOD were determined using XL1-Blue as the host strain. 

3.3.1. Cytosensor fabrication 

3.3.1.1. Electrodeposition and characterization of AuNPs  

As a clean, reproducible, and well dispersed particles-production method, electrochemical 

deposition was implemented to deposit a film of well-dispersed AuNPs on the surface of 

GCE.  

As mentioned in methods, the deposition was carried out using 15 cycles of CV in the 

potential range of -0.7 to -1.2 V, with a scan rate of 0.05 V/s [88]. The CV of the GCE-

AuNPs shows stronger redox peaks of ferricyanide compared to  bare-GCE (Fig. 3.2a) 

which can be attributed to the higher surface area of AuNPs and their strong electrocatalytic 

activity [92]. The EIS measurements were consistent with the CV measurement as there is 

a clear decrease in the faradaic impedance response by introducing AuNPs (Fig. 3.2b). 

Moreover, SEM images showed good coverage of the GCE with well-dispersed and semi-

spherical AuNPs (Fig. 3.2c). The average particle size was 51.64±2.36 nm. EDX 

spectroscopy confirmed the successful formation of AuNPs, and the EDX mapping 

confirmed the NPs on the surface were AuNPs (Fig. 3.2 (d-f)).  

3.3.1.2. Bioreceptor functionalization and blocking  

A robust and reproducible functionalization of electrode surface with bioreceptor and 

blockers is critical for a highly efficient biosensor. The success of each modification step 
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in the cytosensor fabrication process was assessed by electrochemical techniques of CV 

and EIS using [Fe(CN)6]
3−, as a redox probe. CV is a facile yet efficient technique for 

investigating modified electrode surface features. The deviations in peak current and peak 

potentials separation of redox probe are related to electron transfer rate constant. Fig. 3.3a 

illustrates the cyclic voltammograms post each functionalization/modification steps 

involved in the final sensor fabrication. As shown in the figure, there was a gradual 

decrease of the CV peak currents and correspondingly very small increase in the peak-to-

peak redox potential after each modification. These changes are attributed to the repulsion 

of negatively charged [Fe(CN)6]
3− by -COOH groups of MPA and reduced conductivity of 

the electrode due to immobilization of non-conductive M13 phages and blocking with 

insulating BSA protein of GCE-AuNPs electrode.   

EIS, another facile electrochemical technique which measures the electron transfer process 

at electrode-solution interface, was used to corroborate the above CV findings. The EIS 

measurements and corresponding Nyquist plots, shown in Fig. 3.3b, were fitted to Randles 

equivalent circuit, Fig. 3.3b (inset), to calculate the charge transfer resistance (Rct) after 

each modification step [93]. Randles circuit is composed of the solution resistance (Rs), 

charge transfer resistance (Rct) which is given by the diameter of the half-circle in the 

Nyquist plot, double layer capacitance (Cdl), and Warburg element (W). As anticipated and 

in agreement with CV results, Rct increased after each modification confirming successful 

functionalization of the electrode surface with bioreceptor and blockers.  
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Figure 3.2. Cyclic voltammograms (a) and Nyquist plots of EIS signal (b) of GCE and 

GCE-AuNP electrodes. SEM image (c), EDX (d) and EDX mapping (e and f) of 

electrodeposited AuNPs on GCE electrode.   

 

(b) 
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(e) (f) 

(d) 

(a) 
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Figure 3.3. Cyclic voltammograms (a) and Nyquist plots of the EIS responses (b) of GCE-

AuNPs, GCE-Au-MPA, GCE-Au-MPA-phage and GCE-Au-MPA-phage-blocker 

electrodes. The inset is Randles equivalent circuit.  

3.3.2.  Optimization of incubation times of phages and target pathogens  

To ensure highest loading efficiency of M13 phages on GCE-Au electrode, the electrode 

(GCE-Au-MPA-NHS) was incubated with 1011 PFU/mL of M13 for different time 

intervals (1, 2, 3, 4 & 8 h) and the corresponding ∆Rct values were recorded. As illustrated 

in Fig. 3.4a, ∆Rct gradually increased due to increased binding of M13 phages up to 3 h 

and then plateaued. In the same context, to determine the optimum incubation time of the 

analyte with the GCE-Au-MPA-NHS-M13-blocker electrode, 105 CFU/mL of E. coli XL1-

Blue cells were incubated for 10, 20, 30 and 40 min. The results, Fig. 3.4b, showed an 

initial rapid increase in impedance due to the binding of a large number of E. coli cells 

followed by a slow increase and plateauing at 30 min. Based on these results, a 3-4 h 

incubation time was used for phage immobilization and 30 min incubation of the phage-

modified cytosensor with the analyte sample were employed in subsequent experiments. 

(b) 
(a) 
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Figure 3.4. Optimization of the incubation times of (a) M13 phages with GCE-AuNP-NHS 

and (b) E. coli XL1-Blue (105 CFU/mL) cells with the GCE-Au-MPA-phage-blocker 

electrodes. Each data point is an average of responses from 1 electrode, measured 3 times 

and error bars represent ± 1 standard deviation. 

3.3.3.  Detection of E. coli XL1-Blue and E. coli K12  

As mentioned above, detection of bacterial cells using M13 bacteriophage as a bioreceptor 

starts with the binding of the minor coat gene 3 protein (g3p) of M13 phage to the F pili 

(primary receptor) of bacteria, followed by binding to the inner membrane protein TolA as 

a coreceptor [89–91]. SEM imaging was performed to investigate the interaction between 

the bioreceptor M13 phage and its target E. coli. The SEM image in Fig. 3.5a shows nicely 

distributed clusters of the liquid crystal M13 phages on the gold surface with several 

captured E. coli cells (identified by red arrows). A zoomed-in image (Fig. 3.5b) of the 

captured bacteria shows phages surrounding the bacteria and immobilizing it to the 

electrode surface. A slightly enlarged/enveloped appearance of M13 phages may be 

attributed to the coating of PEG/NaCl, from the phage amplification process (please see 

(a) (b) 
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methods) and/or a contribution from the blocker (0.2% BSA) as previously reported 

[83,94].  

It is worth briefly discussing the possible shapes and phases of M13 phages under different 

incubation/concentration conditions. M13 phages are liquid crystals of different phases. 

According to Dogic et al. (2016), at low concentrations, the phages are disordered and point 

in random directions in the isotropic phase. As the concentration increases, the phages start 

to be more oriented and aligned along one particular axis in the nematic phase that 

transitions to more ordered phases, particularly the smectic phase. Interestingly, phage 

molecules in the smectic phase organize into one-rod-length thick layers that are liquid-

like aligned rods stacked on top of each other (Dogic et al., 2016). Moreover, M13 phage 

can have different shapes. It can be filamentous in the normal case, or spheroid in the 

hydrophobic-hydrophilic interfaces, or I-form particles at low temperatures (around 2o C) 

[96,97].  
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Figure 3.5. (a) SEM micrograph of the M13 phages immobilized on Au electrode and 

captured E. coli XL1-Blue cells (pointed at by red arrows). (b) Higher magnification SEM 

image of E. coli bacteria captured by M13 phages.  

3.3.4. Analytical characteristics of the cytosensor  

We evaluated the performance of the cyctosensor in terms of sensitivity, limit of detection, 

reproducibility and selectivity. Fig. 3.6 shows the sensor response (∆Rct) as a function of 

E. coli XL1-Blue concentration. The results showed that the cytosensor response (Rct) 

increased, i.e. Rct increased, as a function of E. coli XL1-Blue concentration over a broad 

dynamic range from 101 to 107 CFU/mL (Appendix B, Fig. B1). The calibration plot in 

Fig. 3.6 is an average of responses of three separate cytosensors with each sensor exposed 

to 10-fold increasing concentrations of the target bacteria covering the 101 to 107 CFU/mL 

range. Each analyte sample was incubated with the cytosensor for 30 min, washed with PB 

followed by EIS measurement in between the samples. The increase in charge transfer 

resistance can be attributed to the insulating effect of the bacterial cells, and the possibility 

that they prevent redox probe molecules from reaching the electrode surface [98,99].  

(b) 
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The positive control experiment, in which the sensor without M13 phage was exposed to 

103, 104 and 105 CFU/mL of E. coli XL1-Blue had a minimal response when compared to 

a sensor with bioreceptor M13 phage (Appendix B, Fig. B2). Additionally, negative control 

experiment in which a cytosensor with M13 phage was exposed to blank PB, i.e. no E. coli 

XL1-Blue, repeatedly had a response of ∆Rct = 4.00 ± 3.51 (n= 3). The above results 

confirmed the high quality of biofunctionalization protocol and the corresponding 

cytosensors prepared in this study.  

 

Figure 3.6. Response (∆Rct) of the cytosenor to increasing concentrations of E. coli XL1-

Blue (circles); E. coli K-12 (triangles) and P. chlororaphis (squares). Each data point is an 

average of responses from 3 different M13-modified electrodes and error bars represent ± 

1 standard deviation. 

3.3.4.1. Sensitivity and limit of detection 

As shown in Fig. 3.6, the cytosensor response was linearly related to the log of E. coli XL1-

Blue concentration between 101 to 105 CFU/mL with a sensitivity (the slope of the 

calibration plot, d(∆Rct)/dlog(CFU/mL)) of 7.78 Ohms per Log (CFU/mL) or 7.78 Ohms 
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per 10 (CFU/mL). The limit of detection (LOD) of the cytosensor calculated based on the 

equation LOD = 3*SD/S, where SD is the standard deviation of blank sample (SD = 3.51 

Ohms, n = 3), and S is the sensitivity, was estimated to be 13.53 ≈ 14 CFU/mL. This limit 

of detection is the lowest in the EIS-phage cytosensors published to-date. This low LOD 

may be credited to 1) the non-lytic nature of the M13 phages which helped detect bacterial 

cells as an increase in Rct, without getting countered by the conductive content of cells 

released from the cells, as in the case of lytic phages-based biosensors and 2) the high 

surface area of AuNPs and the efficient chemical binding of M13 to the nanoparticles 

surface. Furthermore, the cytosensors had excellent reproducibility as evident by the low 

standard deviation (1.12 to 2.57) and relative standard deviation (4.46 to 8.47%; please see 

Table B1 in Appendix B) of the data points obtained from 3 independent cytosensors used 

to generate the calibration plot in Fig. 3.6.  

3.3.4.2. Selectivity  

Similar to E. coli XL1-Blue, E. coli K12 is F pili positive and host for M13 phages. 

Therefore, an increase in impedance is expected after incubation of the M13-modified 

sensor with this strain also.  As shown in Appendix B, Fig. B3, there was an increase in 

half-circle diameter of Nyquist plot, which represents the charge transfer resistance of 

cytosensor from the original value when exposed to 102 and 104 CFU/mL of E. coli K12. 

The ∆Rct values for these concentrations were statistically similar to that for E. coli XL1-

Blue (Fig. 3.6). On-the-other-hand, as shown in Fig. 3.6, there was no significant change 

in the charge transfer resistance with the non-host P. chlororaphis bacteria (∆Rct values 
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were similar to that for blank/buffer even at 107 CFU/mL) compared to the response with 

the host E. coli XL1-Blue. The ability of our sensor to detect multiple strains of E. coli 

while not responding to non-E. coli bacteria, is a useful characteristic in the goal of 

selectively monitoring coliforms. 

3.3.4.3. Stability  

The M13 phage-based EIS cytosensor was tested for stability at 22 oC (room temperature) 

and 45 oC by comparing ∆Rct for detection of E. coli XL-1 blue at the same concentration 

(103 CFU/mL). Fourteen M13 phage modified cytosensors, were prepared on working 

electrodes of evaporated gold on Kapton substrate that was modified with M13 phage and 

blocked with blocking agents using protocol described previously. A pair of sensors were 

used immediately for the day zero time point reading while six sensors each were kept in 

PB at 22 oC (room temperature) and 45 oC until day 16 for future time points.  Two 

electrodes were removed from each storage condition and evaluated for detection 

efficiency. As shown in Appendix B, Table B2, there was no significant difference in the 

sensing efficiency of the sensors for up to 16 days at these temperatures. The stability at 

temperature as high as 45 oC for an extended period is a beneficial feature of our phage-

based sensor over antibodies-based sensors for field applications and variation of 

temperature that the sensor may encounter during shipping. Additionally, the stability of 

the M13-based EIS sensor was investigated in a wide range of pH values. Multiple 

electrodes were prepared the same way as mentioned earlier and incubated in pH 2.0 to 

10.0 buffer for an hour followed by evaluating detection of 103 CFU/mL E. coli XL-1 blue 
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in PB. As illustrated in Appendix B, Fig. S4, the sensor had negligible decrease in sensing 

response over the pH range of 4.5 – 8.0, that decreased slightly to 80±14% at pH 10 and 

75±20% at pH 3 and dropped significantly to 35±10% at pH 2. These results verify the 

very good to high stability of M13 phage-based sensor on exposure to pH 3 to 10.  

3.3.5. Analysis of simulated river water samples  

To assess the suitability of M13 phage-based EIS cytosensor for practical application, it 

was applied to detect E. coli XL1-Blue spiked in simulated river water mimicking the 

chemical/biological composition of Yamuna River in northern India. The sensor response 

in river water was compared to that in PB for bacteria concentration from 102 to105 

CFU/mL. As shown in Fig. 3.7, the response was linearly correlated to the concentration 

over this concentration range with a slope of 6.685 Ohms per 10 CFU/mL, which was 

statistically identical (p > 0.05) to that in PB (S=6.583 Ohms per 10 CFU/mL) over all the 

concentrations. A slight consistent off-set/difference of the sensor response between 

simulated river water and PB can be attributed to the difference in composition of the two 

water samples. These results demonstrate the promise of the present sensor for the real 

field applications.  
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Figure 3.7. Response (∆Rct) of the cytosenor to increasing concentrations of E. coli XL1-

Blue in PB (circle) and simulated river water (square). Each data point is an average of 

responses from 1 electrode, measured 3 times and error bars represent ± 1 standard 

deviation. 

3.4. Conclusions 

To conclude, an easy to fabricate and use EIS cytosensor based on non-lytic bacteriophage 

M13 for measurement of coliforms was introduced. The sensor exhibited the lowest limit 

of detection (≈ 14 CFU/mL) reported to-date for phage-based EIS cytosensors for 

coliforms. This excellent limit of the detection of the cytosensor can be attributed to the 

non-lytic nature of the M13 phage and the high surface area of AuNPs and the efficient 

chemical binding of M13 to the surface of well-dispersed nanoparticles. The sensor was 

selective for F+ pili E. coli species, such as XL1-Blue and K12, when compared to non-host 

P. chlororaphis bacteria. Additionally, the sensor demonstrated excellent stability (over 2 

weeks at 45 oC) and precision. Furthermore, the sensor was successfully applied for the 
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detection of E. coli XL1-Blue in simulated river water. These features make it a potential 

analytical tool for ideal for monitoring coliform in environmental waters. In terms of its 

suitability to real field application, the M13 sensor system was tested in simulated river 

water, where it exhibited good response with neglectable interference with the water 

composition variation. In addition, the sensor system shows high stability over a wide range 

of pH and at elevated temperatures. Summing all together, the proposed M13 phage-based 

cytosensor is highly sensitive, selective, and stable for detection of fecal coliforms in water 

samples.   
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CHAPTER 4 

Impedimetric Immunosensor for Early Detection of Bacteroides as Bioindicators of 

Fecal Contamination of Drinking-Water 

 

Abstract: Fecal contamination forms a major burden on public health, as a source of illness 

with many diseases including dysenteries, cholera, diarrheal diseases, and enteric fevers. 

Bacteroides were found more accurate bioindicators for drinking-water contamination with 

feces than coliforms and E. coli. However, there are no Bacteroides-based biosensors 

developed. In this work, an electrochemical (impedimetric) immunosensor is developed 

for the sensitive and selective detection of Bacteroides thetaiotaomicron (B. theta). The 

working electrode (glassy carbon) was modified with electrodeposited gold nanoparticles 

(AuNPs) and functionalized with ani-B. theta antibody via means of covalent bonding to a 

linker on AuNPs. The sensor fabrication was monitored using electrochemical analysis and 

electron microscopy imaging. The introduced impedimetric immunosensor achieved a very 

low limit of detection of 10 CFU/mL of B. theta in phosphate buffer (PB) solution. This 

sensor showed a high selectivity for B. theta over other non-host bacterial strain, E. coli. 

The sensor system showed no remarkable response in control experiments, i.e. in absence 

of antibody, and host bacteria, which eliminates the possibility of any false positive results. 

The sensor system was tested for detecting B. theta spiked in river and tap water sample, 

to verify their suitability for real field, and it showed a highly similar response to PB 

samples.  Finally, SEM imaging of the sensor system, after incubation with two different 

concentrations of B. theta and washing with PB, confirmed the successful binding of host 

cells. 
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4.1. Introduction   

Drinking-water pollution is a serious problem raising a huge global concern. Among the 

various types of pollutants, fecal contamination is associated many pathogenic infections, 

including dysenteries, cholera, diarrheal diseases, and enteric fevers [1–3]. Coliforms are 

not one type of bacteria, but a large group of Gram-negative, facultatively anaerobic 

bacteria found in vegetation, soil, and mammals’ intestine [4]. E. coli is one type of 

coliforms that are only found in mammals gut. Total coliforms and E. coli detection is used 

as bioindicators of water contamination with feces [5,6]. Although total coliforms and E. 

coli are not considered pathogens, except for E. coli 0157:H7, and they normally do not 

cause illness, their presence is always indicating the coexistence of pathogens from feces.   

