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ABSTRACT 
Kate Gleason College of Engineering 

Rochester Institute of Technology 

Degree: Doctor of Philosophy                                                          Program: Engineering 

Author: Olivia V. Scheibel                                              Advisor: Dr. Michael G. Schrlau 

Dissertation Title: Nanoscale Carbon-Based Electrochemical and Temperature Sensors 

Nanoscale sensors are required to study the interesting and complex physical, 

chemical, and biological phenomenon which occurs in microdomains. Carbon-based 

nanostructures (CNS) have been utilized in nanosensors with applications in many fields 

due to their versatility and unique properties. Several manufacturing processes can be used 

to produce CNSs though they often are expensive and require time-consuming purification 

and micro-assembly processes to integrate them into larger structures.  

Here, novel silica-based structures are explored as unique templates on which to 

form CNSs that are easily integrated into sensors which can directly interface with standard 

laboratory equipment. The high electrical conductivity of CNSs enables the structures to 

be modified through an electrodeposition process to produce a chemical and a physical 

sensor. Specifically, this work describes the design, fabrication, and characterization of a 

nanoscopic thermocouple and electrochemical sensor. The thermocouple developed 

through this research uses a novel manufacturing method and set of materials to overcome 

the reduction in thermoelectric performance associated with small sensor sizes. The 

electrochemical sensor presented in this work overcomes challenges associated with other 

nanoscale sensors by allowing a working and reference electrode to be located within 50 

nm of each other, minimizing the overall sensor footprint. 

This work presents a novel and efficient method of preparing unique carbon-based 

sensors.  
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Chapter 1 

1. INTRODUCTION 

Microenvironments, defined as domains with at least one dimension of less than 1 

mm, have relevance in many fields including cellular and subcellular biology, “green” 

chemistry, microelectomechanical devices, turbulent flows and boiling, and interfacial 

phenomena, among others [1–4]. Macroscale sensors are prohibitively large for 

investigating these small domains. Even microscale sensors, with dimensions of the same 

length scale as microenvironments, can disrupt the physical processes that are being 

interrogated. Thus, the need for sensors approaching or at the nanoscale arises. 

The development of nanosensors is a critical step in understanding many physical 

and biological processes [3,4]. To create technologies capable of interrogating 

microscopic domains and elucidating useful information, this work focuses on the 

synthesis of carbon-based nanostructures (CNS) and their modification to enable them to 

function as sensors. Nanoscale sensors are typically categorized as either biological, 

physical, or chemical depending on the property they quantify [5]. In this work, a 

physical sensor and a chemical sensor was developed. More specifically, an thermal 

sensor and electrochemical sensor were designed, fabricated, and characterized to 

demonstrate their utility. The aim of this work was to develop nanodevices capable of 

elucidating electrochemical and thermal data within microenvironments. 

CNSs have made significant impacts as nanoscale sensors because of their 

versatility and unique properties [6]. CNSs are suitable for a range of sensing applications 

due to their nanoscopic size, high aspect ratio, high surface-to-volume ratio, electrical 

conductivity, and mechanical robustness [7]. For example, the electrical conductivity, and 
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high surface-to-volume ratio of CNSs has made them an attractive candidate for 

electrochemical sensing applications with improved resolution and sensitivity relative to 

traditional electrodes [8,9]. The nanoscopic size, hollow geometry, and mechanical 

robustness has allowed CNSs to be used in fluid flow and phase change studies and 

intracellular delivery and sensing [10,11]. While CNSs offer useful properties for a 

variety of applications, they can be difficult to produce and integrate into sensors and 

devices [12–14].  

This work focuses on the low-cost synthesis of unique CNSs which are directly 

integrated into macroscale devices to reduce the complexity of forming CNS-based 

sensors. These integrated CNSs are then modified to develop two novel carbon-based 

sensors with the potential to become widely accessible tools for the electrochemical and 

thermal characterization of microenvironments. 

1.1. AIMS AND OBJECTIVES 

Low cost and efficient manufacturing methods must be developed to facilitate the 

widespread use of ultramicro and nanosensors. This work achieves this through three 

objectives. 

OBJECTIVE 1: Synthesize carbon micro and nanostructures 

OBJECTIVE 2: Develop an ultramicro thermocouple 

OBJECTIVE 3: Develop an electrochemical nanosensor 
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1.2. CARBON-BASED NANOSTRUCTURES 

Carbon nanostructures is an all-encompassing term for a variety of carbon-based 

forms with nanoscopic dimensions including carbon nanofibers (CNF), nanotubes (CNT), 

and amorphous nanopipes (CNP) [6]. CNFs are conventionally defined as solid fiber-like 

carbon structures with at least one dimension of 100 nm or less while CNTs are defined 

as hollow tube-like carbon structures with at least one dimension of 100 nm or less 

[15,16]. Amorphous CNPs encompass those nanoscale carbon structures with a hollow 

tube-like structure but without the highly ordered, crystalline structure associated with 

CNTs [17]. This variation in CNSs is significant as it results in structures with varying 

physical properties. 

1.2.1. Fabrication 

Many fabrication methods have been developed to produce carbon structures of 

varying geometries and scales. Electric arc discharge, laser ablation, and chemical vapor 

deposition (CVD) are useful methods of producing CNSs [18–21]. Arc discharge, defined 

as the electrical breakdown of a gas, was the first method used to produce CNTs [22]. In 

this method, a direct current (DC) voltage is applied across two electrodes in an inert 

gaseous environment [23]. Typically, the anode contains a powdered carbon precursor 

and catalyst and the cathode is a pure graphite rod. As the voltage is applied, the gap 

between the electrodes is reduced and maintained at approximately 1 – 2 mm with the 

spacing constantly adjusted to maintain a constant arc. The current generates a 3000 to 

4000 °C plasma which sublimes the powdered carbon precursor in the anode to form a 

carbon vapor which agglomerates at the graphitic cathode as it cools due to the large 

temperature gradient between the two electrodes. The process lasts for several minutes 
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before the system is allowed to cool. While the agglomerate on the cathode as well as the 

soot on the chamber walls contains the CNTs additional purification steps are required as 

the collected materials contain large amounts of amorphous carbon metal particles, and 

CNTs with an undesirable number of walls. Current industrial purification methods rely 

on oxidation and acid-refluxing [24].  

In the laser ablation method, a pulsed laser vaporizes a graphitic target to produce 

CNTs [24]. A block of graphite and catalyst is heated inside a quartz tube at 

approximately 1200 °C in an inert environment [19]. A high-power laser vaporizes the 

graphite target which is carried by the argon into a cooled collector located downstream. 

The vapor self-assembles into CNTs which condense onto the collector. The laser 

ablation process results in CNTs with higher purities than those produced via arc 

discharge and a diameter determine by the reaction temperature [24,25]. However, this 

method is more costly than the arc-discharge method and can result in branched CNTs 

that are not uniformly straight which can be undesirable for some applications [25].   

High quality single and multi-walled CNTs can be achieved using electric arc 

discharge and laser ablation but can require expensive processes and complex 

purification and filtration steps to remove unwanted carbon particles and other 

byproducts of the process [24,25]. Chemical vapor deposition methods are employed to 

produce larger quantities of carbon nanostructures [26]. Typically, a metal catalyst is 

used in a high-temperature processing furnace to facilitate the decomposition of a 

hydrocarbon gas, resulting in carbon tubes and fibers with uniform diameters dictated by 

the diameter of the catalyst particle, as shown in Figure 1-1 A. It is possible to achieve 

aligned arrays of carbon nanostructures by prefabricating the catalyst particles into 
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patterned arrays although this creates additional processing requirements increasing both 

the time and cost of the synthesis [27]. The CVD process can be coupled with a porous 

substrate to form amorphous CNPs in a process known as template-based CVD, as 

depicted in Figure 1-1 B [11,28,29]. Template-based CVD enables the fabrication of 

CNSs in a variety of dimensions, geometries, and shapes. Perhaps the greatest advantage 

of template-based CVD is that it enables the production of CNSs that are aligned and 

directly integrated into larger structures and therefore do not require additional 

manufacturing processes to maneuver or position. The simple manufacturing process 

results in one of the lowest-cost methods of producing CNSs. In this work, template-

based CVD is explored as a method to produce integrated CNSs in a variety of 

geometries, length-sales, and aspect ratios. 

1.2.2. Electrical Properties 

While carbon-based nanostructures are renowned for their unique mechanical, 

electrical, thermal, and optical properties, this work relies mostly on the good electrical 

conductivity of CNSs [28,30]. The first objective of this work involves manufacturing 

integrated CNSs. The second and third objectives are focused on how those CNSs can be 

transformed into useful structures. The electrodeposition of materials onto the carbon 

film enables the devices to function as thermal and electrochemical sensors. As 

electrodeposition is used, it is critical that the nanostructures be electrically conductive so 

that a current can be applied.  

Carbon nanotubes are excellent electrical conductors and, depending on the type, 

can exhibit metallic or semiconducting behavior [30]. In 1996, Ebbesen et al. 

investigated the electrical conductivity of CNTs formed via the carbon-arc method. For 
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eight samples, the electrical resistivity varied orders of magnitude from 5.1 × 10-6 – 0.8 

Ω·cm at room temperature [31]. This variation is likely due to the presence of impurities 

and variance from strictly one-dimension electron transport [32]. 

 

 

Figure 1-1: Formation of CNSs using chemical vapor deposition 

A) Schematic of CNTs formed via chemical vapor deposition using a 

catalyst. B) Schematic of amorphous carbon CNPs formed via template-

based chemical vapor deposition. 

 

Several sources have investigated the electrical resistivity of thin-film amorphous 

carbon. In 1914, Stransfield reported the resistivity of amorphous carbon as 1.60 × 10-3 

Ω·cm at ambient temperature [33]. More recently, Schrlau et al. reported the resistivity of 
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CNSs formed via template-based CVD as 1.07 × 10-3 Ω·cm [34]. Although these values 

are less than those of some of the most conductive CNTs, amorphous CNSs are still 

electrically conductive and therefor amenable to the electrodeposition process crucial for 

this work. Further, amorphous CNSs maintain this good electrical conductivity while 

relying on a simpler and less costly fabrication process than CNTs and can be more easily 

integrated into a variety of sensors when produced with template-based methods [6]. 

Table 1-1: Electrical resistivity of common carbon nanostructures 
 

CNS Type Electrical Resistance [Ω·cm] 

CNT 5.1 × 10-6 – 0.8 [31] 

Thin-film Amorphous Carbon 1.07 × 10-3 - 1.60 × 10-3 

 

1.2.3. Manufacturing Devices from Carbon Nanostructures 

Carbon-based sensors can be manufactured in many configurations based on the 

application requirements. Some configurations which have been explored include 

electrodes with randomly dispersed CNTs on their surfaces. This configuration can 

include conductive CNT films and CNT-coated electrodes. CNT films and composites 

are well suited for macro- and microscale sensing platforms including electronic smart 

wearable yarns and fabrics and lab-on-chip devices [35,36]. Many groups have integrated 

CNTs onto electrodes with tips ranging from hundreds of nanometers to micrometers to 

improve their sensitivity. For example, Chen et al. coated CNTs onto flame-etched 

carbon fiber nanoelectrodes with tips ranging from 100 – 300 nm enabling the detection 

of nM concentrations of analyte [9]. 
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Vertically aligned CNTs and CNFs have been integrated into sensing devices. The 

array of CNSs provide multiple detection sites and improve the signal-to-noise ratios and 

temporal resolution relative to conventional flat electrodes [37]. Vertically aligned arrays 

of CNSs have been used for micro and nanofluidic applications including delivery of 

biologically relevant cargo into plated cells [11,38]. Carbon-based electrodes consisting 

of dense arrays of vertically aligned CNPs have been produced from sputtered iron 

catalysts on silicon wafers [39]. These three-dimensional electrodes exhibited an 

increased electroactive surface area and thereby provided enhanced sensitivity.  