According to the U.S. Environmental Protection Agency (EPA) report, about “assessment 

of the Extra-Enteric Behavior of Fecal Indicator Organisms in Ambient Waters”, 

Bacteroides have long been suggested as alternative indicators to E. coli and enterococci 

[7]. In addition, there is a strong correlation between Bacteroides and fecal coliform 

concentrations [8], while in terms of numbers, Bacteroides are present in 1000-fold higher 

concentrations than fecal coliform bacteria [7] and hence they could serve as more sensitive 

bioindicators of coliforms contamination. In fact, in a variety of surface water samples, 

Bacteroides were more predictive of the presence of bacterial pathogens in water than 

traditional indicators [9]. It is worth mentioning that Bacteroides are strict anaerobes and 

are not expected neither to divide nor to survive for extended periods of time under aerobic 

conditions, which again makes them more accurate bioindicators of fecal coliforms 

contamination [10,11].  
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Microbial electrochemical sensors (MESs) are very promising as highly sensitive, label-

free, real-time, and selective systems for early detection of microbes [12–15]. MESs 

attracted a great attention due to their rapid and sensitive response, as well as their 

simplicity and suitability as portable devices that do not require highly trained personnel 

[16–19]. Electrochemical impedance spectroscopy (EIS) is a very powerful tool for 

monitoring the minute changes at the electrode interface. Furthermore, EIS requires a small 

amplitude perturbation, which makes it a nondestructive technique [20]. The specificity of 

a biosensor is determined by the biorecognition elements, such as aptamers, peptides, and 

antibodies [21]. 

Having that said, development of sensitive and selective electrochemical biosensors for 

detection of Bacteroides is a necessity. In this work, impedimetric immunosensor was 

developed for detection of one of the Bacteroides strains, Bacteroides thetaiotaomicron (B. 

theta). The sensor structure is similar to the M13 phage-EIS system in chapter 3 with 

replacing M13 with B. theta antibodies. In order to check for the ability of the Anti-B. theta 

EIS biosensor to detect B. theta cells, a series of concentrations of these bacteria were 

suspended in PB and the sensor was used to detect them and build the calibration curve. 

Different control samples were used to eliminate the possibility of false positive readings 

and to ensure the selectivity of the sensor system.  
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4.2. Materials and Methods 

4.2.1. Materials 

Gold chloride hydrate, potassium ferricyanide, 3-mercaptopropanoic acid (MPA), 2-(N-

morpholino) ethane sulfonic acid (MES), 1-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC), N-Hydroxysuccinimide (NHS), and Bovine albumin (BSA) were 

purchased from Sigma-Aldrich (St. Louis, USA). Ethanol amine (EA) was purchased from 

Acros Organic-Fisher Scientific. Anti-Bacteroides Thetaiotaomicron monoclonal antibody 

(Anti-B. theta) was purchased from GeneTex (Irvine, USA). Antibody purification, using 

Sephadex G-25 (PD-10 Desalting Columns) via gravity protocol, was carried out before 

implementing it into the sensor system. All solutions were prepared with Milli-Q water.  

4.2.2. Bacteroides Thetaiotaomicron samples  

B. theta stock sample was received from Dr. Joan B. Rose’s lab at Michigan State 

University, as freeze-dried stock samples that when redispersed in 10 mL of PB, the final 

concentration is 108 CFU/mL. Serial dilutions were used to prepare lower concentrations.  

4.2.3. Electrodeposition of AuNPs.  

AuNPs were electrodeposited on GCE and characterized the same as in the previous 

chapter 3. 

4.2.4. Instruments and measurements 

Technical details of instrumentation are explained in detail in chapter 3, section 2.5. 

Briefly, electrochemical impedance spectroscopy (EIS) was carried out as Faradaic EIS, 
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and the corresponding charge transfer resistance (Rct) was extracted by simulating the 

signal with the suitable Randles circuit using CHI’s ready-to-use software. 

4.2.5. Sensor development  

The development process is schematically illustrated in Fig. 4.1. GCE with 

electrodeposited AuNPs was immersed in 0.1 M solution of 3-mercaptopropanoic acid 

(MPA) in ethanol for 1 h to form a self-assembled monolayer on gold surface, followed by 

washing with ethanol to remove any physically adsorbed MPA molecules. The carboxyl 

group of MPA was then activated using EDC/NHS chemistry. Briefly, the Au-MPA 

electrode was immersed in 0.1 M MES buffer (pH 5.5) containing 0.15 M EDC for 20 min. 

then removed from EDC solution and immersed in 0.15 M NHS for 20 min. The electrode 

was washed using MES buffer to remove unreacted EDC/NHS molecules. The modified 

and activated electrode was incubated with M13 solution (10 µg/mL) at 4 °C for 3 h, 

followed by rinsing with PB buffer to remove unbound antibodies. Subsequently, the 

electrode was immersed in 0.1 M ethanolamine solution for 30 min to passivate unreacted 

-NHS groups, followed by incubation with 0.2 % BSA solution for 30 min to block 

unfunctionalized Au. The electrode was washed thoroughly with PB solution. In this work, 

EA+BSA are labeled as "blocker" on graphs and schemes. All the modifications steps 
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during the electrode fabrication were monitored and characterized using CV and EIS in 

ferricyanide solution.  

 

 

 

 

 

 

 

 

Figure 4.1. Schematic diagram of the Bacteroides immunosensor fabrication process. 

4.2.6. SEM imaging 

The imaging was conducted on a smooth thin film of gold prepared by e-beam evaporation 

instead of gold nanoparticles to avoid feature overlap. The thin film’s surface was modified 

the same way as described in the sensor build up section. Then, two sensors were incubated 

with two concentrations (105 and 107 CFU/mL) for 20 min, gently washed with PB, and 

left to dry in the laminar hood for one hour. A thin film of gold was sputtered on the sample 

to avoid surface charging, as planktonic bacteria, linker, and antibody are non-conductive. 

4.3. Results and Discussion 

4.3.1. Sensor development 

The sensor system’s development was monitored using EIS measurements at each 

modification step, and results are shown in Fig. 4.2. The charge transfer resistance (radius 

of half circle) in EIS increased. This observation is in a good agreement with the expected 

insulative and charge repulsive effects of the attached negatively charged molecules to the 
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redox probe of potassium ferricyanide [Fe(CN)6]
3− [22,23]. The resulting electrode was 

then used as a working electrode in a 3-electrode electrochemical cell for evaluation of 

analytical figures of merits (sensitivity, limit of detection and selectivity) for anti-B. theta-

based EIS biosensor. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Faradaic EIS results of sensor fabrication. 

4.3.2. Calibration curve and limit of detection  

After verifying the successful fabrication of the impedimetric immunosensor (anti-B. theta-

EIS), it was tested for the detection of different concentrations of B. theta spiked in PB. 

The working electrode was immersed into the solution of b. theta and incubated for 25-30 

min, gently washed with PB for three times. Then, the EIS was measured for each 

concentration and the corresponding Rct value was extracted, and the calibration curve was 

plotted in terms of change in Rct.  
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Figure 4.3. (a) Calibration plot of anti-B. theta-based EIS biosensor in buffer Each data 

point is an average of 4 measurements; 2 electrodes, each measured 2 times. (b) Nyquist 

plots of one of the electrodes at different concentrations.   
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Fig. 4.3 summarizes the results. As illustrated in the figure, the new anti-B. theta-EIS 

shows a wide dynamic range from 102 to 108 CFU/mL of detecting bacteria with high 

sensitivity of 15.37 Ohms/Log and an extremely low limit of detection (LOD) of ~10 

CFU/mL. The limit of detection was calculated from the equation LOD = 3*SD/S, where 

SD is the standard deviation of blank sample (SD = 4.9 Ohms, n = 4). Results in Fig. 4.3b 

show an increase in the charge transfer resistance with the increased concentration of 

attached bacteria, which can be attributed to the insulative nature of bacteria and its 

negative charges that will repel the negatively charged redox probe. 

4.3.3. Visualization of detected bacteria using SEM imaging 

SEM imaging was used to visualize the detected bacteria and confirm their surface binding 

after washing with PB. Images in Fig. 4.4 show nicely distributed B. theta cells captured 

by the anti-B. theta antibody on gold surface. It is worth mentioning that to keep the 3D 

structure of bacteria without sophisticated sample preparations, it is important to let it dry 

in a laminar flow hood for less than an hour, to avoid dehydration and collapsing of the 

cell membrane. Furthermore, to avoid cells rupture, preserve the cells integrity and 

eliminate surface charging, gold sputtering is very essential. The density of captured 

bacteria increased with its concentration from 105 to 107 CFU/mL in panels (a) and (b), 

which confirms the positive response of the sensor system.  
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Figure 4.4. SEM imaging of B. theta captured on the sensor surface at two concentrations: 

105 (a) and 107 (b). 

4.3.4. Spiked real sample testing  

The ability of the sensor to detect B. theta in spiked real river water samples was evaluated. 

As shown in Fig. 4.5, the sensor’s response to B. theta in PB and River water is showing 

almost the same sensitivity (slopes), which is confirming the potential of the real field 

application of this sensor. However, there is some background shift in the Tap water 

sample, which can be attributed to the difference in the matrix composition.  
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Figure 4.5. Calibration plot of anti-B. theta-based EIS biosensor in PB (calibration curve), 

river water, and . Each data point is an average of 4 measurements; 2 electrodes, each 

measured 2 times. 

4.3.5. Control experiments  

conducted some control experiments to verify that the signal response is coming from the 

selective binding of the sensor to B. theta cells. First, the sensor functionalized with anti-b 

theta antibodies was tested for the detection of the non-host cells, E. coli, and there was no 

significant response detected as shown in Fig. 4.6 (yellow curve). Second, the anti-B. theta-

loaded sensor was tested against a buffer solution that has no bacteria, and there was no 

detectable response signal (red curve). Lastly, the sensor, containing no antibody, was 

incubated with the B. theta cells, and there was no remarkable response as well (blue 

curve). That all confirms that the response signals were coming from the B. theta binding 

to the sensor in the calibration curve and spiked river water samples. 
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Figure 4.6. Control experiments of anti-B. theta-based EIS sensor.  

4.4. Conclusions 

In summary, a highly sensitive and selective impedimetric immunosensor was introduced 

for the first time for the detection of Bacteroides Thetaiotaomicron in drinking water. 

Thanks to the specific biorecognition element, anti-Bacteroides Thetaiotaomicron 

antibody, the sensor was able to detect the target bacteria only and neglect the non-host 

cells. Interestingly, the river water matrix did not compromise the performance of the 

current system. In addition to the specificity of the loaded antibody, blocking the free 

carboxyl groups from MPA by ethanol amine and blocking the exposed gold with BSA did 

help in eliminating any possible non-specific bindings. The very low LOD (10 CFU/mL), 

selectivity, and successful detection in river water, entitles this immunosensor to be used 

in real field application, as an economic portable sensor system.  
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CHAPTER 5 

Synthesis of Pristine Graphene-like Behaving rGO Thin Film: Insights into What 

Really Matters 

Abstract: Despite the huge expansion of GO/rGO market, there is a clear lack of 

experimental studies on getting high quality, large scale GO and rGO nanosheets/thin 

sfilms, which is a critical requirement for electronic applications. In this work, a detailed 

experimental study on the effect of lateral sheet size on properties of GO/rGO, supported 

by density functional theory (DFT) calculations, is presented for the first time, to help 

prepare pristine graphene-like rGO. Furthermore, we investigated the effect of thermal 

reduction at low temperature (200 oC), under ambient pressure, on the corresponding 

electronic properties of rGO. Current-voltage (I-V) analysis, optical and electron 

microscopy, atomic force microscopy, Raman, XPS, and quantitative 13C NMR 

spectroscopy were used to study and optimize rGO. The optimized rGO-field-effect 

transistor (rGO-FET) device exhibited the highest charge carrier mobilities, i.e. 2,962 

(holes) and 2,183 (electrons) cm2/V.s. Furthermore, the transconductance characteristics 

curve of rGO-FET showed the ambipolar behavior of high-quality graphene, with Dirac 

point around zero. In addition, the optical band gap of rGO nanosheets (~0.4 eV), prepared 

in this work, is among the smallest reported band gaps for rGO. These findings highlight 

the significance of our study for synthesizing large-scale graphene-like rGO thin film, for 

ultra-fast, low-power transistor applications. 
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5.1. Introduction  

Graphene is a two-dimensional (2D) one atom-thick layer of carbon atoms packed in 

honeycomb hexagonal lattice, with very attractive mechanical, electrical, thermal, and 

optical properties.[1] It has a high intrinsic mobility of 200,000 cm2/V.s, high thermal 

conductivity of ∼ 5000 W/m.K, and large specific theoretical surface area of 2630 m2/g.[1–

3] Due to its superior properties, graphene and its derivatives are widely used in a wide 

range of applications, including batteries [4,5], liquid crystals [6], hydrogen storage [7], 

field emission cathodes [8], organic photovoltaics[9], transistors [10], reinforcing polymers 

[11], water membranes [12], etc.  

Chemical vapor deposition (CVD) and molecular beam epitaxy (MBE) are getting more 

attention as versatile bottom up techniques in synthesis of high-quality graphene for 

electronic applications, compared to liquid phase exfoliation (LPE).[13] Despite being 

environmentally friend and having a potential for large scale production of graphene, LPE 

produces low yield (especially for the monolayer sheets), small flake size (<5µm), limited 

dispersibility, etc.[14] Among many approaches, chemical oxidation of graphite to 

graphene oxide (GO) and then its reduction to reduced graphene oxide (rGO) is one of the 

promising mass production routes of graphene.[15],[16] GO solves many of the problems 

of the CVD-, MBE-, and LPE-prepared graphene, as it is economic and easy to scale up 

with the desired functionalities, and it achieves high dispersibility of small and large flakes 

as well as high yields of monolayer sheets [1,15,17]. It can also be used to form stable 

graphene thin films [18] by means of drop casting, spin coating, or spraying GO suspension 

to the target surface, and in situ reducing it to rGO/graphene thin film at low temperatures. 
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In addition, the reduction of GO can be controlled to prepare graphene materials with 

tunable band gaps [19]. Therefore, rGO is an excellent source of graphene.  

Nevertheless, GO remains an elusive material [20,21] and there is a huge variation in the 

properties of the graphene produced by oxidative exfoliation. There are many recent reports 

on GO/rGO nanosheets and their composites, however, there exists an overwhelming 

consensus among researchers on the lack of high-quality, electronic-grade graphene on the 

market [22],[23]. Furthermore, the physicochemical and electrical properties of graphene 

varies widely due to the lack of fundamental understanding of factors determining the 

quality of graphene thin films produced from the rGO nanosheets, limiting their usage in 

the electronic applications, particularly in the field-effect transistor (FET) systems. A 

recent promising study conducted by Kauling et al. on the LPE graphene from 60 producers 

demonstrated that there is a huge variation in the quality of produced graphene on market, 

and they introduced a systematic and reliable protocol to test graphene quality, which 

should help the market move faster and more efficiently with this method [22]. 

To the best of our knowledge, there is lack of studies on the main contributing factors in 

production of high quality rGO thin films that exhibit pristine graphene-like properties. 

This work also aims at revealing the factors that really matter for producing pristine 

graphene-like behaving rGO thin film. The number of stacked layers and thickness of drop 

casted rGO film play a role and hence we kept them uniform through the whole study to 

understand the effect of other contributing factors. Among many contributing factors, we 

found that lateral sheet size of GO/rGO, that is defined by the lateral size of the starting 
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graphite flakes, plays a crucial role in the electronic properties of rGO nanosheets, rGO 

thin films, and their corresponding FET devices.  

In this work, we have studied the effect of lateral sheet size on the electronic properties of 

the corresponding thin films of rGO. The experimental measurements were supported by 

density functional theory (DFT) calculations. In addition, we studied the effect of thermal 

reduction on the chemical composition of the large and small GO nanosheets synthesized 

by improved Hummers method (IHM) [24] at low temperature (200 oC), under ambient 

pressure, which allowed for more insights into the effect of lateral sheet size on the 

electronic properties of rGO thin films.  All electrical measurements were done via rGO-

FET, using gold interdigitated electrodes (IDE). The optimized rGO nanosheets showed 

the smallest optical band gap (0.4 eV) and the highest charge carrier mobilities reported 

for rGO, to-date. Furthermore, FET characteristic curve of rGO-FET showed the nice 

ambipolar behavior of high-quality graphene, with Dirac point around zero. These results 

highlight the importance of this study for both researchers and companies aiming at using 

rGO for electronic applications.  

5.2. Materials and Methods 

5.2.1. Materials  

Graphite powder (0.2 µm), potassium permanganates (KMnO4, 99%), phosphoric acid 

(H3PO4, 85%), sulfuric acid (H2SO4, 98%), hydrochloric acid (HCl, 37%) and hydrogen 

peroxide (H2O2, 30%) were procured from Fisher Scientific, USA. Graphite powder (1-2 

µm) and (3-Aminopropyl) triethoxysilane (APTES) were purchased from Sigma (St. Louis, 
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MO, USA). Graphite flakes (7-10 µm) and (40 µm, -325 mesh) were bought from Alfa 

Aesar (Ward Hill, MA, USA). For the 0.2 µm graphite, it is labeled by the manufacturer as 

graphite powder. From our characterizations, including AFM imaging, the lateral size was 

found < 1.0 µm with an average of 0.2 µm. The 40 µm sample is labelled by the 

manufacturer as graphite flakes -325 mesh.   

5.2.2. Synthesis of GO nanosheets  

GO nanosheets were prepared using the improved Hummers method (IHM) [24], with 

some changes in reaction temperature and time, as we previously reported [25]. Briefly, 1 

g of graphite powder was added to a mixture of 13 mL of phosphoric acid 98% and 120 

mL of sulfuric acid 98%, and left under magnetic stirring for half an hour at room 

temperature. Then, 6 g of potassium permanganate was added portion-wise to the 

homogenized mixture. The reaction temperature was elevated to 45oC and the reaction 

mixture was kept stirring for 3 h. The reaction was stopped by slow and cautious pouring 

of the reaction mixture to a beaker containing a mixture of 150 mL of deionized (D.I.) 

water and 20 mL of hydrogen peroxide. Excess D.I. water was added to the beaker and the 

mixture was kept static overnight to settle the prepared graphite oxide (GtO) nanosheets 

down and make it easy to decant the highly acidic supernatant. The prepared graphite oxide 

(GtO) sheets were washed several times with hydrochloric acid (5%) and D.I. water by 

centrifugation, and then with D.I. water to form graphene oxide (GO) nanosheets. Further 

exfoliation by sonication can be used, however, it is not necessary in this method. The 

sample was dried at 50oC. 
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5.2.3. Fabrication of rGO-FET chips  

Devices (chips) were microfabricated on a highly doped p-type silicon substrate with 

approximately 300 nm SiO2 insulating layer deposited on top. Electrodes were patterned 

on the substrate by photolithography. Next, 5 nm Cr layer was deposited on the substrate, 

followed by a 50 nm layer of Au, using e-beam evaporation. Each chip had 20 interdigitated 

gold fingers (10 pairs), the width of each finger was 5 μm and was separated by a gap of 3 

μm (Fig. 5.1a). Electrodes were then defined using a standard lift-off technique. Chips with 

patterned electrodes were cut from whole wafer, cleaned, and immersed in ammonia 

solution, for 1 h, to introduce hydroxyl groups. Next, chips were immersed in 3-

aminopropyltriethoxy silane (APTES) for 1 h, to assist GO nanosheets immobilization. 

Then, 10 µL suspension of GO in D.I. water of different concentrations was drop casted to 

the five interdigitated electrodes. The GO drop was left to dry and form a thin film at room 

temperature, and then annealed at 200oC for 120 min. 

5.2.4. Characterizations  

The prepared materials were characterized using scanning electron microscopy (SEM, 

ThermoFisher Scientific (formerly FEI/Philips) NNS450) and UV-Visible 

spectrophotometer. Raman spectra were collected by Horiba LabRam using a green laser 

(λ = 532 nm) for excitation with a power of 10 mW. X-ray photoelectron spectroscopy 

(XPS) characterization was carried out using a Kratos AXIS ULTRADLD XPS system 

equipped with an Al X-ray source and a 165-mm mean radius electron energy 

hemispherical analyzer. Samples were prepared as thick films (~1 mm) on gold-coated 
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polyimide substrate. Vacuum pressure was kept below 3 × 10-9 torr during the acquisition. 

Data were acquired with a step size of 0.2 eV and 0.1 eV for the survey and the high 

resolution (C1s and O1s) spectra, respectively. Quantitative solid state single pulse 13C 

magic angle spinning (MAS) NMR spectral analysis was performed using Bruker Avance 

NEO 600 MHz spectrometer. The samples were ground and packed into a 4 mm rotor. 

Then, samples were spun at 10 kHz for more than 3000 scans with a relaxation delay of 10 

s. 7.2 µs 90-degree pulse excitation was used over a bandwidth of 150 MHz and we used 

solid adamantane (38.48 ppm) as the reference for 13C spectrum based on the 

trimethylsilane scale. Electrical measurements were conducted using Keithley 2636 

system. 

5.3. Results and discussion 

GO was synthesized using IHM [24] with some modifications in reaction time and 

temperature, as we reported [26] in a previous work. Then, GO was thermally reduced at 

200 oC, in open air, for 2 h. All electrical characterizations of rGO reported in this study 

were conducted via FET system. The configuration and channel dimensions of the gold 

interdigitated electrodes (IDEs) chip or the FET system are illustrated in Fig. 5.1a. Each 

IDE has 5 µm wide by 200 µm long gold strips/fingers electrodes separated by 3 µm (gaps) 

with a total working area of 180 x 200 µm2. Moreover, each chip has a set of 5 IDEs. rGO 

thin film is covering the whole working area, filling the channel gaps, and bridging the 

gold strips to close the circuit, as illustrated in the schematic of Fig. 5.1a. A simple and 

efficient preparation method was developed so that a well-connected nice film of rGO was 

formed on top of the gold IDEs resulting in rGO-FET. Briefly, 10 µL of GO suspension, 
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with different concentrations, were drop casted to the working area of IDEs, warmed to 

dry, and then thermally reduced at 200 oC in oven, under ambient pressure. The effect of 

concentration of GO, at a fixed volume of 10 µL, on the resistance/transport characteristics 

was studied. Scanning electron microscopy (SEM) imaging was used to investigate the 

concentration and quality of the rGO thin film on gold IDEs. SEM images, Fig 5.1 (c & 

d), show that a thick film with folding/wrinkles was formed at the 10 mg/mL, while a nice 

transparent and flat thin film of rGO was formed at the concentration of 1.25 mg/mL. 

Additional SEM images for other concentrations are available in Appendix C, Fig. C1. As 

illustrated in Fig. 5.1b, the device’s resistance decreased by decreasing GO’s concentration 

from 10 mg/mL to 2.5 mg/mL, stabilized at 1.25 mg/mL and then increased again upon 

decreasing the concentration below 1.25 mg/mL. Hence, the recommended concentration 

for use in rGO-FET system preparation is 1.25 mg/mL. 

In general, the FET characteristics in the nano-scaled device are determined by the quality 

of the constituent device elements such as channel, contact and gate. The factors that 

influence the device characteristics include: 1) properties of channel material, in this case 

rGO, such as lateral size, and quality of the deposited graphene sheets [27]; and 2) channel 

length [28] and applied source-drain potential. In our study, we focus on the impact of 

lateral sheet size on properties of rGO, while keeping other parameters/factors constant. It 

is worth mentioning that the lateral sheet size of rGO is taken to be the lateral size of 

starting graphite. 
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Figure 5.1. (a) camera image of the FET device of 5 IDEs (left), an optical microscopy 

image of one of the IDEs (right), and a schematic of rGO bridging two gold strips (bottom). 

(b) Effect of GO’s concentration (mg/mL) on the device’s resistance (Ohms). (c & d) SEM 

images of rGO-FET at 10 & 1.25 mg/mL, respectively.  

5.3.1. Oxidative exfoliation  

The electrical conductivity in graphite is an anisotropic property, and the larger the number 

of stacked layers, the bigger is the interlayer charge screening and scattering [29].  It is 

worth mentioning that most of the graphite flakes/powders available in the commercial 

market have wide range of sheet sizes in the same sample. For example, the 40 µm product 

had sheets ranging from 5 to 40 µm, with a majority between 15-20 µm; it was the same 
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for 0.2, 2, and 10 µm sizes. Lateral sizes and thickness distributions of the four GO samples 

are shown in Appendix C, Fig. C2. Hence, we have adapted centrifugation to remove the 

very small and very large sheets. All the four different size GOs, used in the resistance 

comparison, were investigated for their level of exfoliation using atomic force microscopy 

(AFM) imaging. The results in Fig. 5.2 (a-d) show that the thickness of the GO nanosheets 

in 0.2, 2, 10, and 40 µm lateral size samples is uniform at ≈1.2 nm, which corresponds to 

monolayer GO nanosheets [30,31]. The equal number of layers in the four GO samples 

confirms that the variation in resistance can be attributed to lateral sheet size effect and not 

due to the difference in exfoliation.  Another important observation was that the sheets 

larger than 10 µm lateral size tend to fold, Fig. 5.2 (e & f).  This correlation between sheet 

size and folding is reported for the first time. However, the sheet folding problem in general 

was discussed in a recent report, and it can be explained by the compressive stress on the 

very flexible GO nanosheets during solution processing and deposition to substrates 

[32,33]. When the sheet first touches the substrate, it binds to it from one edge and then 

either to flatten on the surface in a way the other edges bind to substrate or to fold or roll 

around itself [34]. We believe that is attributed to the mechanical properties of the graphene 

sheets, especially their bending stress that increases by increasing the lateral size of the 

sheet, and hence makes it easier to fold and roll.  

5.3.2.  Lateral sheet size 

To study the effect of lateral sheet size on device resistance, a potential of 0.1 V was applied 

between the source and drain of the rGO-FET devices made of thin films of different lateral 

sizes of rGO and the corresponding resistance was measured (Table 5.1).  A bimodal linear 
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correlation between the sheet size and device conductivity is evident from the tabulated 

data; a clear decrease in resistance with the increase in rGO lateral size from 0.2 to 10 m 

and a very minor decrease in larger sizes such as 40 m. The latter can be ascribed to the 

folding and rolling of the nanosheets larger than 10 µm, as seen in Fig. 5.2 (e & f). The 

folding/rolling was quantified using AFM imaging, by measuring the sheet height at the 

folding/rolling sites and found it 2.1, 2.3, 2.8, and 3.7 nm at four (F1-F4) different sites (see 

Fig. 5.2 (e & f), with an average height of 2.73±0.71 nm. This number counts for the 

thickness of two sheets in addition to the curvature of folding. The thickness of two GO 

sheets is around 2 nm, and hence the folding/rolling curvature is about 0.73 nm on average. 

This number is not high due to the high flexibility of GO as well as its large size that 

increases the compressive pressure and results in flattening of the folded/rolled sheets. 

Corresponding AFM height profiles of folded/rolled GO nanosheets are shown in 

Appendix C, Fig. C3. For the 40 µm lateral size sample, despite the folding that might 

increase the surface roughness of a few nanometers, the film continuity is still better, the 

number of interfaces/grain boundaries is less, and the contribution from edge defects is 

smaller. A detailed discussion of the effect of lateral size on edge defects is discussed in 

section 5.3.2.2. So, the net result was that the film made from the 40 µm sheets has a 

slightly lower resistance. To summarize, we attribute the decrease in the resistance with 

increasing lateral sheet size to the enhanced film continuity, the smaller surface/interface 

roughness scattering, and lower contribution of non-healable edge defects. 
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5.3.2.1. Film continuity and interface roughness scattering  

Graphene films made from smaller rGO sheets have greater discontinuities, due to the 

larger number of grain boundaries, and in-turn exhibit more charge screening and interface 

roughness scattering due to the bridging of randomly distributed small sheets. On the other 

hand, larger sheets network better to the adjacent sheets and form a well-connected film. 

The optical microscopy images, Fig. 5.3a, show clear discontinuity and random orientation 

in thin film of small rGO sheets (0.2 µm) on Si/SiO2 surface. In comparison, large sheets 

(flakes) of rGO show well-connected thin film with fine wrinkles that are 10-20 µm apart, 

Fig. 5.3b, which secures good electron transfer between the gold electrodes with gaps of 

10-20 µm. 

It is well known that the increase in surface/interface roughness increases the charge 

scattering dramatically and reduces the device’s carrier mobility [35]. Hence, the surface 

roughness of thin films of rGO nanosheets of two different sizes (0.2 and 40 µm) were 

investigated by AFM scanning, Fig. 5.3 (c-f). The AFM image and height profile of 40 m 

rGO thin film in Fig. 5.3 (c & d) shows some fine wrinkles that are spaced 10 µm apart, 

as in the optical image in Fig. 5.3b. The wrinkles may be due to the difference in the 

thermal expansion coefficients between rGO and SiO2/Si substrate, which was reported 

elsewhere in case of graphene on Cu substrate [36,37]. The surface/interface roughness 

between wrinkles was 4±3 nm, and when the wrinkles are included, the surface roughness 

slightly increased to 6±5 nm.  
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Figure 5.2. AFM images of GO nanosheets with different sizes; (a) 40 µm, (b) 10 µm, (c) 

2 µm, and (d) 0.2 µm samples. All samples were dispersed on a clean Si/SiO2 substrate. 

Sheets larger than 10 µm tend to fold (e & f) when drop casted from their suspension 
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Table 5.1. Correlation between lateral sheet size and thin film rGO-FET device’s 

resistance, N = 10, where N is the number of pair electrodes   

Lateral sheet size (µm) Resistance (Ohms) 

0.2 700,000±1000 

2.0 800±50 

10.0 220±18 

40.0 200±20 

 

On the other hand, the film surface/interface roughness of the 0.2 µm rGO thin film was 

104±50 nm, as shown in Fig. 5.3 (e & f). Therefore, the smaller the sheets, the more 

random the orientation and the larger the number of grain boundaries resulting in a higher 

surface roughness and charge scattering of the corresponding thin film. The huge difference 

in roughness between the two sizes explains part of the variation in the FET device’s 

resistance.  

5.3.2.2. Contribution of non-healable edge defects  

The oxidation of graphene sheets at the edges results in breaking some of the aromatic 

rings, and hence formation of non-healable defects in the graphitic domains. Thus, the 

implementation of the sheets with larger lateral size may reduce the contribution of the 

edges to the whole sheet and improve the electronic properties of GO and rGO nanosheets. 

This hypothesis, along with the effect of this low temperature thermal reduction, were 

studied using Raman spectroscopy, high-resolution X-ray photoelectron spectroscopy 

(XPS), and quantitative solid-state magic-angle spinning (MAS) 13C NMR. Further 

investigation was conducted using DFT calculations, see section 5.3.4.    
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Figure 5. 3. Optical microscope images of thin films of (a) 0.2 µm rGO and (b) 40 µm 

rGO. AFM imaging (height images) and profiling of (c & d) 40 µm and (e & f) 0.2 µm 

rGO thin films on Si/SiO2 substrate. 
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The other important factor that determines the rGO-FET device performance is the quality 

of produced rGO nanosheets. The quality here refers to how close rGO is to the pristine 

graphene and how efficiently the sheets heal from defects. The main parameters that affect 

the rGO nanosheets quality include graphite oxidation and GO reduction (healing) 

processes. Please, see the detailed discussion of this part in Appendix C, section 2. 

Raman spectroscopy is a powerful tool for studying crystal defects. The defects in graphene 

oxide samples are assessed from the ratio of the intensities (Id/IG) [38] of defects-induced 

D band and C-C bond stretches [39] in the sp2 domains, and G band that is arising from 

first order Raman scattering. Raman measurements were conducted to determine the defect 

changes in GO and rGO thin films for the two different sheet sizes (40 and 0.2 µm), Fig. 

5.4. Large sheet GO (GO-L) has shown less defects (Id/IG = 0.92) compared to small sheets 

(GO-S) where Id/IG was 1.02. After thermal reduction for 120 min at 200 oC in air, both 

samples undergone a sort of self-healing process by restoration of the sp2 domains and 

graphitization, which caused a decrease in the Id/IG ratios. The decrease in defects over 

thermal reduction is in a good agreement with literature [38,40–42]. Other studies report 

an increase in Id/IG ratio over thermal or chemical reduction, though [43–46]. As reported 

by Paredes et al., this result of higher defects after reduction is contradicting the anticipated 

result of restoration of aromaticity and graphitization, and the proposed interpretation by 

attributing that to a higher number of overall smaller sp2 domains formation was also 

argued [47]. The evolution of edge and basal plane defects and vacancies as well as the 

presence of sp3 carbons are responsible for the amorphization of GO/rGO and thus the 

increase in the Id/IG ratio. Examples of vacancies are the smaller and larger rings formation 
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due to the removal of one or more carbons from the adjacent six-membered rings in the 

oxidation process and the formation of distorted domains of 5-, 7-, or 8-membered rings in 

the form of the double vacancy (5-8-5 rings) or the common 5-7-7-5 rings disorder known 

as Stone-Wales defect, in the reduction/healing process [42,48,49]. Hence, the degree of 

amorphization of graphite in oxidation can reverse the interpretation of D band; in 

amorphous structures, the increased intensity of D band is associated with a higher level of 

ordering, and not defects as in graphene/graphite [50]. Thus, the huge variation in synthesis 

protocols of GO and hence in its quality and proportions of oxygen functionalities in its 

basal plane, as well as the contribution from edge defects cause variation in quality and 

interpretation of GO’s Raman spectra. In this work, GO was synthesized using IHM (using 

phosphoric acid) that results in a more intact graphitic basal plane with less defects [24]. 

Phosphoric acid plays an important role in protection of basal plane, where it reacts with 

surface hydroxyl groups and prevents further oxidation. Accordingly, the basal plane 

oxygen groups (e.g. epoxy and hydroxyl) are less damaging when eliminated in reduction 

and leave less vacancies. Moreover, edge defects are higher in rGO-S (Id/IG: 0.91) than in 

rGO-L (Id/IG: 0.84). 
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Figure 5.4. Raman spectra of small and large sheets GO and rGO thin films. 

Quantitative spectroscopic analyses of the chemical compositions of the large and small 

(i.e. lateral sheet size) samples of GO and rGO were carried out using XPS and quantitative 

MAS 13C NMR. High resolution XPS was conducted on thick film samples of GO-S, GO-

L, rGO-L, and rGO-S. The survey spectra of GO have shown only two distinct peaks of 

C1s and O1s, confirming the purity of the samples. After reduction, the survey spectra have 

shown a gradual decrease in the concentration of O1s peaks with time, Appendix C Fig. 