In contrast to CNS arrays, devices with single or multiple CNSs integrated into 

their tips have been used for the highly localized interrogation of small domains. The 

nanoscopic tip provides high spatial resolution coupled with easy handling and 

positioning due to the integration to a micro or even macroscopic structure. CNS 

Nanostructure-tipped devices are frequently used in scanning probe microscopy (SPM), 

nanoscale electrochemistry, and cellular and intracellular studies. 

1.2.4. Carbon Nanostructure-Tipped Devices 

Atomic force microscope (AFM) cantilevers have been modified with single 

CNTs to improve imaging resolution and enable intracellular delivery [40–42]. This was 

first achieved in 1996 by Dai et al.  CNTs were prepared using the direct-current carbon 

arc method. A 1 – 2 µm section of a traditional silicon AFM tip was coated with an 

acrylic adhesive. This adhesive-coated tip was brought into contact with a bundle of 5 – 

10 CNTs under view of an optical microscope. Once the bundle was attached, the AFM 

tip was lifted, and the nanotube bundle was detached from its connection with other 
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nanotubes, resulting in an approximately 6 µm long CNT bundle tip with a single CNT 

extending for the final 250 nm. 

Aligned bundles of CNTs have been adhered to the tips of thin wires using 

contact assembly methods to form electrochemical sensors [43]. CNTs were grown using 

a CVD process with an iron catalyst to produce aligned forests of tubes. The tip of a thin 

platinum wire was coated with silver epoxy and brought into contact with one of the CNT 

forests using an optical stereo microscope and a translation stage. The CNTs were 

prepared several mm in length to simplify the process of attaching them to the wire 

however bundles with this length proved to be very fragile and were disrupted even by 

small air currents. The authors reduced the length of the bundles after attachment to the 

platinum wire via a 10 – 15 V dc voltage applied between the CNT bundle and another 

wire. By positioning the wire close to the bundle, an arc was formed which led to the 

bundle being controllably cut off near its tip.  

Due to the hydrophobic nature of CNTs, the CNT electrode Dai et al. reported 

difficulty overcoming the surface tension of an aqueous droplet. The electrodes which 

could enter the droplet were reported to bend significantly in the fluid. The authors noted 

that the creation of a short and stiff bundle would overcome this obstacle however that 

could not be achieved with this manufacturing method which resulted in bundles of over 

1 mm in length. Instead, the authors applied a platinum coating to the CNT bundle via 

electrodeposition to overcome the hydrophobic nature of the electrode.  

Similarly, other works have reported nanoelectrodes fabricated by attaching 

bundles of CNTs to existing tungsten microelectrodes via an AC electric field and using a 

magnetic force to attach bundles of CNTs to the tips of glass micropipettes [44,45]. 
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Glass micropipettes have been further explored as a template for forming CNPs 

by using chemical vapor deposition to deposit a thin carbon film onto surfaces of the 

pipette. Template-based manufacturing has been employed to form CNPs since the 1990s 

however it was difficult to integrate these structures into devices [46]. In 2005, Kim et al. 

described a novel technique of forming integrated CNPs by using pulled aluminosilicate 

glass capillaries as templates [14]. These glass micropipettes were placed in an inert 

environment and heat to 670 °C and exposed to a 30% ethylene/ 70% helium feedstock 

for 0.5, 6 or 16 hours. The pyrolytic decomposition of ethylene lead to the deposition of a 

thin carbon film on all surfaces of the pipette. The carbon on the outer surface of the 

template was removed via plasma oxidation. The tip of the micropipette was submerged 

in hydrofluoric acid to selectively remove the glass and expose the CNP. This method is 

generally regarding as more efficient that adhering single of bundles of CNTs to larger 

structures as it is a scalable process which produces an aligned CNP directly integrated 

into a macroscale handle without any tedious nanoassembly processes.  

This method was refined so that the carbon film was preferentially deposited on 

the micropipette lumen with the assistance of a catalyst [34]. Quartz capillaries were 

filled with ferric nitrate dissolved in isopropyl alcohol and allowed to air dry. The 

capillaries were drawn into micropipettes, as above, and used as templates in a CVD 

process. In this work, the micropipettes were heated to 900 °C and methane was used as 

the carbon feedstock. The CVD process was operated at parameters that enabled the 

pyrolytic decomposition of methane only in those regions with catalyst. As a result, 

carbon was not deposited on the exterior surface of the micropipette and the plasma 

oxidation step required in the previous work was not needed. Again, buffered 
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hydrofluoric acid was used as a wet etchant to selectively expose the carbon at the tip of 

the micropipette. This resulted in an integrated CNPs with diameters of 10 s to 100 s of 

nanometers, depending on the parameters used to form the quartz template. These CNPs 

were used to spear oral squamous carcinoma cells and deliver fluorescent dye into the 

cytoplasm of the cell. 

1.3. STRUCTURE OF THESIS 

Chapter 1: Introduction – An overview of CNSs and ultramicro- and nanoscale 

sensors is discussed in this section. 

Chapter 2: Synthesis of Carbon Micro- and Nanostructures - A low-cost, 

high-throughput CVD process was utilized to deposit carbon within novel silica-based 

templates. This simple template-based manufacturing process allows the carbon devices 

to be integrated into millimeter scale silica-based templates without micro- or 

nanoassembly. This helps reduce the time and resource requirements typically associated 

with integrating CNSs into sensors. This work explores a wide variety of templates and 

serves as the foundation for the sensors developed in Chapters 3 and 4. The 

manufacturing process facilitates the integration of CNSs into standard laboratory 

equipment, promoting broad utilization in a variety of applications. 

Chapter 3: Design and Fabrication of a Nanoscopic Thermocouple - The 

process of modifying a CNP to enable it to serve as a thermocouple is detailed. This 

nanoscale thermocouple is directly integrated into a glass pipette providing ease-of-

handling. Micro and nanoscale thermocouples have found use in applications including 

the characterization of the boiling process in microchannels, the surface temperature of 

plasmonic devices, temperature changes in cells, and the temperature profile in fuel cells 
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and combustion processes [4]. Micropipette-based thermocouples are an area of interest 

as the provide a simple, low-cost method of preparing sensors. The thermocouple 

described in this work exhibits enhanced spatial resolution and sensitivity compared to 

micropipette-based thermocouples currently available in the literature. 

Chapter 4: Design and Fabrication of an Electrochemical Nanosensor - The 

development, fabrication, and characterization of a novel self-contained, two-electrode 

nanosensor contained within the tip of a needle-like probe is described. Such small 

domains have significance in biological research, portable devices or in the pursuit of 

“green” analytical chemistry which aims to minimize the economic and ecological costs 

of research by reducing the quantity of expensive reagents required and waste produced 

[3,47]. Due to the low-cost manufacturing process, this nanoprobe has the potential to 

become a unique and widely accessible tool for the electrochemical characterization of 

microenvironments. 

Chapter 5: Contributions and Future Directions - The outcomes and key 

contributions of this work are summarized in this section. In addition, several possible 

future directions are described. 
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Chapter 2 

2. SYNTHESIS OF CARBON MICRO- AND NANOSTRUCTURES  

A low-cost, high-throughput CVD process was utilized to deposit carbon within 

novel silica-based templates. This simple template-based manufacturing process, 

described in Figure 2-1, allows the carbon devices to be integrated into millimeter scale 

silica-based templates without micro- or nanoassembly, facilitating commercialization. 

Briefly, silica-based templates are prepared, carbon is deposited on the templates via a 

CVD process, and finally the template is selectively removed using wet-etchants to 

expose the CNSs. The carbon-based devices were designed to readily integrate into 

standard laboratory equipment, promoting broad utilization. Herein, a repeatable 

methodology for fabricating multifunctional, carbon-based micro- and nanofluidic 

devices as well as establishing relationships between parameters at each stage of 

fabrication and the final geometry, including diameter and wall thickness of the carbon 

structures, of the device is presented. 

2.1. BACKGROUND 

2.1.1. Template-Based Manufacturing and Chemical Vapor Deposition 

Template-based chemical vapor deposition was developed as an extension of 

catalyst-based CVD processes. Porous substrates including alumina oxide membranes 

and glass capillaries are employed often, but not necessarily, along with a catalyst to 

promote and control carbon deposition. Again, a hydrocarbon gas is introduced to a high-

temperature furnace where it is deposited onto the surface of the template. After the CVD 
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process, the substrate is selectively removed to produce aligned arrays, individual 

nanostructures, or single integrated nanostructures, depending on the choice of template 

[11,14,34,48,49]. Template-based CVD allows the geometry, size, and arrangement of 

the carbon structures to be controlled by the template selection and the thickness of the 

carbon layer to be controlled by the process parameters used during the carbon deposition 

process. It should be noted however, that unlike in the aforementioned fabrication 

methods, carbon structures fabricated via the template-based CVD method are in the 

form of amorphous carbon and thus have different physical and mechanical properties.  

 

 

Figure 2-1: Template-based fabrication of aligned CNSs 

Three-step manufacturing process utilized to deposit and expose carbon 

on various templates. Please note that schematic is not to scale. 

 

 

 

Many hydrocarbon source gases have been utilized in CVD process to produce 

amorphous carbom structures. Ethylene, pyrene, acetylene, butane, and methane have 

been demonstrated to be sucessful precourser options [11,29,49–52]. Both experimental 
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and numerical methods have been used to establish that the deposition rate is dependent 

on hydrogen:carbon (H:C) ratio of the source gas [53,54]. Specifically, it has been 

determined that as the source H:C ratio increases, the deposition rate of carbon decreases 

exponentially. Methane was used as a carbon source in this work as it has a higher H:C 

ratio than some of the other available carbon source gases which provides additional 

control over the carbon deposition. Further, methane has been previously used in 

combination with quartz pipettes [29].  

2.1.2. Glass Micropipettes 

Pulled glass micropipettes provide an electrically insulating template for which to 

manufacture an array of tools. Although glass needles have been employed for centuries, 

Barber was the first to produce glass capillary micropipettes with tips fine enough to 

capture a single bacterium by heating capillary tubing over a burner and drawing the 

softened glass using forceps [55,56]. Taylor and Whitaker developed a fine-tipped 

cellular probe consisting of a platinum/platinum black electrode housed within an 

electrolyte-filled glass micropipette [57]. This probe was capable of measuring 

membrane potential and protoplasm pH of individual algae while maintaining cell 

viability. Graham et al. and later Ling developed 2 - 5 µm and sub-micrometer 

electrolyte-filled glass micropipettes, respectively, and utilized them to study the 

membrane potential of muscle fibers [58–60].  