C5. As shown in Table 5.2, the reduction process is clear from the significant increase in 

C/O ratio of large (L) and small (S) size graphene oxide samples from 2.45 and 2.33 to 

4.26 and 4.55, respectively. To better understand the effect of this low temperature 

reduction on GO, and better explain the superiority of large sheets over small sheets, a 

detailed deconvolution process of C1s core level spectra was performed. Seven peaks were 

judiciously fitted, after a Shirley background subtraction, and were assigned to lattice 

vacancy defects (C-V) [51], sp2-hybridized carbon atoms from aromatic domains (C=C), 

sp3 carbons from aliphatic domains (C-C), hydroxyl and epoxy groups (C-OH and C-O-

C), carbonyl (C=O), and carboxyl (COOH) groups, Appendix C Fig. C6, and Fig. 5.5 
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[52,53]. All quantitative details of the changes in chemical compositions of the two (L & 

S) samples are shown in Table 5.2. The ratio of C=C/C-C has significantly increased from 

5.38 (L) and 5.07 (S) to 19.29 (L) and 18.45 (S), which accounts for a strong restoration of 

aromatic graphitic domains. In addition, most of the reduction process is due to removal of 

C-O-C/C-OH groups from the basal plane. On the other hand, the percentage of C=O and 

COOH groups formed on the edges of GO/rGO has increased by thermal treatment at this 

low temperature, suggesting that a strong reduction process, by elimination of 

epoxy/hydroxyl groups, and a mild oxidation process, by forming new C=O/COOH 

groups, have occurred simultaneously [54]. Interestingly, the large sheets of GO and rGO 

had shown less carboxyl groups than the small sheets. Quantitatively, %COOH in GO-L 

was 2.78%, while in GO-S was 3.84%, i.e. GO-S has 15% more COOH groups than rGO-

L, i.e. 15% more broken benzene rings at the edges of smaller sheets. 
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Figure 5.5. High resolution C1s XPS spectra of reduced graphene oxide after 120 min 

reduction time at 200 oC in air.  

 

There is a considerable vagueness and subjectiveness in assigning and fitting XPS peaks 

of GO [53] arising from the huge disparities in literature due to the variation in structural 

models of GO (e.g. Lerf-Klinowski [55], Dèkàny [56] , and Ajayan [57] models), which 

allows for different possible theoretical fittings of the XPS data. Hence, pursuing a 

quantitative MAS 13C NMR [58,59] was very useful in determining the chemical 

compositions of rGO and supporting the accurate fitting of XPS peaks. The 13C NMR 

results in Fig. 5.6 and Table 5.3 are in a good agreement with XPS results and highlight a 

strong reduction and mild oxidation processes happening concurrently. The epoxy and 

hydroxyl groups have been ~ 94% and ~ 96% eliminated, and the percentage of conjugated 

sp2 carbons (C=C) has increased significantly from ~ 30% to ~ 60%, which explains the 

highly improved electronic properties of rGO (smaller band gap, lower resistance, and 

higher carrier mobility). The lower chemical shifts in the 13C NMR spectra are attributed 

to the restoration of sp2 conjugation in rGO [60]. The concentrations of COOH groups in 

GO-S and rGO-S are higher than that in GO-L and rGO-L, as shown in Table 5.3, which 
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is aligning with the results from XPS data. The concentrations of COOH and C=O groups 

calculated from 13C MAS NMR are slightly higher than those from XPS. This might be 

assigned to the higher sensitivity of 13C NMR to the periphery groups of GO/rGO than 

XPS [57,61]. We believe the difference in sensitivity of 13C NMR and XPS to functional 

groups at edges of GO/rGO nanosheets is due to the difference in the apparatus, where in 

the XPS measurement the X-ray beam shines on a horizontal spot of the sample that 

contains more contribution from basal plane than periphery. For 13C NMR, the sample is 

grinded and stuffed into a rotor where the signal is collected from the whole sample more 

homogeneously and hence the edges have a better chance to be detected. Due to this higher 

sensitivity, the difference in %COOH between GO-S and GO-L became more significant; 

3.13% for GO-L and 5.99% for GO-S, which means around 30% more broken periphery 

rings in GO-S.  

Table 5. 2. XPS quantitative analyses of the chemical compositions of GO-L, GO-S, rGO-

L, and rGO-S.  

 %C-V 

283.1±

0.2 

%C=C 

284.5±

0.2 

%C-C 

285.1±

0.2 

%C-OH 

285.6± 

0.2 

%C-O-C 

286.4± 

0.2 

%C=O 

287.2± 

0.2 

%COOH 

288.6± 0.2 

C=C

/C-C 

C/O 

GO-L 4.56 34.92 6.48 20.94 24.08 6.24 2.78 5.38 2.45 

GO-S 4.87 33.22 6.54 20.43 25.10 6.01 3.84 5.07 2.33 

rGO-L 0.62 63.27 3.28 11.07 6.07 9.77 5.92 19.2

9 

4.26 

rGO-S 0.83 60.84 3.29 10.29 6.21 10.61 7.94 18.4

9 

4.55 
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More insights into the thermal reduction and lateral size effects based on Raman, 

XPS, and quantitative 13C MAS NMR. Most of the oxygen functionalities are epoxy and 

hydroxyl groups in GO, and carbonyl and carboxyl in thermally reduced GO. Greatest 

amount of the C=O and COOH remaining in rGO may be distributed on edges and that is 

why XPS showed them in lower concentrations than 13C NMR did. As per Lerf-

Klinowski’s [55] and Dèkàny’s [56] models of GO, the most acceptable ones, COOH 

groups form only on edges. That supports our hypothesis of the formation of more non-

healing edge defects in the small sheets due to their higher edges-to-core atoms compared 

to the large sheets, and helps explain one of the causes of the lower electrical conductivity 

and mobility, and higher Raman defects in rGO-S. The contribution of edge defects and 

their effects on band gap and electronic properties of rGO is discussed in more details in 

the computational model and calculations we present in this study.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Solid state magic-angle spinning 13C NMR spectra of GO and rGO.   

GO-L GO-S 
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The presence of higher C=O/COOH groups in rGO compared to GO, in general, is 

explained by the different proposed thermal reduction mechanisms [62–66], where the free 

hydroxyl and hydronium radicals formed from thermal decomposition of adsorbed water 

molecules attack the oxygen functionalities and convert some of them into C=O and 

COOH, and react further by removing them in the form of CO, and CO2, preferentially at 

edges. As per Lipatov et al.’s work [62], the temperature programmed desorption 

measurements have revealed that the desorbed gases are mainly H2O, CO, and CO2. Part 

of the released H2O desorbs at lower temperatures from the physically adsorbed water 

molecules, while the majority of the release peaks at the same temperature (~150oC) where 

CO and CO2 exhibit their maximum peaks, which confirms that this water has evolved 

from the removal of same type of groups that evolved as CO and CO2. Other studies have 

reported the evolved gases as H2O, CO2, CO, H2, O2, and H2O2 [67–69]. That leaves behind 

restored sp2 domains most likely from H2O, H2, O2, and H2O2 removal, edge defects and 

some etch holes from CO and CO2 elimination. The electrical conductivity and electronic 

properties improved significantly when the aromatic domains grew enough to allow for 

percolative electronic transport that bypasses any possible etch holes. That explains the 

strong electronic properties enhancement after low temperature thermal reduction in air 

despite the presence of Raman defects. The Raman defects in rGO-S are slightly higher 

than defects in rGO-L, which can be attributed to the higher contribution from the non-

healing edge defects.  
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Table 5.3. MAS 13C NMR quantitative analyses of the chemical compositions of GO-L, 

GO-S, rGO-L, and rGO-S. 

 %Lactol %(C=C) %C-OH %C-O-C %C=O %COOH 

GO-L 2.71 28.04 23.52 34.45 8.16 3.13 

GO-S 3.97 29.93 20.95 29.46 9.70 5.99 

rGO-L 4.92 58.95 6.29 3.60 16.79 8.58 

rGO-S 4.48 59.64 5.76 2.48 16.75 10.89 

5.3.3. Optical band gaps 

For a better understanding of the significance of the reduction process in producing high 

quality GO/rGO nanosheets, changes in the optical band gaps (OBG) of GO/rGO were 

assessed from UV-Vis absorption spectra using Tauc’s plot [70],[71]. As previously 

reported, the band gap of GO/rGO is related to its carbon-oxygen ratio [72]. In other words, 

stripping oxygen functionalities from GO by means of reduction lowers its band gap. 

Furthermore, gradual restoration of graphitic structure and  conjugation by gradual 

reduction helps tune the band gap in a controlled manner. UV-Vis data and Tauc’s plots of 

the 40 µm GO and rGO samples are presented in Appendix C, Fig. C7. Results in Table 

C1 of Appendix C show that at 0 min reduction, basically GO, the OBG is 1.8 eV, which 

is small compared to most of the reported band gaps of GO [73,74]. Hence, GO made by 

this optimized IHM method is less defected and highly exfoliated to monolayers, which 

makes it promising for getting high quality rGO nanosheets with a small band gap. In 

addition, the gradual reduction of GO resulted in a gradual decrease in the corresponding 

band gaps of rGO nanosheets, which is consistent with our theoretical results (discussed in 

section 5.3.4). Interestingly, after annealing/reduction for 120 min at 200 oC in  air, the 

band gap of rGO reached 0.4 eV, which, to the best of our knowledge, is the smallest value 
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reported for rGO [75]. This very small band gap of rGO might be explained in terms of 

selection of the right sheet size (10-40 µm) that enables lower contribution of the less 

healable edge defects and the well-optimized oxidation and reduction methods.   

5.3.4. First principle studies of GO and rGO sheets 

To garner the fundamental understanding of the factors influencing the electronic 

properties of GO and rGO, we performed a set of density functional theory (DFT) 

calculations. The details on the methods and parameters used are provided in Appendix C. 

Among different GOs, epoxy and hydroxyl functionalized structures are known to be 

thermodynamically more stable, hence are chosen for this study [76]. Each bulk oxygen 

atom is bonded to its two neighboring carbon atoms to form an epoxy functional group, as 

illustrated in Figs. 5.7a and 5.8a. The epoxy and hydroxyl groups are added to both sides 

of the GO sheets to generate a more stable structure compared to their counterpart with 

functional groups only on one side. Both ends of the sheets are hydrogen (H-) terminated 

to mimic finite size effect. Hydrogenation is also a common method to convert the sp2 to 

sp3 hybridized carbon bonds and hence form a bandgap in graphene [76,77]. The structures 

are consistent with previous models of GO discussed elsewhere [77],[78]. Details on the 

modeling of defected GO and rGO structures are discussed in the subsequent sections. 
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5.3.4.1. GO’s sheet size effect 

To investigate the effect of sheet size on GO monolayer’s electronic properties, we 

constructed structures with 4, 6, and 8 carbon layers labeled as Intact-A, Intact-B, and 

Intact-C, respectively (Fig. 5.7a). Carbon layers refer to the width of nanoribbon parallel 

to the periodic directions. Though  the models representing the experimentally observed 

sizes are highly desirable,  available computational resources limits the modeling of larger 

flakes. Hence, in this study,  we have limited our model to the smaller ones (~1-2 nm). 

Regardless of the smaller finite sizes, our models exhibit GO behavior, and hence, can be 

used to predict the stability and electronic properties of larger GOs. Fig 5.7b shows the 

ground-state energy per atom plotted as a function of GO size. The results show that the 

larger GO sheets are energetically more stable, which can be related to the reduction in the 

ratio of edge to bulk atoms as the sheet grows. In addition, the larger flakes tend to relax 

in-plane adsorbate induced strain efficently as compared to smaller flakes, leading to 

relaively stable configurations. This behavioer is also consistent with the experimental 

data. 
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Figure 5.7. (a) GO structures with 4, 6, and 8 carbon layers– intact A, intact B and intact 

C, respectively (b) Total energy per atom plotted as a function of number of atoms in GO 

flake. (c) DOS plots of different-sized GO sheets. The sheet size increases from top to 

bottom. (d) and (e) Bandgap and HOMO-LUMO gaps as a function of GO sheet size, 

respectively, and (f) schematic evolution of electronic structure (HOMO, LUMO, and 

fermi level) for the three studied intact GO models, the dashed lines on left and right of 

plot (a) show the valence band maximum (VBM) and conduction band minimum (CBM), 

respectively. 
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Next, we studied the sheet size impact on the electronic properties of GO. Fig. 5.7c, depicts 

the densities of states (DOS) plots for the three GO models. Increasing GO flakes’ size 

reduces the bandgap from 2.25 to 1.6 eV due to the reduction in the quantum confinement 

effect, as shown in Fig. 5.7d. Though the observed size-dependent bandgap trend is unique, 

it is consistent with the recently reported O/C ratio dependent bandgap [79]. In this study, 

authors reported variation in the gap from 2 to 1 eV for the O/C ratio of 0.5 to 0.2, 

respectively. Quantitatively, our intact A, intact B and intact C models possess O/C ratio 

of 0.16, 0.12 and 0.1 with the energy gap of 2.25, 2.1 and 1.6 eV, respectively. Here, we 

note that bandgap’s absolute value depends on many factors including the ratio of oxygen-

to-carbon atoms [76], and the choice of exchange-correlation functionals. PBE functionals 

are well-known for underestimating the bandgap. Regardless, our goal here is to draw a 

qualitative comparison with the experimental data, which is evident from the inverse 

relationship between the bandgap and the sheet size. Fig. 5.7e shows the energy gap 

between the highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO), HOMO-LUMO gap, as a function of GO lateral size. As the 

sheet gets larger, the HOMO-LUMO gap becomes smaller. A schematic comparison of 

HOMO, LUMO, and fermi level for each model is presented in Fig. 5.7f, showing an 

increase in HOMO, LUMO, and fermi energy values, with the fermi level shifting towards 

LUMO as the GO sheet gets larger. Since the absolute energy values were small, we plotted 

these values in arbitrary units for better visualization. The corresponding calculated energy 

values are provided in Appendix C, Table C1. The observed reduction in the electronic 

bandgap and HOMO-LUMO gap with the increasing GO size can be attributed to the 
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reduction in the edge-state contribution to the band edges and quantum confinement effect 

[80] as well as a drop in the ratio of edge to core functional groups. Though the former 

argument does not hold true for the larger experimental samples, but the latter is valid, 

making the model developed in this study viable for larger samples. To the knowledge of 

authors, no previous studies have been reported on DFT calculations of size impact on 

GO/rGO properties. However, a similar size-dependent trend in electronic properties has 

been reported for MoS2 [81] and silicon [82].  

5.3.4.2. Defects and reduction 

Modeling GO is an involved process. A variety of defected and reduced structures can be 

generated theoretically [76–78]. In experiments, the position of O and OH groups vary with 

processing method and conditions [76]. As optimizing defect and oxygen vacancy sites is 

outside the scope of this study, we limit our discussion to a few of such topologies with 

zigzag configurations. The purpose of this section is to investigate how defects and oxygen 

impurities, regardless of their configuration, affect rGO electronic properties. Fig. 5.8a 

depicts the atomic structure of intact and different defected GO flakes. Fully reduced GO 

models were generated by removing the core epoxy and hydroxyl functional groups.  
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Figure 5.8. Intact and defected atomic models of (a) GO, and (b) rGO models. The 

structures are labeled based on defect configuration. 
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Figure 5.9. (a) Density of states (DOS) plots of intact-C and various defected GO 

structures (b) Computed relative formation energy (EREF) values for the same structures. 

(c) The DOS plots for intact-C GO and rGO structures depicted for comparison. 

DOS plots for intact and defected GO structures (Fig. 5.9a) show a decrease in the bandgap 

and results in additional localized states appearing in the gap for all defected structures. 

Introducing edge defects involves breaking some of the sp3 C–H bonds, increasing the 

number of unfunctionalized edge carbons with free orbitals, contributing to higher 

electronic conductivity, and lowering the bandgap. For half defect structures, the bandgap 

is wholly removed. These are the structures with five-membered rings where the missing 



110 

C–C bond increases the ratio of free orbitals, which lowers the energy gap. To compare the 

stability and tendency of rGO sheets to oxidize, we calculated the relative formation energy 

(ERFE) defined as the difference between the formation energy of GO and the corresponding 

rGO structure through equation 1 [76]: 

𝐸𝑅𝐹𝐸 = (𝐸𝐺𝑂 − 𝐸𝑟𝐺𝑂 − Δ𝑛𝑂𝜇𝑂 − Δ𝑛𝐻𝜇𝐻)  (1) 

Where 𝐸𝐺𝑂, and 𝐸𝑟𝐺𝑂 are the ground-state energies of GO and rGO, respectively. Δ𝑛𝑂 and 

Δ𝑛𝐻 refer to the difference in number of O and H atoms for the original and reduced 

structures, 𝜇𝑂 and 𝜇𝐻 are the chemical potential of oxygen and hydrogen, respectively. The 

table of 𝐸𝑅𝐹𝐸 values is presented in Fig. 5.9b. The negative values of 𝐸𝑅𝐹𝐸 indicate that 

oxidation makes all structures more stable. The lowest 𝐸𝑅𝐸𝐹 values belong to the half defect 

structures with five C rings which are expected to have higher reactivity due to their free 

orbitals.  

Following the stability analysis, we performed site-project DOS for the intact-C GO and 

the corresponding reduced structures. Removal of epoxy groups results in appearance of 

sp2 localized states distributing through the whole energy gap of GO. The appearance of 

these states due to reduction is in line with previous study by Lundie et al [77]. Besides, 

based on our chemical intuition, since the rGO structures look more similar to pristine 

graphene compared to their GO opponents, they are expected to show higher electronic 

conductivity. 
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5.3.5. FET characteristics and charge carrier mobility of rGO thin film 

The charge carrier mobility of the rGO nanosheets, after 120 min reduction time, was 

calculated from equation 2, as reported elsewhere [10]. 

     µ = 𝑆
𝐿

𝑊

1

Vsd

1

Ci
      (2)                                                                                                                  

Where S is the slope in the linear part of the Isd-Vg curve, L and W are the length and width 

of the channel, Vsd is the source-drain voltage, and Ci is the gate-channel (interfacial) 

capacitance. Ci was determined from the electrochemical impedance spectroscopy (EIS) 

and was found to be 1.48 µF/cm2, which is in a good agreement with literature [36],[10]. 

Details of calculating Ci are in Appendix C, section 4.  

Fig. 5.10(a-d) shows the FET characteristic curves using electrolyte-gating for rGO of 0.2 

µm lateral sheet after 60 min reduction and 40 µm sheet post 30, 60, and 120 min reduction. 

As shown in Fig. 5.10d, the FET curve of optimized rGO exhibit the ambipolar behavior 

of the pristine graphene. On the other hand, Dirac point of this rGO thin film is at 0.01 V, 

which indicates that most of the p-type doping defects were removed, and its characteristics 

resemble pristine graphene like features where the Dirac point is located at the charge 

neutrality point. 
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Figure 5.10. The characteristic curves of rGO-FET system of 0.2 µm sheets after 60 min 

reduction (a) and of 40 µm sheets (a, b, & c) at different reduction times (30, 60, and 120 

min) measured at 0.1 V between source and drain. The bias voltage was applied by top-

gating with Ag/AgCl electrode and in 10 mM phosphate buffer saline (PBS) electrolyte.  

The holes and electrons carrier mobilities of the optimized rGO-FET system were 2,962 

and 2,183 cm2/V.s, respectively. These values, to the best of authors knowledge, are the 

highest reported to-date for rGO-FET, LPE G-FET, and within the highest of the CVD G-

FET (Table 5.4). It is worth mentioning that the mobility is directly proportional to the 

slope (dI/dV) of the FET transfer characteristics and hence it is directly proportional to the 

on-current. Since the on-current in our rGO-FET devices is higher by an order of magnitude 

as compared to the previously reported state of the art devices (~0.4 mA vis-à-vis 0.001 

(a) 

0 
(b) 

0 

(c) 

0 

(d) 

0
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mA), the mobility is expected to be significantly large compared to literature [48-56, 58]. 

In summary, we attribute all these interesting pristine graphene-like properties observed in 

our rGO-FET devices to the high quality of the synthesized rGO nanosheets, the reduced 

surface roughness and charge scattering and the small contribution of the edge defects due 

to the right selection of the sheet’s lateral size, as well as the good film continuity.  

Table 5.4. Charge carrier mobilities of rGO- and CVD graphene (CVD G-) and LPE 

graphene (LPE G-) FET systems.  

FET system Mobility (holes) 

cm2/V.s 

Mobility (electrons) 

cm2/V.s 

Reference 

rGO-FET 16 -- This work (before 

optimization) 

rGO-FET  2,962 2,183 This work (after 

optimization) 

rGO-FET 0.015 -- [83] 

rGO-FET 82.5 27.5 [84] 

rGO-FET 0.5 -- [85] 

rGO-FET 2-200 0.5-30 [86] 

rGO-FET 676 496 [87] 

CVD G-FET 1,410 -- [88] 

CVD G-FET 7.21 -- [37] 

CVD G-FET 811 190 [89] 

CVD G-FET 900 800 [90] 

CVD G-FET 1,800 1,200 [91] 

CVD G-FET 7,600 -- [92] 

LPE G-FET 18.71 5.04 [93] 

LPE G-FET 2.50 0.49 [93] 
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5.4. Conclusions 

This work introduces a detailed experimental study, complemented by DFT modeling, of 

some of the critical factors affecting the quality of rGO nanosheets and thin films, and 

proposes a route to achieving pristine graphene-like rGO from the commercially available 

graphite. We observed that the lateral sheet size, concentration and volume of GO solution, 

and quality of oxidation and reduction methods are the key factors in realizing a high-

quality graphene-like rGO thin film. The optimized large rGO flake exhibits smallest 

reported optical band gap, lowest FET resistance vis-à-vis highest conductivity, and highest 

charge carrier mobility. The lateral size of the starting graphite has a significant impact on 

these properties of the corresponding rGO nanosheets. This observation is consistent with 

the thickness (lateral size) dependent reduction in the energy gap predicted by the DFT 

method. The graphite flakes of lateral sizes 10-40 µm are more promising than powder 

graphite for electronic applications. The larger size better performance was attributed to 

the better film continuity, smaller roughness and smaller charge scattering, and lower 

contribution from non-healable edge defects. Raman, XPS and quantitative MAS 13C 

results gave more insights into the effect of lateral sheet sizes and low temperature thermal 

reduction on the chemical composition of the film-forming nanosheets and hence the film’s 

electronic properties. The rGO-FET device resistance decreased drastically by increasing 

lateral sheet size of the thin film rGO sheets from 0.2 to 2.0 and then to 10 µm, but the 

reduction in resistance plateaued for sizes larger than 10 µm due to the folding of larger 

sheets that was recorded using AFM imaging. We have also demonstrated that the modified 

IHM synthesis method is crucial for getting high quality and highly exfoliated GO 
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nanosheets. During the reduction process, the reduction temperature was optimized to 200 

oC, for 120 min at ambient pressure, which makes it facile method for in situ reduction of 

GO sheets or films on surfaces. In conclusion, a high-quality thin film of rGO sheets with 

graphene-like ambipolar transfer characteristics, a finite band gap of ~0.4 eV, and high 

holes (electrons) mobilities of 2,962 (2,183) cm2/V.s, might be useful in  high-frequency, 

low power device applications, such as  TFET, sensors and neuromorphic applications.   
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CHAPTER 6 

Label-Free Chemiresistor Biosensor Based on Reduced Graphene Oxide and M13 

Bacteriophage for Detection of Coliforms 

Abstract: Coliform bacteria are well known as informative indicators for bacterial 

pollution in river water. This study presents a novel chemiresistor biosensor using M13 

phage-modified reduced graphene oxide (rGO) for detection of Escherichia coli (E. coli), 

as coliform bacteria. M13 phage, as a biorecognition element, was immobilized on the rGO 

channel, so that it can bind to negatively charged E. coli bacteria, allowing the gating effect 

on the biosensor and the change in its resistance. The prepared materials and device were 

characterized using spectroscopic, microscopic, and electrical measurements. FTIR and 

XRD results proved the successful fabrication of GO and rGO nanosheets. AFM results 

showed that the prepared nanosheets were monolayer. The SEM micrographs of the M13-

functionalized devices soaked at two different concentrations of E. coli, confirmed the 

successful capturing of E. coli and that the signal change is concentration-dependent. As a 

result, a linear and specific response towards E. coli was observed and the limit of detection 

was determined to be 45 CFU/mL. Further, the proposed sensor system showed selectivity 

towards the tested coliforms. These results suggested this sensing system could be a 

promising tool for detecting coliforms with an economic, accurate, smaller rapid, and 

directly applicable process. 

6.1.Introduction 

Fecal coliforms have received a widespread attention as typical biomarkers for water 

contamination with bacteria [1]. There are several methods used for detection of coliform. 
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The first is a basic colony counting method [2]. While simple, the method takes a long time 

for getting results, usually more than 24 hours. Other methods used in laboratory are based 

on the principle of ELISA or PCR [3,4]. These methods require specific reagents and 

instruments for the detection, making the processes expensive and time-consuming, 

besides the need for trained professionals [5,6]. Biosensors have been developed as 

economic and more promising tools for identifying coliforms. They offer simple operation 

and rapid response with accuracy, but still need further optimization and standardization 

for application. Phages are of a great importance as bioreceptors in biosensors [7,8]. 

Here, M13 bacteriophage was implemented as a biorecognition element for coliform 

detection. M13 phage is a non-lytic bacterial virus which infects and grows only in the 

male strains of Escherichia coli (E. coli) by recognizing its F-pili [9]. In addition, M13 

phage is more stable against the change of pH or temperature, compared to other 

biorecognition elements such as antibodies [10]. In addition, it is economic and easy to 

prepare by simple bacterial cultivation methods.  

Amongst the different transducers, biosensors based on chemiresistor (CR) are receiving a 

great deal of attention in recent years for label-free biosensing with a facile procedure [11–

15]. CR biosensor is a sensor in which the resistance of the device changes as a result of 

the changes of its nearby chemical environment. Generally, when biomolecules with 

electrical charges are near the semiconductor channel, they provide the electrostatic gating 

effects to the sensing platform, changing the number of charge carriers in the 

semiconductor channel and thereby the resistance of the CR sensor [16].  

Reduced graphene oxide (rGO) is a well-known nanomaterial utilized in a wide range of 
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applications, including electronic materials and sensors. It has a large surface area, which 

is available for direct interaction with variety of biomolecules and whole cells [17–19]. 

Our research group has conducted a detailed study (publication in progress) of the 

parameters that affect the quality of GO/rGO, which had led to obtaining pristine graphene-

like rGO, which improved its charge transport and electronic properties.  

This study aims to develop a label-free CR biosensor using M13 bacteriophage and rGO 

for detecting fecal coliform. We focused on E. coli bacteria as biomarker for indicating the 

presence of infectious pathogen in river water and M13 phage as biorecognition molecule 

for selective detection of E. coli. This sensor has shown good sensitivity and low limit of 

detection (LOD) of 45 CFU/mL, which is comparable with previous reports. Furthermore, 

the specificity and applicability of this biosensor are also demonstrated using Pseudomonas 

chlororaphis (P. chlororaphis) strain, as non-host bacteria, and simulated river water 

sample, respectively.  

6.2. Materials and methods 

6.2.1. Materials 

Graphite flakes, phosphoric acid (H3PO4, 85%), sulfuric acid (H2SO4, 98%), potassium 

permanganates (KMnO4, 99%), hydrochloric acid (HCl, 37%) and hydrogen peroxide 

(H2O2, 30%) were all purchased from Fisher Scientific, USA. (3-Aminopropyl) 

triethoxysilane (APTES) was bought from Sigma (St. Louis, MO, USA). 1-pyrene 

carboxylic acid (PCA), dimethylformamide (DMF), Tween 20 (T20), 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC), and N-hydroxysuccinimide 
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(NHS) were all purchased from Sigma- Aldrich (St. Louis, USA). Ethanolamine (EA) was 

acquired from Acros Organic-Fisher Scientific.  

6.2.2. Materials synthesis and characterization  

The bacteria solution of E. coli XL1-blue and Pseudomonas chlororaphis were cultured in 

LB media by the same way as our previous report. In addition, M13 bacteriophage was 

prepared same as our previous work [10]. GO nanosheets were prepared as illustrated in 

our previously published work [20]. The prepared GO and rGO nanosheets were 

characterized using X-ray diffraction (XRD, PANalytical Empyrean Series 2), Fourier 

transform infra-red (FTIR, Thermo Nicolet 6700) spectroscopy, atomic force microscopy 

(AFM, Horiba LabRam/AIST-NT), and scanning electron microscopy (SEM, 

ThermoFisher Scientific (formerly FEI/Philips) NNS450). All electrical measurements 

were performed using the Keithley 2636 System Source Meter® (Tektronix, Beaverton, 

OR, USA). 

6.2.3.  Fabrication of the biosensor 

Fig. 6.1 illustrates a schematic of the rGO-M13 phage biosensor protocol. The 

interdigitated gold electrodes (chips), shown in Fig. 6.2a, were fabricated on a p-type 

silicon substrate with a 300 nm SiO2 insulating oxide layer deposited on top. Electrodes 

were patterned on the Si/SiO2 substrate by conventional photolithography. Then, Cr (5 nm) 

and Au (50 nm) layers, were deposited on the substrate using e-beam evaporation.  
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The devices each have 5 pairs of source and drain electrodes with 5 µm width separated by 

3 µm gaps of SiO2 insulating layer. We used rGO to bridge the gaps of interdigitated gold 

electrodes. 

The interdigitated gold electrodes written on Si/SiO2 wafers were cleaned sequentially with 

acetone, isopropanol, methanol and deionized water (DI water) followed by drying with 

air. The electrodes were first incubated with 30% ammonium hydroxide for 30 min to 

introduce hydroxyl groups, and then incubated with APTES for 60 min. 15 µL of 1.25 

mg/mL GO solution were dropped onto the interdigitated electrodes and dried at 50˚C for 

30 min. Subsequently, the interdigitated electrodes were annealed at 200˚C for 120 min in 

ambient air. The electrodes were further incubated with 100 mM PCA dissolved in DMF 

for 60 min, washed with DMF, and dried with N2 gas. After that, the electrodes were 

incubated with 6.0 mM EDC and 6.0 mM NHS in 100 mM 2-(N-morpholino) 

ethanesulfonic acid (MES) buffer (pH 5.5), each for 20 min to activate the carboxylic 

groups, followed by incubation with 25 µL of M13 phage solution at 4˚C for 3 hours. Then 

the electrodes were incubated with 100 mM EA for 30 min to passivate residual ester 

groups of NHS and rinsed thoroughly with 10 mM sodium phosphate buffer (PB, pH 7.4), 

followed by incubation with 1.0% (v/v) T20 for 30 min to block the bare rGO on the 

electrodes. The chips were washed with the proper buffer after each of the previous 

modification steps.  

The fabrication steps were monitored by measuring the device resistance after each step. 

The device resistance was determined from the slopes of current-voltage (I-V) curves 

between VSD of +0.1 V and -0.1 V. 
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Figure 6.1. (a) A schematic diagram of the preparation procedures of rGO-M13 phage-

based biosensor. (b) A more detailed schematic showing the chemistry of sensor 

fabrication. The red dots on M13 phage represent the amine groups positions.  
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Figure 6.2. The sensor system design. (a) Phone camera image of the gold interdigitated 

electrodes (device). (b) An SEM image of the device with a thin film of rGO. 

6.2.4.  Sample measurement using prepared biosensor 

Sensing procedure consisted of measuring the initial resistance (R0) of the sensor 

(determined from the slopes of I−V curves between +0.1 V and −0.1 V) followed by 

incubation for 30 min with 25 µL of different concentrations of E. coli XL1-blue solution, 

rinsing 3 times with PB and measuring the resistance (R) again. Percentage changes (R-

R0)/R0% were plotted as a function of log value of E. coli concentration to evaluate the 

sensor performance characteristics. The same sensors were used for the whole range from 

102 to 107 CFU/mL. 

 

(a) 

(b) 
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6.3. Results and discussions 

6.3.1. Materials characterization 

Fig. 6.2b shows the SEM image of the interdigitated gold electrodes with rGO. As shown 

in the figure, the very thin rGO film totally covered the interdigitated gold electrodes gaps 

in the sensing area. The strong immobilization of rGO thin film on the substrate is attributed 

to the chemical bonds’ formation between APTES and rGO, Fig. 6.1b, which was 

explained in detail by Ou et al.[21], where epoxy groups from GO encounter ring opening 

and bind to primary amine groups (-NH2), which convert into secondary amines (-NH-). 

On the other hand, amide bond formation between carboxyl groups (-COOH) and -NH2 are 

less likely to happen in the absence of coupling agents such as EDC/NHS, at room 

temperature. However, in this case zwitterionic COO-NH3+ linkages are formed, that under 

the effect of heat (200oC) form -CO-NH- (amide) linkages. 

The prepared GO, and rGO nanosheets were characterized by FTIR spectroscopy as shown 

in Fig. 6.3a. In GO sample, the stretching vibrational peaks of hydroxyl groups, carbonyl 

groups, and C=C double bonds appeared at 3400 cm-1, 1722 cm-1, and 1627 cm-1, 

respectively [22]. The thermal reduction of GO nanosheets at 200oC and ambient 

conditions could remove all the hydroxyl and most of the carbonyl groups, and that is clear 

from the significant decrease in their peak strengths. These results comply with literature 

[23]. The thermal reduction process can be understood as a degassing process, where most 

of the oxygen functionalities get removed in the form of CO2 and water vapor, which in 

role helps remove the foreign atoms (oxygen) and convert more sp3 carbons into sp2 ones 



131 

[20,24,25]. Hence, the electrical properties of GO get strongly improved by thermal 

reduction into rGO.  

The XRD patterns, Fig. 6.3b., were recorded using Cu Kα radiation (λ = 1.54 °A) at 45 kV 

and 40 mA, and in the range of 2Ѳ = 9o–44o. From Bragg’s law (nλ = 2d sin (Ѳ)), graphite 

has a d-spacing between its graphene sheets of around 0.34 nm (2Ѳ=26o), corresponding 

to the (002) planes. Due to the oxide functionalities, GO sheets were pushed further from 

each other, with a longer d-spacing (d ≈0.84 nm) and a smaller diffraction angle of 2Ѳ 

=10.5o. By thermal reduction of GO into rGO, the (002) peak shifts to a slightly broader 

peak at 2Ѳ =24o, corresponding to a smaller d-spacing of ≈0.37 nm. The decrease of d-

spacing is attributed to the removal of oxygen functionalities in the reduction process [26].  

The thickness, which determines the number of layers, of the prepared GO nanosheets was 

determined using AFM imaging. The height profile in Fig. 6.3c shows that the thickness is 

1.2 nm, which corresponds to single layer GO. This thickness is larger than that of single-

layer graphene (0.4 nm), as it includes the extra height coming from oxygen functionalities 

in GO, which pushes the sheet further from the substrate [26–30]. 
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Figure 6.3. The spectroscopic characterizations of GO and rGO nanosheets. (a) FTIR 

spectra of GO (black) and rGO (red) nanosheets. (b) XRD analysis showing sharp peak of 

GO at 2theta = 10.4o, and rGO with a diffraction peak centering at 24o. (c) an AFM image 

of GO with its height profile. 

6.3.2. Monitoring of device modifications using I-V measurements  

After each modification step, the resistance of the sensor was measured (determined from 

the slopes of I−V curves between +0.1 V and −0.1 V) for monitoring the modification steps. 