Enhanced control over tip geometry including diameter, taper, and length was 

provided as glass micropipette manufacturing methods advanced from hand-drawn to 

complex mechano-electrical pulling systems [61,62]. Although this advancement enabled 

the production of even finer-tipped electrodes better suited for cellular studies, it 
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inadvertently led to challenges using the micropipettes as electrodes [63,64]. As the tip 

diameter decreased, increasing electrolyte concentrations were required to maintain a 

sufficient electrode resistance to measure the small electrical signals generated within 

individual cells [65]. These relatively high electrolyte concentrations can reduce cell 

viability if they leak into the cytoplasm. Further, the rigid tips can lead to organelle 

damage and are prone to breaking upon contacting a rigid surface. 

By using quartz micropipettes as templates to produce integrated carbon 

nanopipes, we can exploit the beneficial features of the quartz structures, namely 

electrical insulation and rigid macroscale barrel, while avoiding the drawbacks associated 

with liquid electrolytes. By depositing and subsequently exposing a thin carbon layer 

within the micropipette, probes with fine, conductive, and flexible tips and insulated, 

rigid, and macroscale barrels can be produced and serve as the scaffold on which to 

produce unique small-scale sensors [34,66].   

2.2. QUARTZ CAPILLARIES 

Established template-based nanomanufacturing processes will be built upon to 

produce carbon-based nanoprobes suitable for potential applications including fluid 

transport, biomedical interfacing, and electrochemical and thermal sensors [34,67]. A 

low-cost, high-throughput CVD process is utilized to deposit carbon within novel silica-

based templates. This simple template-based manufacturing process allows the carbon 

devices to be integrated into millimeter scale silica-based templates without nano-

assembly, facilitating commercialization.  
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2.2.1. Template Selection and Formation  

Fabrication of the electrochemical nanoprobes begins with the preparation of a 

silica-based template. Glass templates were selected because glass is an electrically 

resistive, biocompatible material. While any type of glass with a softening temperature 

above that required for carbon film deposition could serve as a template, quartz glass 

substrates were selected for use in this study as they have the highest softening 

temperature and resistivity of the available glass capillaries.  

Three quartz capillaries were investigated in this work. Initially, single barrel 

capillaries (Sutter Instrument Co.) were investigated as they have the most basic 

geometry. Quartz Theta Capillaries (Sutter Instrument Co.) were selected as templates as 

they possess a geometry of two independent channels separated by a quartz septum. 

Finally, Multibarrel Quartz (Sutter Instrument Co.) capillaries consisting of seven fused 

quartz barrels each with an initial outer and inner diameter of 0.33 mm and 0.16 mm, 

respectively, were employed. A cross section of the Multibarrel Quartz capillaries is 

presented in Figure 2-1. 

To form a nanoscale tip, it was required to “pull” the quartz capillaries, following 

the well-established methodology of drawing glass capillaries into micropipettes [62]. 

Due to the high softening temperature of quartz, a CO2 laser-based micropipette puller 

(Sutter Instrument Co., P-2000F) was used to pull the capillaries into nanopipettes. 

Pulling parameters including heat, filament, delay, velocity, and pull strength enabled 

control over the micropipette tip size and geometry. The resulting pipettes had tips in the 

micro- to nanoscale, depending on the pulling parameters utilized during template 

formation. The pulling parameters used for each template are described in Table 2-1.  
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Table 2-1: Template formation parameters used to fabricate single 

barrel and theta quartz templates. Note that the values are unitless 
 

Template Line Heat Filament Velocity Delay Pull 

Single Barrel 
1 700 4 55 130 55 

2 700 4 55 130 250 

Theta 
1 750 4 50 175 100 

2 750 4 60 135 175 

Multibarrel 1 800 4 80 160 160 

 

2.2.2. Carbon Deposition 

The quartz micropipettes served as a template for a CVD process which, under 

controlled conditions, was capable of depositing carbon on the inner lumen of the pipette. 

As mentioned above, the shape of the template was determined by the parameters used 

during the pulling process ultimately providing control of the shape of the deposited 

carbon film.  

The CVD process includes three phases: ramp-up, deposition, and cool-down, as 

shown in Figure 2-2. During the ramp-up phase the furnace is heated to the desired 

temperature under an argon environment to purge the system of oxygen. Once the desired 

temperature is reached, the deposition period begins by flowing a hydrocarbon gas 

through the heated furnace where it decomposes and deposits a carbon film on the 

template. The deposition phase is maintained until the desired film thickness is achieved 

at which point the flow of hydrocarbon gas is ceased and the furnace is allowed to cool 

under an argon flow to maintain the oxygen-free environment and thereby prevent 

oxidation of the carbon layer.  
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Figure 2-2: Chemical Vapor Deposition Process 

Chemical vapor deposition (CVD) process parameters used to produce 

nanosensors by thermally decomposing a carbon-based vapor on the 

surface of quartz templates. The solid blue line indicates the temperature 

setting of the furnace while the red dashed lines indicate the temperature 

limits of the process imposed by the softening temperature of quartz and 

the thermal decomposition temperature of methane. 

 

The CVD process was performed in a single stage, tube furnace (Thermo 

Scientific Lindberg Blue M Mini-Mite Tube Furnace, 30 cm heated length) at 

atmospheric pressure as illustrated in Figure 2-3. Methane and argon were utilized as 

carbon source and carrier gasses, respectively, as previously established [34]. The argon 

flow rate was regulated by a floating ball rotameter (Airgas Y21 B652). The methane 

flow rate was regulated by a mass flow controller (Aalborg GFC17). Samples were 

loaded into a quartz tube (inner tube diameter: 25mm, tube length: 60cm) located in the 

resistance heated furnace. Samples were positioned towards the middle of the tube to 

encourage full thermal development of the gas.  
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Figure 2-3: Schematic of CVD system. 

 

 

To calculate the thermal entrance length (𝑥fd,t), it is first necessary to determine 

whether the flow of interest is within the laminar or turbulent regime by calculating the 

Reynolds Number (Re). The Reynolds number, defined as the ratio of inertial to viscous 

forces within a fluid, is defined as follows for flow within a circular pipe. 

Re =
𝜌𝑉avg𝐷𝑝

𝜇
 2-1 

where ρ is the fluid density, Vavg is the average fluid velocity, Dp is the pipe diameter, and 

µ is the dynamic viscosity of the fluid. It should be noted that the CVD process relies on 

a mixture of argon and methane and thus special consideration must be taken when 

determining the Re of the flow. However, to simplify the analysis the combined flow will 

be considered to be comprised of a single component at the combined flow rate. The most 

extreme case will be utilized to demonstrate the highest possible thermal entrance length. 
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The properties used in the analysis, as seen in Table 2-2, are at atmospheric pressure and 

950°C and the flow conditions were 165 sccm through a 25 mm diameter tube. For both 

the methane and argon cases, Re was found to be less than 2040 and thus can be 

considered laminar. 

 

Table 2-2: Properties used to calculate the thermal entrance length of 

the CVD furnace. Properties are at atmospheric pressure and 950 °C 
 

 Methane Argon  

Density [kg·m-3] 0.246 0.614  

Dynamic Viscosity [Pa·s] 2.33 × 10-5 2.82 × 10-5  

Specific Heat [K·kg·K-1] 435 520  

Thermal Conductivity [W·m-1·K-1] 0.1290 0.09.36268  

Reynolds Number 8.65 9.36  

Prandtl Number 0.0786 0.5470  

Thermal Entrance Length [mm] 0.85 6.4  

 

 

For laminar flow in a pipe, the thermal entrance length (𝑥fd,t) can be expressed as 

a function of the pipe diameter (D), and Prandtl number (Pr) [68]. 

𝑥fd,t ≈ 0.05𝐷𝑅𝑒𝑃𝑟 2-2 

where Pr represents the ratio of momentum to thermal diffusivity and can be expressed as 

follows: 

𝑃𝑟 =
𝑐𝑝𝜇

𝜅
 2-3 
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where cp is specific heat, κ is thermal conductivity. Again, these properties are at 

atmospheric pressure and 950°C. 

The most extreme thermal entrance length is 6.40 cm which is less than the 

location of the samples (15 cm from entrance) and thus the gas can be considered as fully 

thermally developed. As shown in Figure 2-4, this predicted thermal entrance length of 

6.40 cm is consistent with the deposition of carbon visible on the tube furnace walls. 

As described in Section 1.2.4, previous reports of carbon nanostructure-tipped 

devices have relied on the use of an iron-based catalyst to promote carbon deposition on 

the interior of the template. In this work, it was found that by adjusting the CVD process 

parameters, specifically the temperature and gas flow rates, the use of a catalyst could be 

avoided. While some carbon was deposited on the exterior of the pipette, this was 

minimal compared to the carbon deposited on the template lumen. This is likely due to an 

increased number of molecule-surface interactions in the confined region of the lumen 

resulting in a higher rate of carbon deposition [69]. By refining the process parameters 

(minimizing temperature and adjusting the ratio of argon to carbon source flow rate, seen 

in Figure 2-8) to promote deposition on the lumen and minimize deposition on the 

exterior the use of a catalyst was avoided which simplified the manufacturing process and 

reduced the manufacturing time by one day. 

2.2.3. Template Removal 

The CVD process resulted in silica-based structures with a carbon film along the 

entire length of the lumens. To remove the template and expose tubular structures of 

carbon, established microfabrication procedures were employed [70]. Hydrofluoric acid 

(HF), a wet etchant commonly used to remove silica-based materials, was employed to 
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selectively etch the tip of the quartz templates to expose the carbon structures. The 

carbon structure appeared to remain unaffected by the HF etchant. Buffered hydrofluoric 

acid (BHF, 10:1) was employed to reduce the etch rate and thereby provide improved 

control over the length of exposed carbon.  

 

 

Figure 2-4: Quartz tube used in CVD process showing carbon 

deposition. 

 

 

The thickness of the quartz template increases as the distance from the tip 

increases. When the tip of the pipette was dipped in a BHF bath, “layers” of quartz are 

removed, subsequently exposing additional lengths of carbon. This allows for the etching 

rate to be controlled by time, regardless of how far the tip is submerged in the BHF bath, 

as seen in Figure 2-5. With this method, large quantities of carbon tips could be etched 

simultaneously. 
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Figure 2-5: Schematic of the etching process. 

Etching process used to selectively remove the quartz template from the 

tip of the nanoprobe. Time is used to control the length of exposed carbon 

as the quartz thins near the tip and is etched more rapidly.  

 

2.2.4. Results and Discussion 

Furnace Characterization 

The temperature profile of the furnace was characterized parallel to the direction 

of the gas flow. As seen in Figure 2-6, it was found that there was a large variation in 

temperature along the central axis, but the temperature was consistent over time. Further, 

it took 90 minutes for the temperature to stabilize, as shown in Figure 2-7, but it was 

found that it was only necessary to wait 30 minutes from the start of the heating process 

until the introduction of the reactant gas.  
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Figure 2-6: Thermal characterization of furnace tube. 