As shown in Fig. 6.4, there were linear I-V curves, indicating Ohmic contact between the 

Au-electrodes and the overlaying rGO thin film. The resistance of the sensor chip increased 

after each modification step of PCA, EDC/NHS-M13 phage, EA, and T20, compared to 
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the interdigitated electrodes with rGO. Especially, the change in resistance of the sensor 

chip was large after the modification steps of PCA and EDC/NHS-M13 phage. These 

results suggest that the large molecules modified on the electrodes increased their 

resistance. On the other hand, small changes in resistance were observed after the 

modification steps of EA and T20. These results are consistent with literature, confirming 

that the modification steps of the sensor chip were successful [16].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4. The fabrication steps were confirmed by monitoring I-V curves between source 

and drain, at a VSD of +0.1 V and -0.1 V. The resistance of the sensor system increased after 

each modification step of PCA, EDC/NHS-M13 phage, EA, and T20, compared to the 

interdigitated electrodes only with rGO.  

 

6.3.3. Measurement of E. coli bacteria 

The biosensors were evaluated for E. coli detection by incubating with 102 CFU/mL to 107 

CFU/mL. The sensor response (% resistance change calculated as 
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(R−R0)/R0*100=ΔR/R0*100, where R0 is the sensor’s resistance before the addition of E. 

coli bacteria, and R is the resistance after the addition and 30 min of incubation of E. coli 

bacteria) was measured after the incubation with 20 µL of E. coli bacteria aliquots for 30 

min followed by washing with PB (Fig. 6.5). As shown in the figure, a linear decrease in 

the device resistance was observed with the increase of E. coli concentration. This can be 

explained by the electrostatic gating effect induced by negatively charged E. coli (Fig. 6.6). 

When M13 phage captured the negatively charged E. coli, the density of negative surface 

changes was increased, which leads to an increase in the amount of hole carriers in the p-

type rGO sheets. As shown in Fig. 6.5, the biosensor response exhibited an excellent linear 

correlation to Log10(CFU/mL) over the complete tested concentration range (R2 =0.9869).  

The limit of detection (LOD), defined as LOD = 3*Sd/S, where Sd is the standard deviation 

of the mean of blank measurements, and S is the slope of the calibration curve was 

estimated as 45 CFU/mL, which is competitive to other reports detecting bacteria by 

various detection methods (Table 6.1). Thakur et al.’s work on detection of E. coli, using 

antibody-Au-Al2O3-rGO, had a single cell detection in 1 µL, which is equivalent to 103 

CFU/mL [18], which is slightly higher than the LOD of this sensor platform (45 CFU/mL). 

In addition, the introduced sensor implements M13 phage as a bioreceptor, which has a 

higher stability than the antibody-based biosensors. These results prove the M13 phage 

rGO-CR biosensor to be a strong candidate system for the detection of coliforms in water.  
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Figure 6.5. Calibration curve plotting % resistance change ((R-R0)/R0 %) against the 

concentration of E. coli. R0 is the resistance of the M13-modified rGO channels after 

incubation with PB and R is the resistance of the sensor after incubation with different 

concentrations of E. coli. Each data point is an average of responses from 3 different M13-

modified sensors and error bars represent ±1 standard deviation. 

 

 

Figure 6.6. The sensing mechanism of the rGO-M13 phage CR-FET biosensor for E. coli 

detection. Illustration of the change of the charge distribution induced by the binding of the 

negatively charged E. coli. 
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Table 6.1. Comparison of the sensing performance for various detection methods. 

Method Detection 

time 

Bacteria Detection limit  Reference 

Flow cytometry 5 min E. coli and others 105 cells/mL [31] 

PCR 4 h Listeria and 

others 

103 CFU/mL [32] 

Fluorescence 20 min E. coli 50.2 CFU/mL [33] 

Antibody-G-FET 100 s E. coli 10 CFU/mL [34] 

Aptamer-G-FET 72 s E. coli 102 CFU/mL [35] 

Antibody-G-

CR/FET 

30 min E. coli 10 CFU/mL [19] 

Antibody-Au-Al2O3-

rGO FET 

50 s E. coli 103 CFU/mL [18] 

Phage-rGO-CR 30 min E. coli 45 CFU/mL This 

work 

 

6.3.4. SEM imaging of E. coli cells captured by the biosensor  

To verify that the increased response of the sensor system was derived from the phage-E. 

coli binding, two different concentrations of E. coli (103 and 106 CFU/mL) were incubated 

with two sensor chips for 30 min, washed with PB, and then imaged with SEM. The 

bacteria were captured by M13 phage on the electrodes which were totally covered by a 

thin film of rGO. The images in Fig. 6.7 show a clear difference in the number of bacteria 

between the two concentrations on the two chips. This confirms that the increase in sensor’s 

resistance is attributed to the increase in number of captured bacterial cells.   
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Figure 6.7. SEM micrographs of the fabricated sensor chip incubated with E. coli 

bacteria at 103 CFU/mL (top) and 106 CFU/mL (bottom).  

6.3.5. Selectivity and control experiments  

To test the selectivity of the proposed sensor, control experiments were designed (Fig. 6.8). 

Firstly, P. Chlororaphis was tested as non-host cells with M13-rGO sensor, and there was 

no noticeable response. Moreover, as a control experiment, the sensor without M13 phage 

was tested against E. coli XL1-blue. There was also no noticeable response detected. Thus, 

this sensor system is selective to F-pili of E. coli strains such as XL1-blue.  
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Figure 6.8. Control experiments. (a) Calibration curves plotting % resistance change 

against the concentration of P. chlororaphis, as non-host bacteria to M13 phage (gray) 

compared to E. coli (black), as host bacteria. The white column shows the response of the 

sensor incubated with E. coli in the absence of M13 phage. (b) Responses at the bacteria 

concentration of 106 CFU/mL show no detectable response of the system with P. 

chlororaphis (in presence of M13 phage), with E. coli in presence and absence of M13 

phage. The P value was < 0.05. Each data point is an average of responses from 3 different 

M13-modified sensors and error bars represent ±1 standard deviation. 
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6.4.  Conclusion 

In this study, we reported the rGO-FET M13 phage-based biosensor system for early 

detection of E. coli. The interdigitated gold electrodes were modified with a thin film of 

rGO as a semiconductor sensing material. For the biorecognition element, M13 phage, a 

non-lytic and highly stable bacteriophage, was introduced for the selective recognition of 

F-pili containing E. coli strains. The developed sensor showed good sensitivity to detect E. 

coli strain with a LOD of 45 CFU/mL. This value is comparable with other methods which 

have been previously reported for detecting E. coli. Furthermore, this sensor was specific 

towards target bacteria and not affected by interference with other bacteria. From these 

observations, we concluded that the introduced sensor has a high sensitivity, and it showed 

selectivity to E. coli. This sensing system could be a promising platform for economic and 

accurate on-site detection of fecal coliforms with simple operations.  
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CHAPTER 7 

CVD synthesis of MoSe2, MoSe2(2-x)Te2x Alloys, and Janus MoSe2(2-y)Te2y/MoSe2(2-

x)Te2x Defect-Free Interface Heterostructures for FET Optoelectronics 

 

Abstract: MoSe2 is a semiconductor transition metal dichalcogenide (TMDC), with a 

relatively low optical band gap (OBG) of 1.52 eV, current switching ratio of 104-105, and 

a near-infrared (NIR) photoluminescence (PL). That makes it an excellent material for 

field-effect transistor (FET) optoelectronic devices. In this work, optimized CVD synthesis 

of mono- and bi-layer MoSe2 was introduced, and the synthesized material was 

characterized and implemented into FET device for NO2 gas sensing. Due to its 

advantageous NIR optoelectronic activity, MoSe2-FET device showed instantaneous 

enhancement of device’s current output by 40% under illumination with a 780 nm, 10 mW 

LED. Hence, light-gating was utilized without the need for back-gating in the low-power 

sensing of NO2 gas.  Much higher sensitivity was acquired with light-gating, and a limit of 

detection of 40 ppb was achieved, which is lower than the U.S. Environmental Protection 

Agency regulated limit of 53 ppb. Further, ternary alloys of MoSe2(2-x)Te2x were 

synthesized using Te doping, characterized, and the corresponding FET device 

performance was evaluated. Band gap tuning from 1.52 eV to 1.35 eV was successful, and 

the corresponding FET device performance was greatly enhanced. Janus in-situ prepared 

MoSe2(2-y)Te2y/MoSe2(2-x)Te2x defect-free interface heterostructures, where yx, and y≥0 

were synthesized for the first time. In addition, the Janus heterostructure exhibited 

antiambipolar FET characteristic, which opens the door for this material for multivalued 

logic circuits.  
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7. 1.  Introduction  

TMDCs are another family of 2D layered materials with the general structure of MX2 (X-M-

X), where M is a transition metal (Ti, Zr, Hf; V, Nb, Ta; Ct, Mo, or W), from groups IV, V, 

and VI, that is sandwiched between two chalcogen (X) atoms (S, Se, or Te). Analogous to 

graphene, bulk TMDCs form weak vdW bonding between layers and strong covalent or ionic 

bonds in the same layer, i.e. between M and X, which makes it easy to exfoliate them. Each 

transition metal atom is surrounded by six chalcogen atoms in an octahedral, forming 1T 

phase, or triangular prism coordination, forming 2H phase [1]. The type of coordination 

depends on the nature of bonding between transition metal and chalcogen; group IV transition 

elements form strong ionic bonds, which result in repulsive Coulomb forces between layers, 

and hence octahedral coordination is more favored. Contrarily, group VI transition elements 

form covalent compounds, and stabilize well in trigonal prismatic coordination [2,3]. Due to 

their moderate ionicity, group V elements can be found in both octahedral and trigonal 

prismatic coordination [4]. Due to their intriguing optical and electronic properties, TMDCs 

have garnered a huge attention for the application in FET biosensors. Based on their phase 

and the number of d-electrons, TMDCs vary between semi-metallic, semiconductors, 

insulator, or superconductors. As most TMDCs are semiconductor (e.g. MoS2, MoSe2, WS2, 

WSe2), compared to the semi-metallic graphene, they are more promising as electronic 

switches in FET sensors [5,6]. MoS2, owing to is very high on/off current ratio (≈108) [7,8] 

was the first TMDC to attract attention as a strong material for FET sensors. Semiconductor 

TMDCs, such as MoS2 have an indirect band gap in bulk-state, a larger direct band gap and a 

strong photoluminescence (PL) when they are mono- or few-layers [9]. It is worth mentioning 
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that the band gap and PL emission of TMDCs are tunable and size- and composition-

dependent 

Most of the presented TMDCs-FET sensor studies are mainly focused on MoS2-FETs, 

while the other semiconducting TMDCs, such as MoSe2, were just not getting their chances 

yet. MoSe2 has similar electronic properties of carrier mobilities and Ion/Ioff ratio. 

Moreover, MoSe2 has a smaller band gap of 1.52 eV [10], compared to 1.81 eV of MoS2 

[11], which improves its conductivity. Furthermore, the photoluminescence of MoSe2 is in 

the near infrared (NIR) region [12,13], compared to the visible light region of MoS2, which 

enhances its applicability in optoelectronic devices with less interference with visible light.  

On the other hand, alloying in TMDCs is a relatively new approach to tune the 

optoelectronic properties and improve their sensitivity and current conductivity. However, 

most of the work has been done on alloying between transition metals, while limited work 

has been presented on alloying between chalcogenides [14]. Monolayer 2H MoTe2 has a 

direct band gap of 1.10 eV, and a relatively high Ion/Ioff ratio [15]. Alloying of Se and Te 

with Mo, to form ternary MoSe2(2-x)Te2x alloy, has been rarely studied, and the results were 

very interesting in terms of having a lower band gap of the alloy with increasing the 

percentage of Te and shifting the PL to longer wavelengths [14]. Building TMDCs 

heterostructure-FET electronic and optoelectronic devices is another cutting-edge area. 

There are so many studies were presented on vertical and lateral stacking of 2D material, 

including TMDCs [16–19], however a humble number was presented for the in-situ/one 

pot-synthesized Janus TMDC heterostructures. The in-situ prepared Janus TMDC 
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heterostructures have great advantages of defect-free surfaces, as there is no possibility of 

transfer-associated interface impurities as in stacked heterostructures, and better device 

performance as the spacing between the two layers is zero.  

Keeping all these interesting properties of MoSe2, we optimized its CVD synthesis to get 

a large area of mono/bi-layers, fabricated MoSe2-FET optoelectronic devices, and applying 

them to gas sensing. In addition, Ternary alloys of MoSe2(2-x)Te2x were synthesized, 

characterized, and the corresponding FET device performance was evaluated. Band gap 

tuning was successful, and the corresponding FET device performance was greatly 

enhanced. Janus in-situ prepared MoSe2(2-y)Te2y/MoSe2(2-x)Te2x defect-free interface 

heterostructures, where yx, and y≥0 were synthesized and characterized. Raman mapping 

and XPS spectroscopy were used to give more insights into the uniformity of the structure 

and the corresponding elemental ratio for each band gap.  

7.2. Materials and methods 

In this objective, MoSe2, and MoSe2(2-x)Te2x alloys were synthesized using chemical vapor 

deposition (CVD), with a gradient variation in (x) to tune the band gap and carrier mobility 

of the corresponding alloy for optoelectronic devices.  

7.2.1. CVD synthesis of monolayer MoSe2 

MoO3 and Se powders were used as precursors, and under inert gas purging (Ar) mixed 

with reducing gas (H2) in a 100:5 sccm rate. 5 mg of MoO3 and 40 mg of Se were placed 

in two different ceramic boats and loaded to the furnace tube. The growth substrate 
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(SiO2/Si) was placed on the MoO3 boat and kept upside down. The two boats were 

separated by around 25 cm, and each one had its own heating zone, without having any 

cold region in between. Ar/H2 gas mixture was purged for 15 min at room temperature to 

remove air oxygen. Then, Se’s heating zone was set to 250 oC and kept running for 5 min 

before turning MoO3’s heating zone on at 750 oC.  It took 10 min for to reach the reaction 

temperature (750 oC), and the reaction time was 5 min. MoO3’s heating zone was turned 

off first, and after 5 min, the Se’e heating was turned off as well. The CVD furnace door 

was opened for about 3 cm until the temperature reached 400 oC, and then was opened 

completely. After cooling down to < 100 oC, the growth substrate was taken out of the 

furnace for characterization.  

7.2.2. CVD synthesis of monolayer MoSe2(2-x)Te2x 

The optimized protocol is the same as above with some changes:  x (1, 2, or 3) mg of Te 

powder was placed in in a third boat and positioned with a third heat jacket between Se and 

MoO3 boats. The Te’s heater was started 3 min after Se and 2 min before MoO3. Reaction 

time was also 3 min. The heating zone of Te was turned off at the same time with Se.  

7.2.3. CVD synthesis of monolayer MoSe2(2-y)Te2y/MoSe2(2-x)Te2x 

The purpose here is to grow a second layer with less Te, so the reaction time was set for 5 

min and the Te’s heater was turned off 5 min ahead of Se, i.e. at the same time with MoO3. 

7.2.4. Materials Characterization 

Raman spectra were collected by Horiba LabRam using a green laser (λ = 532 nm) for 

excitation with a power of 10 mW. AFM imaging was carried out using Horiba 
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microscope. TEM imaging was performed using imaged using JEOL JEM-2800 TEM at 

200 kV. X-ray photoelectron spectroscopy (XPS) characterization was carried out using 

Kratos AXIS-Supra XPS with a dual anode Al/Ag monochromatic X-ray source. Electrical 

measurements were conducted using Keithley 2636 system. 

7.2.5. Sample preparation for TEM imaging 

PMMA thin film was spin-coated at 2000 rpm for 45 s on the as-grown MoSe2(2-x)Te2x on 

SiO2/Si substrate, then baked at 180 oC for 2 min. The substrate with PMMA was immersed 

in 1M KOH for 1 h to dissolve the SiO2 layer and have the material with PMMA floating. 

A small piece was then phished and suspended in D.I. water for removal of traces KOH. 

Then, a small piece was transferred to the TEM carbon grid by phishing. The grid with 

loaded material was transferred to acetone very gently to dissolve the PMMA polymer. 

The grid with MoSe2(2-x)Te2x was suspended in D.I. water, dried, and annealed at 100 oC 

for several hours.   

7.2.6. Devices fabrication 

Different devices were prepared using conventional photolithography techniques with 

different hard masks for different electrode configurations, followed by e-beam 

evaporation of 5 nm Cr and 50 nm Au. A lift-off step was conducted in acetone. For back-

gating, all devices were wet etched from the back with buffered HF solution for 5 min, and 

then Cr/Au (5/50 nm) layer was deposited to the back.  

 

https://imri.uci.edu/facilities/tem-facility/tem-instruments/jeol-2800/
https://imri.uci.edu/facilities/ssf/ssf-instruments/kratos/
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Figure 7.1. schematic diagrams of the CVD system for synthesis of MoSe2, MoSe2(2-x)Te2x 

and MoSe2(2-y)Te2y/MoSe2(2-x)Te2x. 

7.3.  Results and discussions 

Results and discussions of MoSe2 and its gas sensing performance will be presented first, 

followed by results of MoSe2(2-y)Te2y alloy, and in-situ prepared MoSe2(2-y)Te2y/MoSe2(2-

x)Te2x defect-free interface Janus heterostructures, where yx, and y≥0.  

7.3.1. Microscopic characterization of MoSe2 

The CVD grown MoSe2 nanosheets were imaged using optical microscopy, as shown in 

Fig. 7.2 (a-c). Panel (a) shows the edge of the grown thin film where triangles can be 

distinguished and moving to the core of the film in panel (b), a continuous film of what is 

believed to be monolayer MoSe2 is observed. Nucleation of a second layer can be seen, 

which is normal. Another spot at the edge of the film was imaged, panel (c), where the 

large triangular domains are shown. Atomic force microscopy, panel (d), was implemented 

to study the surface topology of the prepared MoSe2 and measure its thickness. The sample 
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looks smooth and clean, with 0.8 nm thickness, which corresponds to a monolayer structure 

[20,21]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2. (a-c) optical microscopy images of CVD grown MoSe2 thin film. (d) AFM 

image and height profile of MoSe2. 