Temperature profile along the central axis of the furnace tube under the 

influence of 1000 sccm Ar. Data from two different dates were recorded 

and found to be consistent. Grey dashed line represents region where the 

sample holder is located. 

 

 

Figure 2-7: Time dependent temperature of the center of the furnace. 
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Table 2-3: Flow rates investigated for CVD process. 
 

Scenario Temperature 
[°C] 

Ratio (Ar: CH4) 
Argon 

Flow Rate 
[sccm] 

Methane 
Flow Rate 

[sccm] 

Duration 
[h] 

(1) 950 1:3 124 372 4 

(2) 950 2:1 330 165 4 

(3) 950 3:1 372 124 4 

 

 

 

 

Figure 2-8: Effect of Ar:CH4 ratio on carbon deposition. 

Variation in qualitative carbon deposition as a function of Ar:CH4 flow 

rate. The Ar:CH4 flow rate ratios are defined as follows – 1) 1:3, 2) 2:1, 3) 

3:1 

 

 

Table 2-4: Carbon Deposition Parameters for Silica-Based Templates 
 

Template Temperature 
[°C] 

Argon Flow 
Rate [sccm] 

Methane 
Flow Rate 

[sccm] 

Duration 
[h] 

Single 950 330 165 4 

Theta 950 330 165 4 

Multibarrel 950 1000 165 4 

Photonic Crystal Fiber 950 300 200 4 
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Single Barrel Pipettes 

The manufacturing parameters that lead to consistent production of single-barrel 

pipettes were investigated. A previously-developed program was employed to form the 

quartz pipette templates, described in Table 2-1 [71].  

Table 2-3 describes some of the argon to methane ratios investigated. As shown in 

Figure 2-8, a 2:1 ratio of argon to methane was found to deposit a sufficient amount of 

carbon while a 1:3 ratio led to an over-deposition on the template exterior and a 3:1 ratio 

resulted in insufficient carbon deposition on the lumen.  

A half-cylinder quartz sample holder was used to constrain the quartz 

micropipettes during the CVD process as when the samples were placed directly into the 

tube furnace, variation in carbon deposition along the pipette axis was observed, as 

shown in Figure 2-9. The samples were placed directly on the bottom of the sample 

holder. Three different sample holders were investigated to determine which resulted in 

the best carbon deposition: 1) a half cylinder with one open end and one closed end 

positioned downstream, 2) a half cylinder with two closed ends, and 3) a half cylinder 

with on open end and one closed end positioned upstream. As seen in Figure 2-10, when 

the open end of the sample holder was positioned upstream, the carbon deposited near the 

tip of the micropipette was more opaque than scenario 1 or 2. A more opaque carbon 

deposition qualitatively indicates that more carbon was deposited on the template. As 

such, sample holder orientation 2 was used in subsequent CVD processes.  
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Figure 2-9: Carbon deposition when micropipettes were placed 

directly in tube furnace. 

 

 

 

 
Figure 2-10: Effect of sample holder orientation on opacity of carbon 

film. 

 

 

Chemical vapor deposition parameters presented in Table 2-4 were demonstrated 

to be capable of producing probes. The carbon-coated probes were etched in BHF for 3 

minutes to expose approximately 2 µm of carbon at the tip, as seen in Figure 2-11. The 

average tip diameter and length with standard deviation are presented in Table 2-5. 
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Figure 2-11: SEM micrograph of a single barrel pipette showing the 

carbon tip and partially etched quartz template 

 

Table 2-5: Tip Diameter and Length for Pipettes 
 

Template 
Number 

of 
Samples 

Tip 
Diameter 

[nm] 

Etch 
Time 

[s] 

Length 
[nm] 

Pipe 
Width 
[nm] 

Pipe 
Separation 

[nm] 

Single 10 181 ± 101 180 2273 ± 

1239 

n/a n/a 

Theta 20 315 ± 100 30 194 ± 112 113 ± 50 43 ± 3 

Multibarrel 7 222 ± 29 60 325 ± 162 58 ± 7 n/a 

 

Theta Pipettes 

A template-forming program was developed for producing double-barrel 

nanoprobes, described in Table 2-1. The program was designed such that it reduced the 

tip diameter of the probes as small as possible without closing the tip. This was 

confirmed by demonstrating that the probe was capable of ejecting filtered (20 nm pore 

size filter, Anotop 10 Plus, Whatman™) Allura Red and Brilliant Blue FCF dye from the 

tip of the pipette using an injection system (Eppendorf Femtojet) observed under an 

optical microscope (AxioObserver.A1m, Zeiss). As shown in Figure 2-12 A, each barrel 
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was loaded with a unique dye color. When the system was pressurized, dye was ejected 

from both barrels as shown in Figure 2-12 B.  

 

 

Figure 2-12: Before and after ejection of dye from the tip of a theta 

pipette into an aqueous environment. 

 

 

It was found that alternative CVD parameters to those used for single-barrel 

probes were required and are described in Table 2-4. A micrograph of the resulting probe 

can be seen in Figure 2-13. The total tip size of the pipette and size of the individual 

carbon pipes is described in Figure 2-14 B and C. The width of the septum at the pipette 

tip, shown in Figure 2-14 D, indicates that this method was able to produce two carbon 

structures with a sub-50 nm spacing without the need of complicated nano-assembly 

procedures. The effect of etch time on the exposed length was investigated for etching 

times of 30, 60, 180, and 300 s. The slope of the resulting data was used to calculate the 

etch rate. As show in Figure 2-14 E, the etch rate was 3.5 nm · s-1. An optical micrograph 

of a theta pipette etched for 300 s is shown in Figure 2-15. 

 



31 

 

 

Figure 2-13: SEM micrograph of a theta pipette showing the two 

independent carbon pipes and partially etched quartz template. 
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Figure 2-14: Characterization of theta dimensions. 

A) Schematic of theta pipette. B) Overall tip diameter of theta. C) 

Individual pipe width. D) Spacing between the two independent carbon 

pipes. The grey dotted line indicates the average separation and the shaded 

grey area indicates two standard deviations. E) Average length of exposed 

carbon as a function of etch time. All measurements were collected to the 

nearest 5 nm. Data represents a sample size of 20 pipettes. 
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Figure 2-15: Optical micrograph of theta pipette etched for 300 s. 

 

 

Multibarrel Pipettes 

A third template-forming program was developed for drawing the Multibarrel 

Capillaries into pipettes, described in Table 2-1. The CVD parameters used to deposit 

carbon on the 7 lumens is described in Table 2-4.  

Carbon nanopipes with average diameters of 58  nm were integrated into a total 

tip diameter of approximately 315 nm. An average exposed carbon length of 325 nm was 

produced by wet-etching for 1 min. The resulting integrated nanostructure can be seen in 

Figure 2-16. Typically, it was not possible to resolve all 7 tips as they would collapse 

onto each other and form bundles. This could be resolved by reducing the etch time to 

expose short segments of the carbon tips. Additionally, the carbon tips were not a 

uniform length. This variation is likely stemming from the template formation process 

and could be resolved by refining the parameters used when drawing the capillary into a 

micropipette. 
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Figure 2-16: SEM micrograph of multibarrel pipette 

A) Partially etched tip and B) individual carbon pipes 

 

2.3. Photonic Crystal Fibers 

The ESM Large-Mode-Area Photonic Crystal Fiber (Thorlabs, Inc.) contains 60, 

1.25 µm diameter bores within a 125 µm diameter quartz fiber. A schematic of the cross 

section of this fiber is illustrated in Figure 2-1. Photonic Crystal Fibers are typically used 

as optical fibers however in this work they serve as a unique template for the production 

of high-aspect ratio carbon pipes. 

2.3.1. Template Selection and Formation 

Photonic crystal fibers were cut to lengths of approximately 25 mm to serve as 

templates. The protective acrylate casing was removed to expose the quartz fiber by 
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briefly soaking the sample in acetone and then pulling the fiber out from the casing. As 

the photonic crystal fiber already has micro-scale bores, no additional template formation 

steps were required. 

2.3.2. Carbon Deposition 

The carbon deposition process for the photonic crystal fiber templates closely 

resembles that described above for multibarrel capillaries. The same furnace set-up was 

utilized for deposition; however, different deposition parameters were used to achieve a 

carbon film on each of the 60 lumens of the template. These parameters are detailed in 

Table 2-4. 

2.3.3. Template Removal 

To etch the photonic crystal fibers, both ends of the fiber were attached to an 

acrylic slide with epoxy. As both acrylic and epoxy are unaffected by BHF, they shielded 

those regions of template from being etched by the BHF while the exposed regions of 

template were etched. The photonic crystal fibers and acrylic slide were completely 

submerged in a BHF bath for 24 h to completely remove the exposed region of template, 

leaving only the 60 carbon microstructures attached to the remaining quartz template on 

both ends.  

2.3.4. Results and Discussion 

Carbon micropipes with uniform diameters of 1.25 µm and a wall thicknesses of 

95 nm were produced utilizing the three-step manufacturing process. As seen in Figure 

2-17 A and B, the carbon pipes were cut to enable visualization of the cross section. The 

length of the pipes can be controlled by varying the distance between the two fixation 
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points for the etching process, described above, allowing for the fabrication of carbon 

structures with high aspect ratios as shown in Figure 2-17 C. Carbon pipes with further 

reduced diameters could be fabricated by employing a similar pulling process utilized to 

fabricate the multibarrel templates to further reduce the diameter of the template. 

 

 

Figure 2-17: SEM micrograph of photonic crystal fiber CNSs. 

A) and B) Exposed carbon micropipes formed using photonic crystal 

fiber as a template for CVD C) The three-step template-based 

manufacturing process enables the fabrication of carbon micropipes 

with high aspect ratios. 
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2.4. Diatom 

Diatoms contain nanometer to micrometer dimensioned pores within a cell wall 

ranging from approximately 2 µm to 2000 µm diameter cell wall [72]. Diatoms are 

unique in that they contain species-specific, hierarchically organized pores as small as 10 

nm in diameter and spanning orders of magnitude. This enables the fabrication of 

integrated micro- and nano- carbon pipes in a single manufacturing process.  

 

Table 2-6: Carbon Deposition Parameters for Diatoms 
 

Template Temperature 
[°C] 

Ethylene/Helium 
[sccm] 

Duration 
[h] 

Diatoms 500 165 4 

 

 

2.4.1. Template Selection and Formation 

As diatoms already have micro- and nanoscale pores, no additional template 

formation steps were required. Diatomaceous earth was mixed with distilled water and 

droplets were placed on a quartz sample holder for the CVD process. 

2.4.2. Carbon Deposition 

The diatoms were utilized in a CVD process performed in a three-stage furnace 

(Carbolite, TZF17/600, inner tube diameter: 7cm, tube length: 152cm). Again, argon was 

utilized to remove oxygen from the system while a 30/70 (vol%/vol%) ethylene/helium 

gas mixture was used as the carbon source, as described in Table 2-6. A floating ball 

rotameter and electronic flow meter were utilized to regulate the flow of the argon and 
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ethylene/helium mixture, respectively. As in the case of the other templates described 

above, the samples were positioned in the center of the tube.  