7.3.2. Raman, photoluminescence, and band gap 

Raman is a very powerful tool for characterizing TMDCs, where the vibrational peak 

positions carry information about the sheet thickness and purity. For MoSe2, there are two 

main vibrational peaks; out-of-plane mode (A1g), and in-plane mode (E’2g), which exhibit 

thickness-dependent shift of its Raman peaks. Raman spectroscopic results in Fig. 7.3b 

show the two main characteristic peaks of MoSe2. The A1g peak position at 239.5 cm-1 is 
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characteristic for monolayer sheets, while the second peak position at 240.5 cm-1 is 

characteristic for bilayer sheets, or nucleation of a second layer [22,23]. In addition, using 

the same laser beam (532 nm), photoluminescence (PL) and optical band gap (OBG) can 

be obtained. As shown in Fig. 7.3 (c&d), the prepared MoSe2 monolayer sheets have strong 

PL peak at 815 nm, and an OBG at 1.52 eV, which are characteristic for MoSe2 nanosheets 

[12,13]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3. (a) optical microscopy image of MoSe2 grown on SiO2/Si substrate. (b) Raman 

spectra of a monolayer and bilayer MoSe2. (c) photoluminescence (PL) and (d) optical band 

gap of MoSe2. These measurements were conducted using a 532 nm laser with 15 mW 

power and 0.1% filter.  

 

20 

µm 

1L 

2L 
220 240 260 280 300

In
te

n
si

ty
 (

a
.u

.)

Raman shift (cm-1)

1L 2L

A
1g

 

E’
2

g
 

0

2000

4000

6000

8000

10000

12000

14000

750 780 810 840 870 900

In
te

n
si

ty
 (

a
.u

)

PL (nm)

815 nm 

0

2000

4000

6000

8000

10000

12000

14000

1.4 1.45 1.5 1.55 1.6 1.65

In
te

n
si

ty
 (

a
.u

.)

Optical band gap (eV)

1.52 eV 



152 

7.3.3. FET characteristic curve and carrier mobility 

In order to study the electronic properties of the grown thin films, a device microfabrication 

was pursued for building a back-gated FET transistor as shown in Fig. 7.4. We use two 

different electrode configurations: interdigitated (panel b) and single gap (panel c) 

electrodes. A source-drain voltage (VSD) was applied to the device, where the synthesized 

material was bridging the two electrodes. Back-gate potential was also swept through the 

back of the device to create an electric field that modulates the material properties based 

on its nature (n-, p-, or ambipolar-type). The current-voltage (ISD-VSD) measurements show 

curved line (S-shape), Fig. 7.4c, which illustrates a difference in work-function between 

MoSe2 and Au, creating Schottky barrier [24]. A few previous studies have reported n-type 

behavior of MoSe2 [25,26]. The FET characteristic curve, Fig. 7.4d, shows that the 

material has an ambipolar behavior with a predominant n-type characteristic, which can be 

attributed to Se vacancies and/or oxygen impurities, which is in a good agreement with 

literature [27–30]. We believe that the material transfer step, using PMMA, KOH, and open 

air heating, plays the main role in the p-type contribution due to the formation of carbon 

residues from PMMA, and defects from the harsh chemical (KOH) that enhances the p-

type characteristic [31]. Some devices have shown more p-type predominant behavior, 

especially when annealing with H2/Ar was not conducted, as shown in Fig. 7.4f. The p-

type behavior of MoSe2 due to adsorbed oxygen was reported by another group [32].  

The current switch (Ion/off) ratio was found ~ 104, which indicates a high sensitivity and 

wide dynamic range of the corresponding gas sensor. The electron carrier mobility was 

calculated from the following equation, μ = [dISD/dVg] * [L/(W*Ci*VSD)] [33,34], where 
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L (10 µm) and W (10 µm) are the length and width of the single gap channel, VSD is the 

applied source-drain voltage (5 V), and Ci is the oxide gate capacitance per unit area (Ci = 

ε×εr /d; ε = 8.85x10−12 F⋅m−1 , εr = 3.9; d = 300 nm), which is 0.115 x 10-3 F/m2. The 

electron carrier mobility was found ~5 cm2/V.s. 

7.3.4. Optoelectronic response of MoSe2-FET device 

The fabricated device was illuminated with a near-infrared (NIR, 780 nm) LED with a 

power of 10 mW, as show in the camera picture of the actual system in Fig. 7.5a. The 

corresponding FET curves and time-dependent responses were recorded. A clear 

enhancement of the current on both sides of the FET curve, Fig. 7.5b, illustrating a higher 

conductivity because of light that excited more charge carrier to the conduction band. For 

the time-dependent current response, a fixed VSD of 1 V was applied, and without any gate 

potential.  
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Figure 7.4. (a) a schematic representation the fabricated back-gated MoSe2-FET. (b) 

interdigitated, and (c) single gap electrodes configuration. (d) ISD-VSD characterization. 

(e&f) FET characteristic curves of the fabricated device.  
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The device’s current recorded an immediate increase by 40% when the LED was turned 

on, followed by current stability, and an immediate relaxation to the original current once 

the LED was switched off. This huge jump in device’s current under illumination with NIR 

LED, without the need for back-gating, opens the door for low power NIR-optoelectronic 

applications of this device with light-gating, which avoids interference with visible light 

and expands the applicability of this device. 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.5. (a) camera picture of the actual device setup. (b) FET characteristic curves with 

and without LED illumination at VSD of 1V. (c) time-dependent current response at a fixed 

VSD potential of 1 V.  

0

20

40

60

80

100

120

-40 -20 0 20 40

C
u

rr
e

n
t 

(n
A

)

Vg (V)

Light off Light on

Vsd = 

(b)

0

20

40

60

80

100

7 12 17

R
es

p
o
n

se
 (

∆
I/

I o
%

)

Time (min)

Of

f 

10 

mW 

Off 10 

mW 

(c) 

Device/chip 
Gas chamber 

NIR Laser 

pointer 

Clamp 
(b) 



156 

7.3.5. Light-gated NO2 gas sensing   

Gas sensing of the prepared device was tested using NO2 gas without applying any back-

gating. First, N2 gas was purged at a rate of 400 Sccm for two min until the device’s current 

stabilized. Then, different concentrations of NO2 were purged by dilution with N2 gas, so 

that the NO2 sensing time is 8 min, followed by another 8 min washing by purging N2 gas.  

The sensor response was tested before and after light-gating with 10 mW NIR (780 nm) 

LED. The gas sensing experiment was designed as a time-dependent current response at a 

fixed VSD of 1 V. The non-gated device showed increase in current by increasing the 

detected gas concentration. At the same gas concentrations, Fig. 7.6 (a & b), the device 

showed a significantly higher sensitivity, from to 4.53 nA/ppm, which is attributed to the 

light-gating effect. The light-gated device was tested for lower gas concentrations (10-320 

ppb) and shorter sensing and washing times of 5 min each, Fig. 7.6 (c & d). The 

experimental limit of detection was 30 ppb, which is the lowest recorded for MoSe2-FET, 

and it is below the United States Environmental Protection Agency (U.S. EPA) regulation 

of a limit of detection of 53 ppb [35]. As NO2 gas is an electron withdrawing molecule and 

the device’s current increased with detected gas concentration, then that means the device 

behaved as a p-type transistor [32]. The original device response was ambipolar, but right 

after exposure to NO2 gas, its behavior changed into a true p-type as shown in Fig. 7.6e.  
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7.3.6. Microscopic characterization of MoSe2(2-x)Te2x ternary alloy 

A controllable amount of Te doping was achieved by controlling the ratios between Se and 

Te, their temperatures, and the timing for starting and stopping the heating process of each 

of them. For obtaining MoSe2(2-x)Te2x ternary alloy, the amount of Se powder was kept 

constant (40 mg), while the amount of Te powder was varied from 1 mg to 3 mg, and the 

corresponding grown alloys were imaged and characterized. As shown in Fig. 7.7a, when 

only 1 mg of Te was used, the domain shape was distorted triangles. By increasing the 

amount of Te to 2 mg, the domain shape changed to to distorted hexagons, and finally into 

hexagons at 3 mg of Te, panel (c). These observations are in a good agreement with the 

previous work of Apte et al. [14], although the protocol of synthesis is very different. 
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Figure 7.6. (a & b) NO2 gas sensing at ppm levels with and without light-gating, with 

consecutive sensing and washing times of 8 min each. (c & d) NO2 gas sensing ppb levels, 

with sensing and washing times of 5 min each. (e) FET characteristic curve after exposure 

to NO2 gas. 
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Figure 7.7. Optical microscopy images of MoSe2(2-x)Te2x ternary alloys at different ratios 

of Te.  

7.3.7. Raman, photoluminescence, and band gap 

As discussed in the introduction, adding more Te to the MoSe2 crystal is expected to tune 

its band gap into lower numbers, and shift its PL to a higher wavelength, as shown in Fig. 

7.8. 

 

 

Figure 7.8. PL and optical band gap data of MoSe2(2-x)Te2x ternary alloys at different ratios 

of Te. 
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that has a new small nucleation of MoSe2. The A1g peak is centered at 235 cm-1, with a 

band gap of 1.35 eV, and PL at 925 nm at the infrared region. All these results confirm the 

successful synthesis of Te-rich alloy that is expected to have a strong current output 

compared to MoSe2, due to its lower band gap.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.9. Raman mapping of one of the ternary alloy sample (3 mg Te), with band gap 

and PL data.  
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7.3.8. XPS analysis and quantification of Te 

X-ray photoelectron spectroscopy (XPS) was implemented to quantify the amount of Te in 

each sample (namely 1 mg, 2 mg, and 3 mg), as well as to give insights into the 

susceptibility to oxygen at different ratios of Te. Three MoSe2(2-x)Te2x alloys with different 

initial Te precursor amounts (1, 2, and 3 mg) were synthesized, kept in low vacuum (0.6 

MPa), and XPS spectra were collected after 30 days. It is worth mentioning that the samples 

were taken out of vacuum and exposed to air a few times, where Raman, 

photoluminescence and band gap characterizations were performed, as well as travelling 

to another city for XPS. As shown in Fig. 7.10a, Mo 3d5/2 and 3d3/2 peaks (1 mg sample) 

appeared at binding energies 229.4 and 232.6 eV suggesting a Mo4+ valence for 2H phase. 

For Se, the 3d5/2 and 3d3/2 peaks appeared at 55.4 and 56 eV, confirming the Se2− valence. 

The corresponding 3d5/2 and 3d3/2 peaks of Te2- occurred at 573.5 and 583.8 eV, 

respectively. These results are in a good agreement with previous work [37]. In addition, 

there were very small oxide peaks of MoOx and TeOx in the 1 mg sample, which is 

attributed to a mild oxidation process due to acquired air oxygen over 30 days. By 

increasing the amount of Te precursor to 2 mg, a lower binding energy shift was observed 

with Mo and Te, which is expected due to the lower electronegativity of Te compared to 

Se. Further, the intensity of TeOx and MoOx peaks increased with increasing Te in the 

crystal. When 3 mg of Te precursor were used, a significant oxide peaks were observed 

with the three elements (Mo, Se, and Te), which indicates that the higher the amount of Te 

in the crystal, the higher oxygen susceptibility. The relatively oxygen susceptibility of 

MoTe2 was revealed by other literature [38,39]. The MoOx and TeOx peak positions match 
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the previously published work [38,40]. Furthermore, the lower crystal stability against 

oxygen is expected from the lower binding energy shift, as the lower the binding energy, 

the less stable the crystal is.  

The 3 mg sample (Te is 62%) was etched in two gradual steps (2 and 4 s) using a cluster 

of 1000 Ar (Ar1000+) at 10 kV and ion beam current of ~0.2uA. The first etching process 

did remove part of the surface and edges of the sample and the results in Fig. 7.10(e-f) 

show that the oxygen was completely removed from Se, and significantly removed from 

Mo and Te. However, it was not completely removed from Mo and Te, which illustrates 

that it is not only at the edges or surface, but also to the core of the structure. Hence, a 

protection/passivation layer is recommended when such high amount of Te is used in the 

alloy.  

To correlate the electronic properties of the different MoSe2(2-x)Te2x alloys, the actual 

amount of Te was determined by calculating the area under the peak of the 3d orbitals and 

dividing it by the corresponding relative sensitivity factors (RSF) for each element. The 1, 

2, and 3 mg samples were equivalent to 29, 36, and 62% of Te, respectively, calculated 

using the following equation [Te/(Se+Te)]x100, as shown in Fig. 7.10j. 

To better understand whether the acquired oxygen was from the CVD growth step or air 

oxygen acquired over time, fresh samples (MoSe2, and MoSe2(2-x)Te2x with 36% Te) were 

prepared one day ahead of the XPS measurement and kept under low vacuum. XPS results 

in Fig. 7.10(g-i) show that MoSe2 did not show any considerable oxide peak. In addition, 

the 36% Te alloy did not show any considerable Mo or Se oxide peaks, but it did show 

very small oxide peaks of TeOx. Comparing the fresh (1 day) to the old (30 days) samples 
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of 36% Te alloy, we can conclude that the oxidation process is mainly post synthesis, and 

it is significant only at the high Te percentages of ~ >36%. For long term stability, either 

36% Te or less is recommended or surface passivation is necessary to maintain the 

interesting properties of the alloys in higher Te percentages. A recent work encapsulated 

MoTe2 in SiO2 thin films and showed air stability [2].   

7.3.9. TEM imaging and EDX mapping 

The sample was imaged using JEOL JEM-2800 TEM at 200 kV. The low magnification 

low-magnification annular dark-field (ADF) image in Fig. 7.11 shows a piece of the alloy 

covered with part of the carbon grid as confirmed by the EDX mapping, panel (b). Se and 

Te are homogenously distributed around Mo, which verifies that the MoSe2(2-x)Te2x crystal 

grows as a homogenous alloy. Further, the fast Fourier transform (FFT) diffraction pattern 

in panel (f) confirms the high crystallinity of the grown alloy.  
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Figure 7. 10. (a-c) XPS analysis of 30 days old samples (1, 2, and 3 mg). (d-f) XPS results 

of etching of sample 3 mg. (g-i) XPS of fresh MoSe2 and 1 mg MoSe2(2-x)Te2x. (j) 

quantification results of the percentage of Te in the three alloys.  
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Figure 7. 11. (a) Low-magnification ADF TEM image of a piece of the alloy. (b-e) TEM 

EDX mapping of C, Se, Mo, and Te, respectively. (e) FFT diffraction pattern. 

7.3.10. FET characteristic curve and optoelectronic response 

FET characteristic curves in Fig. 7.12 show around three orders of magnitude enhancement 

in the device output (current) to reach microampere readings, at zero gate potential, instead 

of nanoampere without doping, which increases the applicability as a low power device. 

The device’s optoelectronic response is shown in panel (b), and it is confirming the current 

improvement with NIR LED illumination. However, the optoelectronic response is a bit 

weaker than in MoSe2-FET device, which might be because in the case of the Te-highly 

doped alloy more electrons are already in the conduction band.  
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Figure 7. 12. (a) FET characteristic curves of the ternary alloy at different initial amounts 

of Te (0, 2, and 3 mg), and (b) the optoelectronic response of the ternary alloy at 3 mg of 

Te. 

7.3.11. In-situ preparation of Janus MoSe2(2-y)Te2y/MoSe2(2-x)Te2x 

In this section, the in-situ preparation results of MoSe2(2-y)Te2y/MoSe2(2-x)Te2x defect-free 

interface Janus heterostructures, where yx, and y≥0. To minimize the number of possible 

resulting structures, the initial amounts of Se, Te, and MoO3 powders were kept constant 

at 40, 3, and 5 mg. To achieve this goal, the epitaxial growth reaction is run for five min, 

and then the furnace (heating zone of MoO3) is stopped and the temperature at the heating 

zone of Te is reduced from 350 to 250 oC, while the heating zone of Se is kept at 250 oC 

for five more minutes after reducing Te’s temperature. Even after stopping the furnace 

heating, MoO3 heating zone is still hot enough (<750 oC and >690 oC) to grow a second 

layer that is richer in Se. Controlling the chemical composition of the top and bottom layer 

and having it different, results in Janus heterostructure with no interface defects. It also 

opens the door for unlimited number of applications, such as building unidirectional current 
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flow devices between smaller (bottom) and larger (top) band gap layered structure. 

Building antiambipolar transistors is another promising and novel application of this 

material as well.  

7.3.12. Optical microscopy and Raman mapping  

The optical microscopy images in Fig. 7.13 illustrate the Janus heterostructure between the 

top layer that has a higher band gap (triangle) and the bottom layer that has a lower band 

gap (hexagon). The top layer is having a band gap of ~1.5 eV, while the bottom one is 1.35 

eV, as shown in Fig. 7.14. Raman mapping shows the difference in Raman signal that is 

coming from the difference top and bottom layer compositions and hence their electronic 

properties. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 7. 13. Optical microscopy imaging of the prepared Janus MoSe2(2-y)Te2y/MoSe2(2-

x)Te2x heterostructures, where yx, and y≥0. 
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7.3.13. FET characteristic curve  

The grown Janus heterostructures were patterned using photolithography and then etched 

using O2 plasma (100 W, 5 min), and then the corresponding devices were patterned using 

a solid mask. Au/Cr electrodes were deposited by e-beam evaporator, followed by lift-off 

in acetone. The patterning process is schematically shown in Fig. 7.15a. Au/Cr were 

deposited to the back of the device, after wet etching using buffered HF, for back-gating. 