2.4.3. Template Removal 

Carbon flakes that encapsulated the diatoms, visible in Figure 2-15 B, were 

removed from the sample holder after CVD and epoxied to an acrylic slide. The slide was 

completely submerged in a BHF bath overnight (~15 h) to selective etch the diatom 

template leaving carbon structures embedded in a carbon film shown in Figure 2-15 C.  

2.4.4. Results and Discussion 

Removal of the diatom template via selective wet-etching resulted in carbon 

micro- and nanostructures embedded on a carbon flake. These carbon micro-structures 

had an average diameter of 0.42 µm with a wall thickness of 65 nm while the carbon 

nanostructures had diameters of sub 200 nm. Although a sample geometry of an etched 

diatom is presented in Figure 2-18 B-E, it can be expected from Figure 2-18 A that many 

different formations of nanostructures could be fabricated from diatom templates 

depending on the specific species of diatom used. 

2.5. CONCLUSIONS 

The work presented here demonstrates a methodology for fabricating a diverse 

range of carbon micro- and nanostructures using a three-step template-based 

manufacturing technique. The scale and geometry of the carbon structures is controlled 

by template selection. A low-cost, high-throughput CVD process was utilized to deposit 

carbon within novel macroscale silica-based templates with micro- and nanoscale bores 

and pores. This work demonstrates the versatility of this manufacturing process and the 
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effect that template selection has on the resultant CNS. The resulting carbon-structures 

were designed to readily interface with standard laboratory equipment due to their direct 

integration into macroscale devices without additional micro- or nanoassembly. 
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Figure 2-18: SEM micrograph of diatomaceous CNSs. 

A) Diatomaceous earth containing many diatom geometries which are 

utilized as templates for CVD B) Diatoms coated and embedded in carbon 

after CVD C) Exposed carbon microstructures after template removal via 

selective wet-etching of the diatom cell wall D) Exposed carbon structures 

spanning orders of magnitude in diameter E) Carbon nanopipes formed 

using diatoms as a template. 
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Chapter 3 

3. DESIGN AND FABRICATION OF A NANOSCOPIC THERMOCOUPLE 

The template-based manufacturing process described in Chapters 2 inspired the 

development of a nanoscopic thermocouple. The single barrel micropipette described in 

Section 2.2 was used as a scaffold on which to deposit thin dissimilar metallic films. 

These films generate electromotive forces when exposed to temperature gradients 

enabling the sensor to provide thermal characterization of environments. The 

performance of the thermocouple was characterized in aqueous baths. The material 

selection provided an improved thermoelectric power compared to other pipette-based 

thermocouples. In this section the development and characterization of the thermocouple 

is described.   

3.1. BACKGROUND 

3.1.1. Thermocouple Principles 

Thermocouples produce a temperature-dependent voltage because of the 

thermoelectric effect. When two dissimilar metals (A and B) are joined at two junctions 

(Tsense and Tref), an electromotive force (emf) is generated due to the temperature 

differential of the two junctions, as described in Figure 3-1. If both junctions are 

maintained at the same temperature, an equal and opposite emf will be generated at the 

junctions and the net emf will be zero. However, if the junctions are held at dissimilar 

temperatures, a non-zero emf will be generated. This temperature-dependent voltage, 
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Vemf, generation is known as the Seebeck effect. When connected to a voltmeter, 

thermocouples exploit the Seebeck effect to enable temperature measurements.  

𝑉𝑒𝑚𝑓 =  ∫ (𝑆𝐵 − 𝑆𝐴) 𝑑𝑇
𝑇𝑠𝑒𝑛𝑠𝑒

𝑇𝑟𝑒𝑓

 3-1 

where S is the Seebeck coefficient of conductors A and B, a measure of the magnitude of 

the emf generated in response to a temperature difference across the material. 

Temperature, crystal structure, and impurities influence the value of the Seebeck 

coefficient. Most importantly, the Seebeck effect is attributed to charge carrier diffusion 

[73].  

 Charge carriers, such as electrons, exist and constantly diffuse inside conductive 

materials [74]. Within the material, the energy with which these electrons travel varies in 

response to thermal fluctuations [75]. In the absence of a temperature difference, the 

charge carrier diffusion balances and thus no current is generated. However, when a 

temperature gradient is applied across the material, the hot end of the material 

experiences an increase in the concentration of high-energy charge carriers and a 

decrease in the concentration of low-energy carriers. The high-energy charge carriers 

diffuse from the high-energy hot end of the material and move towards the lower energy 

cold regions. Simultaneously, the low-energy charge carriers diffuse away from the low-

energy cold regions to the higher energy hot regions. As these two diffusion processes 

work counter to each other, a net current is only generated if one of these drifts is 

stronger than the other. Thus, the thermoelectric coefficient, S, of a material depends on 

how conductive the high-energy charge carriers are relative to the low-energy charge 

carriers. The sign of S indicates which direction of charge carrier diffusion dominates.  
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The distance between the hot and cold junction does not affect the temperature-

dependent voltage however practical considerations of thermal conduction forces the 

junctions to be positioned apart such that a known reference temperature can be 

maintained.  

 

 

Figure 3-1: Schematic of the thermocouple working principles. 

 

 

Care needs to be taken when selecting materials for the thermocouple. Dissimilar 

metals must be used when designing a thermocouple. If the materials used for each leg 

are the same or have an equivalent Seebeck coefficient, the same voltage will be 

generated along the length of each wire and no voltage difference will be generated at the 

sensing junction. It is advantageous to select two materials with very dissimilar Seebeck 

coefficients to ensure a large voltage difference is generated between the two metals. The 

difference of the Seebeck coefficients of the two materials determines the thermoelectric 

power, and thus the sensitivity, of the thermocouple. It should be noted that the term 

thermoelectric power (unit of V·K-1) is a misnomer as this term does not express a power 
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(unit of W) quantity.  A high sensitivity will allow the thermocouple to better overcome 

the overall noise in the data acquisition system and thus, resolve smaller temperature 

variations. A high sensitivity is required to adequately resolve and characterize the 

temperature profile in such a system especially as the measurement tip diameter becomes 

smaller. This requirement has led to the investigation of micro and submicron 

thermocouples.  

3.1.2. Micro and Submicron Thermocouples  

The maximum thermoelectric power of micro and submicron thermocouples is 

limited by the Seebeck coefficient for the bulk materials. However, the thermoelectric 

power achieved by these thermocouples is often less than that predicted using the bulk 

values. As described above, the thermoelectric behavior of a metal is dependent on the 

conduction mechanisms of the charge carriers in the crystal lattice. The thermoelectric 

power of a thin film can be related to the conduction mechanism of free electrons as 

follows: 

𝛼 =
𝜋2𝑘2𝑇

3𝑒𝜁
{

𝑑 ln 𝜆(𝐸)

𝑑 ln(𝐸)
}

𝐸=𝜁

 3-2 

where α is the thermoelectric power, k is the Boltzmann constant, e is the electron charge, 

T is the absolute temperature, ζ is the Fermi energy, λ is the mean free path of 

conduction, and E is the electron energy [76]. It is well established that the mean free 

path depends on the film thickness and quality [77,78]. As the film thickness is reduced, 

charge carriers are no longer able to be transferred as effectively from the hot and cold 

regions of the thermocouple. Thus, the thermoelectric power of micro- and ultramicro- 

thermocouples will be lower compared to macroscale thermocouples made of the same 
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materials. This phenomenon is reflected in the literature as the submicron thermocouples 

reported have a reduced thermoelectric power indicating that the quality of the thin metal 

films and wires is insufficient. Due to this inevitable reduction in thermoelectric power as 

the scale of the thermocouple is minimized, care should be taken to select materials that 

have a large difference in Seebeck coefficient. 

Beckman et al. developed chromel-alumel and chromel-constantan microscale 

thermocouple and reported the subsequent characterization [79]. In this work, two 0.02 

mm wires were welded to form a 0.06 mm diameter junction. This spherical junction was 

clamped between two tungsten plates to flatten it into a thin disk with a thickness of 2.5 

µm and diameter of 80 µm. The two lead wires were inserted into a thin and flexible 

double-bore quartz rod to electrically insulate the wires. This assembly was inserted into 

a stainless-steel sheath and the wire element leads were fused to larger diameter wires. 

Finally, the device was inserted into a 3.22 mm diameter stainless-steel tube and the lead 

wires were separated from the tube with epoxy. This micro thermocouple was used at a 

stationary point in a subcooled flow boiling experiment which consisted of discreet vapor 

bubbles in a flow of Refrigerant-113. In this experiment the vapor remains at or close to 

the saturation temperature while the liquid temperature may be significantly lower. The 

authors demonstrated that the thermocouple was able to distinguish the temperature of 

individual vapor bubbles from the continuous fluid. As predicted, the vapor bubbles had a 

temperature of approximately the saturation temperature of 80.1 °C while the mean fluid 

temperature was considerably lower at approximately 75 °C. 

Thin-film thermocouples which rely on junctions formed by evaporated metal 

films have been used as small scale temperature sensors [80,81]. For example, Allen et 
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al. used microfabrication patterning techniques and electroless and deposition to create a 

silver-nickel thermocouple [82]. To achieve this, a glass slide was prepared by sonicating 

in acetone, hydrolyzing the surface in a boiling water/ammonium hydroxide/hydrogen 

peroxide mixture, and then cleaning in soap, water, and ethanol. Then microchannel mold 

was prepared by contact photolithography on a silicon wafer. This mold was used to 

prepare PDMS stamps for the electroless and electrolytic patterning of thin metallic 

films. Firstly, the PDMS stamp was placed on the prepared glass slide and the 

microchannels were filled with a sensitizing agent composed of stannous (II) chloride in 

hydrochloric acid. This procedure was repeated with an activating solution consisting of 

palladium (II) chloride in hydrochloric acid. Both the sensitizing and activating solutions 

degrade rapidly and therefore must be prepared daily. The PDMS microchannel stamp 

was filled with an electroless nickel plating solution was used to deposit a thin line of 

metal. The nickel film was annealed and then electrolytically plated with another thin 

layer of nickel. The PDMS stamp was rotated to create an intersecting, perpendicular line 

to the nickel line. A commercially available electroless silver plating solution was used to 

deposit a thin line of metal as above. The device was annealed again, and a thin layer of 

silver was electrolytically deposited. The PDMS stamp was removed and the device was 

annealed in an inert environment. Through this procedure the authors were able to 

fabricate thermocouples with sensing areas of 50 – 500 µm2. This thermocouple was used 

to monitor on-chip temperature fluctuations induced by temperature fluctuations. The 

device was positioned within a microchannel and two inlets were used to introduce and 

mix hydrochloric acid and sodium hydroxide resulting in an exothermic reaction with a 
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predicted maximum temperature change of 7.1 °C. The thermocouple measured a 

temperature increase of approximately 5 °C. 

Flat nanoscale thermocouples based on nanowires have also been explored. 

Shapira et al. developed a thermocouple based on segmented gold and nickel nanowires 

[83]. First, silver was evaporated onto a 60 µm thick porous alumina oxide membrane 

with 170 nm pores. This layer served as an electrode for an electrodeposition process to 

deposit gold and nickel segments into the pores. The silver layer was then dissolved with 

nitric acid and then the alumina membrane was dissolved in heated sodium hydroxide to 

release the gold-nickel nanowires. A drop of the suspended nanowires was placed onto a 

silicon wafer coated with a 1 µm thick oxide layer and 80 µm2 contact pads were 

fabricated using electron beam lithography and evaporation of a chromium/gold layer. 

The resulting devices consisted of 10 – 20 µm long nanowires. The location of the gold-

nickel junction was not consistent among multiple devices. The design of this device 

results in three temperature junctions: one at the gold-nickel junction of the nanowire, 

one at the gold contact pad, and one at the nickel contact pad. The maximum distance 

between the sensing region (gold-nickel junction) and the reference region (the contact 

pads) is 10 µm and can be as little as 5 µm which can lead to challenges in maintaining 

the reference temperature. Thus, the authors induced self-heating in the device by 

applying a 50 µA current for a local heat generation. The authors did not report a 

measured Seebeck coefficient of the thermocouple and relied on the values for bulk 

materials to predict the thermoelectric power of the device and interpret measured 

voltages. 
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3.1.3. Micropipette Based Thermocouples 

In a review article published in 2019, Brandner expressed the importance of and 

difficulty in maintaining a reference temperature in miniaturized thermocouples [84]. The 

metals used in thermocouples leads to very fast conduction from the sensing area to the 

reference area and thus the temperature difference between the sensing and reference 

junctions can diminish rapidly. 

Micropipette-based thermocouples have been explored as they can be produced 

without tedious microassembly processes and are readily integrated into scanning probe 

microscopes. This enables their use in characterizing orders-of-magnitude larger regions 

with extremely high spatial resolution. Moreover, their high aspect ratio (tip diameter 

versus the distance between the junctions) allows one junction to be maintained at a 

reference temperature easily.  

Fish et al. reported a thermocouple consisting of a solid platinum core encased in 

a gold-coated glass micropipette [85]. To achieve this, an 80 μm diameter platinum wire 

was inserted into a borosilicate capillary with an inner and outer diameter of 0.3 mm and 

1.2 mm, respectively. This assembly was drawn using a commercially available laser 

pipette puller resulting in a platinum-filled micropipette with a tip as small as 50 nm. A 

gold film was vacuum-evaporated onto the outer surface of the platinum-filled 

micropipette with a maximum thickness of 300 Å. This work reported a thermoelectric 

power of 7 μV·K-1. However, using Seebeck coefficients available in the literature and, 

assuming the best scenario that bulk properties are retained, it was predicted that the 

thermoelectric power of the thermocouple was 5.83 μV·K-1. As described in Section 

3.1.1, it is well established in the literature that it is not possible for the measured 
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thermoelectric power of a microscale thermocouple to exceed that predicted by the 

Seebeck coefficients of the bulk materials [73–78,86]. This is because the mean free path 

of electrons is known to decrease as the film thickness is reduced and thus the charge 

carriers are unable to flow as efficiently in response to a thermal gradient. The authors 

did not attempt to explain why the measured thermoelectric power exceeded the 

theoretical limit which casts doubt on the validity of their results.  

The response time of the thermocouple developed by Fish et al. was characterized 

by using the thermocouple measure temperature changes in an aqueous droplet induced 

by a focused argon-ion laser beam with a wavelength of 1.064 μm. The thermocouple 

was submerged in droplets with no obvious convection. Sub-microsecond pulses of near-

infrared laser light was used to illuminate the droplet. As the droplet was transparent at 

the wavelength of the laser, only the thermocontact region of the thermocouple adsorbed 

heat. The kinetics of the thermocontact region cooling was monitored with sub-

microsecond resolution and a response time of 300 ns was measured. The thermocouple 

was also used to monitor laser-induced cavitation bubbles to demonstrate its ability to 

monitor rapid thermal processes. The thermocouple was held at a fixed distance from an 

optical fiber. The optical fiber was used to deliver 20 ns pulses of a 193 nm wavelength 

laser to an aqueous NaCl droplet positioned on the end of the fiber. The energy delivered 

to the droplet caused evaporation of the fluid near the fiber, resulting in boiling within the 

droplet. As these bubbles grew, they would contact the thermocouple which would record 

the temperature as it passed through the liquid and vapor phases. Finally, the 

thermocouple was used with a near-field scanning optical microscope to demonstrate the 

thermal imaging capabilities of the sensor. The thermocouple was scanned through the tip 
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of a 2 μm laser beam spot with a maximum temperature of 150 °C. Through this work the 

authors were able to generate thermal images of the focal spot of the laser beam. 

The technology developed by Fish et al. was commercialized through Nanonics 

Imaging Ltd. The thermocouple probe is marketed as a tool for static and dynamic 

thermal measurements when used as an atomic force microscopy probe. This sensor has 

been used to characterize the heat transport through gold electrodes on silicon and the 

temperature distribution of plasmonic structures for applications in controlled heating of 

liquids, thermal photovoltaics, nano-electrochemistry, heat-assisted magnetic memories, 

and nanolithography. 

In 2001, Kakuta et al. reported a hollow pipette-based thermocouple [86]. A glass 

micropipette was used as a scaffold onto which layers of platinum, polyimide, gold, and 

2-methacryloyloxyethyl phosphorylcholine copolymer were deposited. To produce this 

thermocouple, first a glass capillary was drawn into a 50 mm long micropipette with a 1 

μm diameter tip using a hot wire pipette puller. Next, a 10 nm thick chrome film and 30 

nm thick platinum film were deposited onto the surface of the micropipette by physical 

vapor deposition. An insulating polyimide layer was then applied to the micropipette 

surface. A gold thin film was deposited by physical vapor deposition. Another coating of 

polyimide was applied to the gold. Finally, a coating of 2-methacryloyloxyethyl 

phosphorylcholine copolymer was applied to provide biocompatibility.  This process 

produced a hollow thermocouple with a tip diameter of over 1 micron. The authors 

reported that there was issue with the coatings at the junction which resulted in leakage 

current which would need to be investigated in future work.  
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The thermoelectric power of the thermocouple developed by Kakuta et al. was 

determined by calibrating the sensor in a temperature controlled aqueous bath. While 

gold and platinum were selected as they are amenable to ion-sputtering however, the 

theoretical Seebeck coefficient between the two metals is 5.83 μV·K-1  and the averaged 

measured thermoelectric power of the thermocouple was 2.1 μV·K-1 (max 5.0 μV·K-1). 

The authors articulated the necessity of using a pair of metals whose thermoelectric 

power is greater than that of platinum/ gold to improve the performance of future 

thermocouples. While the thermocouple was designed to enable the delivery of reagents, 

the capability was not explored in this work.  

Later, the same group attempted to utilize the thermocouple to characterize 

cellular thermal responses [87]. The thermocouple was used to deliver norepinephrine 

into brown adipocytes. The authors proposed that the introduction of norepinephrine into 

cells would lead to a thermal response that could be captured by the thermocouple. 

However, the thermocouple was unable to detect any temperature change in the cell. The 

authors proposed to investigate alternative metal combinations to improve the resolution 

of the thermocouple to be able to overcome the signal-to-noise ratio. 

In 2011, Shrestha et al. investigated a micropipette-cased thermosensor with the 

intention of cellular-level thermal characterization [88]. This thermocouple consisted of a 

solid tin-based solder core encased in a nickel coated glass pipette. A borosilicate 

micropipette with a submicron tip opening was filled with a molten lead-free tin solder 

alloy by an injection molding process while simultaneously locally heating the pipette tip. 

The tip was beveled to remove any excess metal and sharpen the tip. Nickel was 

physically vapor deposited onto the exterior of the micropipette to form a nickel-tin 
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junction at the beveled tip. The tip was then coated in silver to reduce cytotoxicity. This 

resulted in a sensor with a tip size of 2 to 30 μm.  

The thermocouple was calibrated in a thermally insulated water bath from 35 °C 

to 39 °C and recorded a thermoelectric power of 8.46 to 8.86 μV·K-1. The standard 

deviation in the voltage measurements was 18 nV corresponding to a temperature 

resolution of 0.002 °C. The thermocouple was then used to interrogate live retinal 

pigment epithelium cells (10 – 20 μm) exposed to irradiation from a green laser beam 

focused to a spot size of 6 μm on the focal plane. During the 1.5 s laser-cell interactions, 

the thermocouple recorded the temperature of various cells as it rose from a baseline of 

approximately 25 °C to a maximum of 38 °C - 55 °C and subsequently cooled. The cell 

viability was confirmed by monitoring with a calcein fluorescent dye before and after 

laser irradiation. 

In 2014, Zhang et al. reported a fabrication method for a thermocouple 

microelectrode for scanning electrochemical microscopy applications [89]. While this 

work also relied on a glass capillary, it differs from other micropipette-based 

thermocouples as it relies on a platinum-platinum/rhodium junction formed from two 

wires. Platinum and platinum/rhodium wires with a 25 μm diameter were thinned via 

electrochemical wet etching. The wires were inserted into the barrels of a theta capillary 

to electrically isolate them and the exposed ends were joined into a spherical junction by 

melting in a flame. The theta capillary was inserted into the large end of a borosilicate 

micropipette. The two capillaries were sealed heated and sealed with epoxy. The 

micropipette tip was polished with 0.05 μm alumina particles. This work resulted in 20 

μm thermocouple with a theoretical Seebeck coefficient of 4.93 μV·K-1 while the 
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measured Seebeck coefficient was not reported. The thermocouple was used as a 

scanning electrochemical microscopy tip to characterize the thermal profile of a circuit 

board. 

The micropipette-based thermocouples described above have provided 

improvements in aspect ratio and ease-of-manufacture however they often have a reduced 

thermoelectric power due to their refined size and limited material selections. Thus, it is 

important to develop thermocouples with materials that enable better thermoelectric 

power without sacrificing the size of the sensing area. 

3.1.4. Applications 

The quantification of spatially localized temperature changes has relevance in 

studies of many physical and biological processes and systems including turbulent flows, 

cellular and subcellular biology, chemical reactions, point radiation microdetection, and 

microscopic domains [85,90]. Micro- and submicrometer thermocouples have emerged as 

useful tools for the thermal characterization of such microdomains. These thermocouples 

have provided improved spatial resolution and response times around a microsecond due 

to their reduced dimensions.  

The spatial resolution of thermocouples refers to the distance over which changes 

in temperature can be repeatably resolved. The spatial resolution depends not only on the 

size of the thermocouple junction but also the temperature gradient of the system in 

which the sensor is operating. For a given temperature gradient, the spatial resolution is 

governed both by the thermocouple tip size and sensitivity (i.e. the change in voltage per 

temperature change). In an adequately high temperature gradient, the tip size is the 

limiting factor as significant temperature changes occur over the diameter of the tip and 
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sharp temperature changes are averaged out. For systems with small temperature 

gradients, the sensitivity of the probe becomes the limiting factor as the voltage changes 

over a distances larger than the tip size are not adequately large to be discerned by the 

data acquisition system, as illustrated in Figure 3-2.  

 

 

Figure 3-2: Schematic of the dependency of spatial resolution on the 

temperature gradient of the system assuming the tip size of the 

thermocouple is adequately small. 