The actual device is shown in panel (b). The device was then heated in air at 80 oC for 2 h 

to introduce oxygen dopants to the heterostructure. As shown from the XPS data and 

literature [36], the bottom layer that is richer in Te has a higher affinity to oxygen and 

converts into a p-type material, while Se-richer top layer will stay ambipolar. Combining 

the p-type characteristic of the Te-richer layer with the ambipolar characteristic of the Se-

richer, resulted in the formation of antiambipolar FET transistor, Fig. 7.15c, of the Janus 

heterostructure. The device was then annealed at 200 oC under Ar/H2 (100/5 sccm) for 2 h 

When the device was annealed at inert conditions, the driving voltage (Vpeak) shifted from 

-10 V to 5 V, which can be attributed to the reduced p-type characteristics. The peak-to-

valley ratio (PVR = Ipeak/Ivalley) was ~ 104. The antiambipolar FET transistor became 

recently a hot topic for multivalued logic circuits, and many stacked heterostructure 

materials were tried for this application [41], however the concept of in-situ prepared Janus 

heterostructures for antiambipolar FET, with defect-free interface, is very new.   
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Figure 7.14. Raman mapping of the of the prepared Janus MoSe2(2-y)Te2y/MoSe2(2-x)Te2x 

heterostructures, where yx, and y≥0 
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Figure 7.15. (a) a schematic of the fabrication process of the device. (b) optical microscopy 

image of the actual device. (c) The FET characteristic curve of the corresponding 

antiambipolar transistor behavior. 
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7.4.  Conclusions 

A large area and high quality MoSe2 nanosheets were synthesized using chemical vapor 

deposition, characterized, and implemented for the first time as a near-infrared (NIR) 

optoelectronic device for the detection of NO2 gas. A strong enhancement in the device’s 

response was observed under NIR LED illumination due to exciting more electrons to the 

conduction band. A low limit of detection of NO2 gas of 40 ppb was achieved, which is below 

the allowed limit of this toxic gas. Further, doping of MoSe2 crystal with Te, to form ternary 

MoSe2(2-x)Te2x alloys was successful and a strong band gap reduction from 1.52 eV to 1.35 

eV was recorded. The ternary alloy with 3 mg of initially added Te has shown a three orders 

of magnitude enhancement in the device output. In addition, Janus in-situ prepared MoSe2(2-

y)Te2y/MoSe2(2-x)Te2x defect-free interface heterostructures, where yx, and y≥0, were 

synthesized, and characterized. The Janus heterostructure showed antiambipolar behavior 

which is promising for multivalued logic circuits.  
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CHAPTER 8 

Conclusions 

8.1  Summary 

Chemical and biological sensors play crucial roles in our daily lives, where they help 

mitigate the cost, time, and availability of specialized units for urgent analyses, such as 

body vitals, screening for microbial infections (e.g. COVID-19) to reduce transmissions, 

water quality monitoring, environmental contaminants monitoring (e.g. toxic gas exhaust) 

in manufacturing plants, etc. Hence, the development of highly sensitive and selective new 

sensors at acceptable costs is a real need. In this research, the work was focused on 

materials interface improvements, which determine the sensitivity and stability of any 

sensor system.  

The in-situ prepared Fe3O4-Au nanocomposite achieved a high sensitivity in the 

electrochemical detection of As(III) at a trace level. That can be attributed to the newly 

introduced synthesis protocol, because: 1) it produced very tiny (≈10 nm) Fe3O4NPs that 

enhanced the surface area for As(III) adsorption, 2) it did not use a linker between gold and 

magnetite, which enhanced their combined electrocatalytic effects. In addition, mixing the 

prepared nanocomposite with ionic liquid (IL) enhanced the mechanical stability of the 

material at the electrode surface and increased its electron transfer.  

The M13 bacteriophage-based impedimetric cytosensor showed a high sensitivity towards 

detection of E. coli, which is one of the main bioindicators for water contamination with 

fecal coliforms. The high sensitivity is a hybrid effect between the high sensitivity of the 
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selected transducer, EIS, and the no-lytic nature of M13 nanofibers that kept the signal 

stable and prevented interruptive signals from possible bacterial cell rupture. This was the 

first time to introduce M13 as recognition element for electrochemical detection of 

bacteria, where a super low limit of detection was achieved. Furthermore, the thermal and 

chemical stability of the introduced system, entitles it for real field applications. In 

addition, the same impedimetric sensor was utilized for detection of Bacteroides 

Thetaiotaomicron, but in this case antibody was used as a biorecognition element.  

Lateral sheet size effect on the properties of rGO thin films was experimentally and 

theoretically studied for the first time. The role of low-temperature thermal reduction in 

the enhancement of rGO’s electronic properties was also revealed. The strong revealed 

insights into the role of lateral sheet size and low temperature reduction enabled for the 

synthesis of pristine graphene-like behaving rGO thin, with the lowest band gap and 

highest carrier mobility reported for this material.  

MoSe2 nanosheets were synthesized using chemical vapor deposition and applied as novel 

near-infrared (NIR) optoelectronic devices for light-gated, low-power FET gas sensor. A low 

limit of detection of NO2 gas of 40 ppb was achieved. Further, ternary MoSe2(2-x)Te2x alloys 

were synthesized in a controllable band gap approach.  The ternary alloy exhibited three orders 

of magnitude enhancement in the device output. In addition, Janus in-situ prepared MoSe2(2-

y)Te2y/MoSe2(2-x)Te2x defect-free interface heterostructures, where yx, and y≥0, were 

synthesized, and characterized. The Janus heterostructure showed antiambipolar behavior 

which is promising for multivalued logic circuits. 
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8.2. Future work 

The prepared pristine graphene-like rGO is a promising material for many electronic 

applications, including its feasibility for screen printed electrodes and conductive ink 

printing. So further work in this area might be of interest.  

M13 phage can be engineered to selectively detect as bacterial strains, and hence this can 

be investigated, and the corresponding electrical and electrochemical sensors can be built 

the same way we introduced in this work, but for a wider range of applications.  

The ternary alloys of Mo/Se/Te can be further studied for different applications, including 

gas sensing. Also, high resolution STEM mapping of the structure for revealing more 

details about the nature of alloying is important.  

Janus in-situ prepared MoSe2(2-y)Te2y/MoSe2(2-x)Te2x defect-free interface heterostructures 

are very new materials and a huge work is still available on both materials and devices 

level. This new synthesis approach can be implemented in other Janus heterostructure, as 

well. The antiambipolar behavior is an open research area for further work, as the results 

here are very preliminary, and the improvement in maximum current is important.  

 

 

 

 



179 

 

 

APPENDIX A 

Linker-free magnetite-decorated gold nanoparticles (Fe3O4-Au): Synthesis, 

characterization, and application for electrochemical detection of Arsenic (III) 

 

 

 

 

 

 

 

 

 

Figure A1. EDX spectrum of the Fe3O4-Au nanocomposite on a piece of Pd/Pt-sputtered 

silicon wafer with the weight percentage. 

 

Table A1. The composition of synthetic raw wastewater  

Compounds Amount (mg) added to 500 mL 

CH3COONa   128.20 

CH3COONH4  120.44 

KH2PO4 21.97 

NaHCO3 62.50 

FeCl2 0.188 

MnSO4 0.02 

ZnSO4 0.18 

NaCl 292.50 

Humic acid sodium 25.00 

MgSO4 12.50 

CaCl2 5.00 
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Table A2. Comparison of different electrodes for the detection of As(III). 

Electrodes Technique Linear 

range 

(μg/L) 

LOD 

(μg/L) 

Reference 

 AuNP/BDD electrode SWASV 100-1500 20 [1] 

Au-Pd/GCE ASV 1-25 0.5 [2] 

nano-Au/PANI/GCE SWV 610-3050 0.4 [3] 

AuNPs-PCWEs CS 2-50 2.2 [4] 

rGO/Fe3O4/SPCE SWASV 2-20 0.3 [5] 

AuNPs/GCE SWASV 0-15 0.25 [6] 

NanoPt-

Fe(III)/MWCNT/GCE 

ASV 1.35-14.5 0.75 [7] 

Fe3O4-Au-IL/GCE SWASV 0-100 0.22 This work 

 

AuNP/BDD: gold nanoparticles on a boron-doped diamond; nano-Au/PANI/GCE: 

nanogold-particle/polyaniline-modified Glassy Carbon Electrode; SWV: Square Wave 

Voltammetric; AuNPs-PCWEs: gold-modified paper-based carbon working electrodes; 

CS: Chronoamperometric Stripping; rGO: reduced graphene oxide; SPCE: screen-printed 

carbon electrode; platinum-iron(III) nanoparticles modified multi-walled carbon nanotube 

on glassy carbon electrode: nanoPt-Fe(III)/MWCNT/GCE; GCE: glassy carbon electrode 
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Fig. A2. (A) Cyclic voltammograms and (B) Nyquist plot of electrochemical impedance 

spectra of 5mM [Fe(CN)6]
3-/4- in 0.1 M KCl: (a) bare GCE, (b) Fe3O4/GCE, (c) Fe3O4-

Au/GCE and (d) Fe3O4-Au-IL/GCE. 

 

 

 

Fig. A3. Five repetitive stripping current measurements of 60 μg/L As(III) using the Fe3O4-

Au-IL/GCE in 0.2 M acetate buffer (pH 5.0). The insets are the data collected from every 

SWASV response for five runs.  
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APPENDIX B 

 

Non-lytic M13 phage-based highly sensitive impedimetric cytosensor for detection of 

coliforms 

 

 
 

Figure B1. Nyquist plot of the sensor’s response to different concentrations of E. Coli 

XL1-Blue in PB solution.  
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Table B1. Relative standard deviation (RSD) of the sensors’ responses at each 

concentration of E. coli XL1-Blue. 

 

Log (CFU/mL) Mean (Ohms) SD (Ohms) RSD (%) 

1 13.30 1.12 8.47 

2 25.63 1.46 5.70 

3 33.30 2.33 7.02 

4 38.13 2.00 5.25 

5 45.96 2.05 4.46 

6 48.66 2.38 4.90 

7 51.90 2.57 4.95 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B2. Comparison of responses of electrodes with and without M13 bioreceptor to 

E. coli XL1-Blue 
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Figure B3. Nyquist plots of the EIS responses of M13-modified electrodes to E. coli 

K12. 

 

Table B2. Stability of the cytosensor when stored at 22oC (room temperature) and 45oC. 

  

C Stabilityo 22 C Stabilityo 45 

Incubation 

(days) 

%(∆R/Ro) Incubation 

(days) 

%(∆R/Ro) 

0 55.2±2.2 0 55.2±2.2 

2 53.4±5.3 1 62.4±3.1 

9 58.1±10 2 50.6±15.7 

16 60.2±2.3 16 49.3±7.8 

Each data point is an average of responses from 1 electrode, measured 3 times and error 

bars represent ± 1 standard deviation. 
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Figure B4. Effect of incubating cytosensor in varying pH buffers for an hour on sensor 

response. Each data point is an average of responses from 1 electrode, measured 3 times 

and error bars represent ± 1 standard deviation. 
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APPENDIX C 

Synthesis of Pristine Graphene-like Behaving rGO Thin Film: Insights into What 

Really Matters 

 

1. Optimization of GO’s concentration for rGO-FET devices 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. C1. More SEM images of rGO thin films on gold interdigitated electrodes, prepared 

by drop casting of 10 µL of GO with different concentrations, followed by drying and 

thermal reduction. 
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Fig. C2. Thickness and lateral size distribution of 0.2, 2.0, 10, and 40 µm GO nanosheets. 
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Fig. C3. AFM height profiles of folded/rolled GO nanosheets. Corresponding labels (F1-

F4) are on images e&f of Fig. 2.  

 

 

2. Effect of oxidation/reduction process on sheets properties 

The oxidation method plays a crucial role in the exfoliation of graphite into GO nanosheets, 

and the degree and type of defects introduced. As reported by Marcano et al., in 

comparison to Hummers method (HM), improved Hummers method (IHM) produces 

higher quality GO; more hydroxyl and epoxy groups and hence less number of stacked 

layers and fewer carboxyl groups because of the use of phosphoric acid instead of sodium 

nitrate [1]. It is worth mentioning that the hydroxyl and epoxy groups are considered 
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healable defects, while carboxyl groups are considered less/non-healable as they result 

from breaking aromatic rings in the graphene sheets. Phosphoric acid helps protect the 

basal plane of GO nanosheets and reduces the number of carbonyl/carboxyl groups [2,3]. 

Consequently, IHM was used in the synthesis of all GO samples in this work [4]. 

Reduction of GO to rGO is basically a healing process in which the sp2 hybridized 

honeycomb structure is restored and the oxygen-containing groups are removed [5]. The 

chemical reduction approaches most commonly employed in GO reduction [6], however, 

employ toxic chemicals, and result in chemical doping of the produced rGO nanosheets 

and thereby tuning of band gap, which is not always desirable. On the other hand, thermal 

annealing (reduction) is a clean process in which oxygen-containing groups are removed 

as CO, CO2, and water vapor and the rGO product can be considered as graphene. Further, 

this reduction method is suitable for the bulk production of graphene [7]. 

To understand the contribution of the reduction time to the electronic properties of 

corresponding devices made of rGO thin films, a set of rGO-FET devices were fabricated 

using 0, 10, 30, 60, and 120 min reduced GO thin films. The resistance of the devices was 

measured as a factor of reduction time, as illustrated in Fig. C4. The results of 0- and 10-

min reduction time are not shown as these devices were very unstable. The results show a 

decrease in resistance by increasing reduction time, which can be attributed to the healing 

reduction process. In addition, the standard deviation of results becomes very small at 120 

min, as all the rGO nanosheets are evenly reduced. So, thermal reduction of GO at 200oC 

for 120 min in open air is recommended for producing stable rGO-FET devices.  
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Figure C4. Correlation between reduction (healing) time and rGO-FET device’s initial 

resistance. 
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Fig. C5. Survey spectra of GO showing the C/O ratio at different reduction times. 
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Fig. C6. Deconvoluted C1s spectra of GO-L and GO-S samples. 

 

 

 Figure. C7. UV-Vis spectra (a) and Tauc’s plots (b) of GO/rGO nanosheets. 
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Table C1. Optical band gaps of large sheets GO at different reduction times. 

 

 

 

 

 

 

 

 

 

 

3. Density functional theory (DFT) calculations 

3.1. Method 

 The structure optimizations were performed using the Vienna ab-initio Simulation 

Package (VASP) and adopting the Perdew-Berke-Ernzerhof (PBE) general gradient 

approximation (GGA) as the exchange correlation functionals [8,9]. A cutoff energy of 520 

eV was used, and the Brillouin Zone was sampled using a 8118 gamma-centered k-point 

mesh for the larger flakes, and the smaller ones were adjusted accordingly. These values 

were chosen carefully to ensure the convergence of forces on ions to better than 0.001 eV. 

All GO and rGO samples were modeled with periodic boundary only in one lattice 

direction, with a spacing of 20 Å and 15 Å in the other two directions (x-axis and y-axis, 

respectively) to avoid coulombic interactions between the adjacent sheets. 

 

Reduction time (min) Optical band gap 

(eV) 

0.0 1.8 

10.0 0.9-1.35 

30.0 0.7-0.93 

60.0 0.7 

120.0 0.4 
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3.2. GO sheet size effect 

The computed energy values for the highest occupied molecular orbital (HOMO), lowest 

occupied molecular orbital (LUMO), HOMO-LUMO gap, valence band maximum 

(VBM), conduction band minimum (CBM), bandgap, and Fermi level are shown in Table 

C2.   

Table C2. energy values of HOMO, LUMO, HOMO-LUMO gap, valence band maximum 

(VBM), conduction band minimum (CBM), Bandgap, and the Fermi level for intact 

graphene oxide structures with four (A), six (B), and eight (C) carbon layers 

Structur

e 

HOMO 

(eV) 

LUMO 

(eV) 

HOMO-

LUMO gap 

(eV) 

VBM 

(eV) 

CBM 

(eV) 

Bandgap 

(eV) 

Fermi level 

(eV) 

Intact – 

A 

-3.984405 

 

-3.967918 

 

0.016487 

 

-2.937 

 

5.189 

 

2.252 

 

-3.98224662 

 

Intact – 

B 

-3.781092 

 

-3.777442 

 

0.003650 

 

-2.793 

 

4.789 

 

1.996 

 

-3.77894928 

 

Intact – 

C 

-3.607161 

 

-3.606264 

 

0.000897 

 

-2.743 

 

4.340 

 

1.597 

 

-3.60629952 

 

 

3. Determination of Ci of rGO thin film using EIS 

Interfacial capacitance (Ci) of rGO thin film was determined using EIS measurements, as 

reported elsewhere [10,11]. Briefly, 10 L of a 1.25 mg/mL solution of GO was drop 

casted, dried and thermally reduced on gold electrodes. Ag/AgCl was used as a reference 

electrode and a Pt mesh was used as an auxiliary electrode.  The measurements were 

performed in 10 mM PBS (pH 7.2), at different potentials (-0.6 to 0.6 V). The EIS data 
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were collected using CHI6005E in a frequency range of 1-1000 Hz. The Ci was calculated 

using the CHI6005E simulation software at each potential point. Results in Fig. S8, show 

that rGO thin film’s interfacial capacitance varies from 2.6 to 0.9 F/cm2, with an average 

of 1.48 F/cm2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C8. Ci of rGO thin film at a potential range of -0.6 to 0.6 V. 
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