 

 

There are examples of using microscale thermocouples in high temperature 

gradient environments, such as boiling where bubbles in a subcooled liquid have a sharp 

temperature change at the infinitesimally thin vapor-liquid interface. For example, 

Delhaye et al. described the temperature fluctuations expected in such an experiment 

characterized by an increase in temperature as the vapor bubble approaches the 



55 

 

thermocouple and the thermocouple enters the superheated liquid layer. When the 

thermocouple enters the bubble the temperature rapidly drops to the saturation 

temperature after the evaporation of remaining fluid on the thermocouple junction. The 

thermocouple remains at the saturation temperature while it is inside the bubble. As the 

thermocouple junction exits the bubble it again rises rapidly to the superheated liquid 

temperature before returning to the supercooled liquid temperature. Beckman et al. used a 

microscale thermocouple to detect the vapor phase (saturation temperature of 80.1 °C) of 

subcooled liquid. 

An example of using a microscopic thermocouple in a system with small 

temperature gradients is found in cellular thermal sensing [91]. For example, cancer cells 

have been found to have temperatures 1.5 °C than normal cells due to increased 

metabolic activity [92]. Hyperthermia therapy uses temperatures exceeding 40 °C to 

damage cancer cells and thus requires an understanding of the influence of external 

environment on cells [93]. Further, subcellular temperature variations can arise in 

response to metabolic activities or exposure to pharmaceuticals. For example, localized 

heat production has been noted in the endoplasmic reticulum of cells after treatment with 

ionomycin, a molecule which causes an influx of calcium from the extracellular medium 

[94]. Certain compounds, including Carbonyl cyanide 4-

(trifloromethoxy)phenylhydrazone (FCCP) and carbonyl cyanide 3-

chlorophenylhydrazone (CCCP) cause heat generation in mitochondria [95]. Activities 

including DNA replication and transcription and RNA processes can cause a temperature 

difference of 0.96 °C between the nucleus and the cytoplasm [96]. 
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Infrared thermography has been used to study temperature changes within cells 

but has a spatial resolution of only ~10 µm [97]. Organic fluorophores have been 

investigated for cellular thermography but are limited by photobleaching and pH 

sensitivity. Thus, micro- and nanoscale thermocouples have emerged as an area of 

interest for thermal characterization of cells.  

Watanabe et al. and Shrestha et al. utilized microscale thermocouples to quantify 

temperature changes in individual living cells [87,98]. Watanabe et al. utilized a 

platinum-gold microthermcouple with a tip diameter of just over 1 µm to detect 

chemically induced temperature changes in adipose cells. However, the sensitivity of 

their thermocouple was not sufficient to overcome the noise in the data acquisition 

system and detect temperature changes. Shresta et al. used a tin-nickel thermocouple with 

a tip size of 2 µm to monitor laser induced temperature increases in cells. By using a 

thermocouple with a higher sensitivity and using a method of heating that lead to a larger 

temperature change, this group was able to quantify 12 °C temperature increases in the 

cells. However, due to the large tip diameter of the thermocouple they were unable to 

measure temperature gradients within the cell. Bai and Gu described the advantages 

offered by micro-thermocouples for cellular and subcellular thermal characterization 

while noting that the relatively large tip-size and low sensitivity of available sensors 

currently limit their use in such biological applications [91]. 

The characterization of the thermal conductivity of thin films (less than 1 µm) can 

be challenging due to the experimental requirements. Large thermocouples are not 

appropriate for such conditions as the lead to a significant heat loss due to convection. 

Traditional plate techniques of thermal conductivity measurement are dominated by 
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interfacial thermal resistance rather than thermal conductivity of the thin film [99]. Thus, 

microthermal couples have emerged as useful tools to overcome these limitations and 

characterize the thermal conductivity of thin films [98]. However, as described in Section 

3.1.2 the sensors used in such studies have a low thermoelectric power, relatively large 

tip sizes, and complex manufacturing requirements.  

Small-scale thermocouples have also been employed in the temperature 

characterization of plasmonic devices. In 2014, Desiatov et al. identified one of the main 

challenges in thermal plasmonics is the lack of methods to accurately map the 

temperature profile of plasmonic devices [100]. Non-contact methods have been explored 

to overcome this obstacle however the spatial resolution of far-field techniques is limited 

by diffraction. Thus, the authors expressed the need of contact methods, including 

thermocouples, with adequately high spatial resolution resulting from a small tip size. 

The authors used a commercially available nanoscale thermocouple produced by 

Nanonics Imaging, Ltd. to map the temperature profile of a plasmonic device. 

3.1.5. Thermocouple Design 

To improve the sensitivity of micropipette-based thermocouples, alternative metal 

pairs were investigated. Nickel and gold were identified as they have Seebeck 

coefficients of -18.0 and +1.79 µV·K-1, respectively [101]. By taking the difference 

between the S of each material, the maximum thermoelectric power of a gold-nickel 

thermocouple is predicted to be 19.79 µV·K-1 which is higher than other micropipette-

based thermocouples reported in the literature, as summarized in Table 3-1. While gold 

has been utilized in existing micropipette-based thermocouples, nickel has not yet been 

explored. Two possible manufacturing methods emerged to integrate nickel into the 
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system. Firstly, a nickel wire could be sealed into a quartz capillary and drawn into a 

pipette using a laser-based pipette puller as commonly described in gold-platinum 

micropipette thermocouples. However, while there has been reports of sealing tungsten, 

stainless steel, and platinum in glass pipettes, this method has not been investigated with 

nickel wires. The second method involved depositing a nickel film on the pipette lumen. 

Traditionally, physical vapor deposition has been employed to deposit metallic films on 

the exterior of micropipette-based thermocouples however, due to practical limitations, 

this method is not conducive to depositing a film on the lumen of a pipette. There are 

commercially available solutions for the electrolytic deposition of nickel however these 

require an electrically conductive surface which does not exist on a glass pipette. 

To overcome this obstacle, the thermocouple described in this chapter relies on 

the carbon-based single barrel micropipette described in Chapter 2. The carbon film 

serves as an electrode and enables the controlled deposition of nickel onto the lumen of 

the pipette, as seen in Figure 3-3. The quartz pipette serves as an electrically insulting 

layer between the two metallic films. Quartz also has a low thermal expansion and good 

thermal shock resistance which serves to prevent disruption of the metallic layers 

deposited on the template. A thin gold film is then deposited onto the exterior surface of 

the pipette via traditional physical vapor deposition methods. A junction is formed 

between the gold and nickel at the tip of the pipette and a second junction is formed at the 

macroscale end of the pipette. As mentioned above, it is important to have a high aspect 

ratio thermocouple to enable the maintenance of a reference temperature. Micropipettes 

have high aspect ratios and thus are good candidates for thermocouple templates.  
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As the exterior metallic film is formed from gold, the least reactive metal, 

degradation due to corrosion or oxidation is avoided. Nickel is also a nonreactive metal 

and when exposed to oxygen forms a thin protective coating of nickel oxide which 

prevents further corrosion from occurring. The low reactivity of the metallic films is 

expected to enable the thermocouple to perform well in a variety of practical 

environments.  

 

 

Figure 3-3: Schematic of the thermocouple fabrication process. 

Schematic of the steps involved in the manufacturing process: (1) a 

template is formed by drawing a quartz capillary into a nanopipette, (2) a 

thin layer of carbon is deposited within the template using chemical vapor 

deposition, (3) a layer of nickel is electrodeposited on the lumen (4) a 

layer of gold is vapor deposited onto the surface of the pipette. 

 

 

The described thermocouple offers several advantages offer currently available 

micropipette-based thermocouples. Firstly, the proposed thermocouple has a higher 

thermoelectric power than similar sensors reported in the literature which will provide 

enhanced temperature sensitivity. The thermocouple has a minimized tip diameter to 

offer improvements in spatial and temporal resolution. The template-based manufacturing 

method is flexible and amenable to many different length-scales and geometries. Further, 
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the manufacturing process was designed to enable the fabrication of a hollow 

thermocouple to simultaneously deliver reaction-enabling materials into microdomains 

and detect corresponding changes in temperature.  

3.2. METHODOLOGY 

3.2.1. Thermocouple Fabrication 

The carbon-based thermocouple is manufactured in four main processing 

procedures: (i) Fabricate a single barrel carbon-based nanopipette as described in Section 

2.2; (ii) Coat the lumen with nickel (iii) Coat the exterior of the pipette with gold (iii) 

Establish an electrical connection to the nickel and gold films at the macroscale end of 

the probe to enable direct interfacing with standard electrochemical equipment. 

Fabrication of a Single Barrel Carbon Nanopipette 

A single barrel quartz pipette was coated with carbon as described in Section 2.2. 

Briefly, a quartz capillary (Sutter Instruments) was drawn into a micropipette using a 

laser-based pipette puller (Sutter Instruments, P-2000F). The micropipette was used as a 

template in a CVD process which deposited a layer of carbon on the lumen of the pipette. 

For this work, the quartz template at the pipette tip was not removed. To ensure that the 

tip was not completely filled with carbon, filtered (20 nm pore size filter, Anotop 10 Plus, 

Whatman™) 15 µM rhodamine B labeled dextran (Invitrogen™, excitation/emission 

(nm): 555/580) was ejected from the tip of the pipette using an injection system 

(Eppendorf Femtojet) and observed under an optical microscope (AxioObserver.A1m, 

Zeiss) with a Cy 3 filter. As seen in Figure 3-4, the device was able to deliver the dextran 

into an aqueous environment.  
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Electrodeposition of Nickel 

The carbon coated pipette was filled with 5 µL of Watts Nickel Plating Solution 

(Transene Company Inc) via a Microloader tip (Eppendorf) after preheating the solution 

to 50 °C. A preliminary electrical connection was established with the carbon film by a 

crimped tin-coated copper wire. A 60 pA current was applied for 90 s to form a nickel 

film on the carbon coating via electrodeposition. The tin-coated copper wire was 

removed once the electrodeposition process was completed. Any remaining plating 

solution was aspirated with a Microloader tip from the macroscale end of the pipette.  

 

 

Figure 3-4: Ejection from micropipette. 

Before and after ejection of rhodamine B labeled dextran from the tip of a 

single barrel pipette into an aqueous environment. Images were brightened 

for clarity.  

 

 

Physical Vapor Deposition of Gold 

Gold was deposited onto the surface of the quartz pipette via physical vapor 

deposition using a SPI-Module Sputter Coater and Vacuum Base (SPI Supplies). A gold 

target was used with argon as a sputtering gas. The pipette was positioned horizontally in 
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the vacuum chamber and an 18 mA current was applied for 120 s. The pipette was then 

flipped, and the process repeated to coat both sides of the pipette.  

The thickness of the gold film formed via vapor deposition can be predicted as 

follows: 

𝑑 = 𝐾𝐼𝑝𝑉𝑡 3-3 

where d is the thickness of the film in angstroms, K is an experimentally determined 

constant (0.17 Å·A-1·V-1·s-1 for gold used with argon), Ip is the plasma current (18 mA), 

V is the applied voltage (1 kV), and t is the sputtering time in seconds (120 s) [102]. 

Thus, it was predicted that a 36 nm thick film was deposited onto the surface of the 

pipette. 

Establishing an Electrical Connection to the Nickel and Gold Film 

To ensure that the gold and nickel films were not in contact at the macroscale end 

of the pipette a fine-grit sandpaper was used to mechanically remove any material layer. 

Electrical connections to the nickel film was established by inserting a tin-coated copper 

wire into the lumen at the distal end of the pipette. The wire was then adhered to the 

distal end of the pipette with dielectric wax (Apiezon, Wax W). As the macroscale end is 

directly integrated into the ultramicro tip, by connecting the film at the large end of the 

pipette, electrical connection to the tip was established. Another tin-coated copper wire 

was wrapped around the macroscale end of the pipette in contact with the gold film. This 

wire was again adhered to the pipette with dielectric wax with care taken to avoid 

contacting the two individual wires.  
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3.2.2. Thermocouple Characterization 

Fabricated thermocouples were visualized with an upright microscope (Zeiss, 

Axio Scope.A1) and captured with a camera (Zeiss, Axiocam 503, mono) and Zen 

microscope software. Micrographs were generated by scanning electron microscopy with 

a Tescan Mira3 Scanning Electron Microscope at 20 keV and 20 - 40 kX magnification. 

Thermocouple dimensions were measured from these micrographs.  

The steady-state thermal response of the thermocouple was characterized in 

deionized water at four different temperatures. Ice water (~0 °C), room temperature (~20 

°C), warm (~40 °C), and hot (~60 °C) water baths were analyzed. The warm and hot 

water baths were actively maintained on a hot plate. The reference water temperature was 

simultaneously recorded with a K Type thermocouple (Omega, ± 2.2°C). The tips of 

submicron and reference thermocouples were submerged into the water bath at each 

temperature. The voltage was recorded immediately upon placing the thermocouple tip 

into the water bath. The voltage was recorded using a Gamry Reference 600 (Gamry 

Instruments). When preparing the standard curve of potential versus temperature, discrete 

data points from multiple experiments and sensors were averaged and used to determine 

the standard deviation. 

3.3. RESULTS AND DISCUSSION 

3.3.1. Thermocouple Fabrication 

As seen in Figure 3-5, the thermocouple produced with this method had a tip 

diameter of approximately 475 nm which corresponds to the sensing area of the 

thermocouple. The deposited gold was in the form of a heterogenous film with a 
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maximum thickness of approximately 60 nm. As seen in Figure 3-6, the length of the 

thermocouple was 4.5 cm resulting in a tip diameter-to-length aspect ratio of 106. Having 

a high aspect ratio will enable the maintenance of the reference temperature at the 

junction located at the macroscopic end of the pipette. 
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Figure 3-5: SEM micrograph of the thermocouple. 

 

Figure 3-6: Image of entire micropipette-based thermocouple. 
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3.3.2. Steady-State Thermocouple Characterization  

The thermoelectric performance of the thermocouple was characterized in an 

aqueous bath. The thermocouple generated an electric potential in response to changes in 

the junction temperature induced by submerging the micropipette tip in cooled, room 

temperature, and heated water baths. One thermocouple was used to record 7 continuous 

measurements each lasting 30 s with 1 data point collected per second (Figure 3-7).  

It can be noted in Figure 3-7 that the thermocouple was able to respond to 

changes in environmental temperature consistently over several cycles. As predicted in 

Section 3.1.2, the response of the thermocouple was depressed as compared to the 

response predicted using Seebeck coefficients of bulk materials. 

The response of the thermocouple was stable as shown by steady response of the 

thermocouple at ambient temperature where no or very minimal temperature changes are 

expected. The average response of the thermocouple over this period was -13.5 ± 1.2 µV. 

The standard deviation of the response is within the >2 µV rms noise and ripple, Vrms, of 

the potentiostat used in the data acquisition system as reported by the manufacturing 

company. The total peak-to-peak magnitude, Vp-p, of the noise and ripple is defined as 

follows: 

𝑉𝑝−𝑝 = 2√2 ∙ 𝑉𝑟𝑚𝑠  3-4 

Thus, Vp-p of the noise and ripple is 5.7 µV. As shown in Figure 3-8, all but one of the 60 

data points collected over the 60 s period fall within the expected noise of the system. It 

can also be noted that although the two temperature junctions are at equivalent 

temperatures (ambient) the potential generated by the thermocouple is not centered on 0 

V. This offset is likely due to the background noise of the system and could be eliminated 
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by shielding the system with a Faraday cage during the experiment or background 

subtracting the data during post-processing as is standard practice in electrochemical 

experiments.  

 

 

Figure 3-7: Thermocouple response in water baths. 

The response of the thermocouple when submerged in water baths of 

varying temperatures. The dashed lines represent the values predicted by 

values of the Seebeck coefficient for bulk materials. 
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Figure 3-8: Thermocouple response at room temperature. 

The response of the thermocouple at room temperature over a 60 s period. 

The dashed line is the average response and the shaded grey area 

represents the noise and ripple of the potentiostat reported by the 

manufacture. 

 

In another experiment, a thermocouple produced in a different batch was used to 

collect 7 discrete data points in three different temperature baths. These 7 discrete data 

points were averaged with the final voltage recorded over the 60 s cycles shown in Figure 

3-7 for each water temperature to generate the standard curve shown in Figure 3-9. The 

final voltage was selected to avoid averaging in the response of the thermocouple as the 

hot water bath was heating and the ice water bath was melting. A linear model of the 

form 𝑦(𝑥) = 𝑚 ∙ 𝑥 + 𝑏 was fit to this data to determine the thermoelectric power. The 

slope, which indicates the thermoelectric power, was 14.9 µV·K-1 with an R2 of 0.98. The 

thermoelectric power was predicted using the S values for the bulk materials (resulting in 

a thermoelectric power of 19.79 µV·K-1) and Equation 3-1 for the temperature range 

tested. As expected, the results obtained using the thermocouple were slightly less than 

the predicted thermoelectric power. As described above, the thermoelectric power of thin 

films is reduced compared to the bulk materials. This has specifically been observed for 
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nickel thin films under 300 nm [83]. Further, Equation 3-1 also predicts this behavior, as 

described above. The heterogeneous gold film likely reduces the mean free path of the 

electrons thus reduces performance compared to the predicted behavior of bulk metals 

[88]. Even with these losses, the thermoelectric power of this thermocouple was still 68% 

higher than the best performing micropipette-based thermocouple available in the 

literature. This thermocouple performed comparably to larger silver-nickel 

thermocouples (silver and gold have the same S and are therefore expected to respond 

similarly). Despite having a significantly larger junction (50 µm2 to 500 µm2) and thicker 

metallic layers (above 1 µm) the microfabricated silver-nickel thermocouple produced by 

Allen et al. (described in detail in Section 3.1.2) had a thermoelectric power of 16 µV·K-

1, only 7% higher than the thermocouple produced in this work. 

 

Figure 3-9: Standard response of the thermocouple. 

Vertical error bars are the standard deviation in the measured potential 

generated by the thermocouple. The horizontal error bars are the error 

associated with a K-type thermocouple used to measure the temperature of 

the water bath. The dashed line represents the response of the 

thermocouple predicted using the Seebeck coefficients of the bulk 

materials, i.e. the maximum thermoelectric power. 
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The efficiency of the thermocouple is defined as the ratio of the electric energy 

generated to the thermal energy absorbed at the hot junction. The maximum efficiency is 

determined from the efficiency of both metals and the electrical and thermal losses 

resulting from connections and losses to the surroundings. When these losses are ignored, 

a figure of merit known as the Ioffe criteria, Z, which indicates the performance of 

thermocouples can be described as follows: 

𝑍 =
α𝐴𝐵

2

[(𝜌𝐴𝜅𝐴)1 2⁄ + (𝜌𝐵𝜅𝐵)1 2⁄ ]2
 

3-5 

 

where αAB is the thermoelectric power of the thermocouple, ρ is the electrical resistivity, 

and κ is the thermal conductivity of the two metals [103]. A higher Z typically is 

associated with a better performing thermocouple as it indicates that the device has a 

large thermoelectric power to produce adequate voltage and low thermal conductivity to 

minimize conductance between the hot and cold junctions and thereby maintain a 

reference temperature and a low electric resistivity to minimize Joule heating [104]. 

As determined above, the thermoelectric power of the thermocouple is 14.9 

µV·K-1 and it is known that nickel and gold have an electrical resistivity of 6.03 × 10-8 

and 2.44 × 10-8 Ω·m, respectively, and a thermal conductivity of 99 and 318 W·m-1·K-1, 

respectively. Given these parameters, the Z of the thermocouple was determined to be 0.9 

× 10-5 K-1 which is comparable to the value reported for a microfabricated thermocouple 

with a 50 – 500 µm2 sensing area (1.0 × 10-5 K-1) [82]. For further comparison, the Z 

values for the micropipette thermocouples summarized in Table 3-1 were also calculated 

using the material properties and Equation 3-5. As seen in Table 3-2, the Z value for the 

thermocouple fabricated in this work was 207% higher than the next-best performing 
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thermocouple. For reference, the Z of high-performing semiconductor 

microthermocouples can be as high as 1.8 × 10-5 K-1 [105].  

The time constant, τJ, of the thermocouple junction, which is indicative of the 

response time, is calculated as follows: 

𝜏𝐽 =
𝜌𝐽𝑉𝐽𝑐𝑝𝐽

ℎ𝑐𝑜𝑛𝑣𝐴𝐽
 3-6 

Where ρJ is the mass density of the junction, cJ is the specific heat of the junction, 

VJ is the volume of the junction, AJ is the area of the junction, and hconv is the convective 

heat transfer coefficient at the surface of the junction. To assume a worse-case scenario, 

the ratio of VJ to AJ was calculated assuming that the gold film completely covered the 

thermocouple tip (i.e. the thermocouple was not hollow) and that the fluid environment is 

water in the state of natural convection (hconv is ~ 10 W-1·m·K-1). Using Equation 3-6 and 

the material properties of gold, the time constant of the thermocouple is 10 µs.  
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Table 3-1: Summary of Micropipette-Based Thermoelectric Power. 

Authors Year 
Material 

A 
Material B 

Thermoelectric Power [µV·K-1] Tip 

Diameter 
Solid (S) or Hollow (H) 

Predicted Measured 

Fish et al. 1995 Platinum Gold 5.83 7 50 nm S 

Kakuta et al. 2001 Platinum Gold 5.83 2.1 >1 µm H 

Shrestha et 

al. 
2011 Tin Nickel 17.5 8.46 - 8.86 2 -30 µm S 

Zhang et al. 2014 Platinum 
Platinum-

Rhodium 
4.93  20 µm S 

This Work 2020 Gold Nickel 19.79 14.9 475 nm H 
 

 

Table 3-2: Summary of Figure of Merit, Z, for Micropipette-Based Thermocouples. 

Authors Year α [µV·K-1] 

Material A  Material B 

Z [K-1] 
Material ρ [Ω·m] κ [W·m-1·K-1]  Material ρ [Ω·m] 

κ [W·m-

1·K-1] 

Fish et al. 1995 7 
Platinu

m 
1.06 × 10-7 71.6 Gold 2.44 × 10-8 314 

0.16 × 10-5 

Kakuta et al. 2001 2.1 Platinu

m 

1.06 × 10-7 71.6 Gold 2.44 × 10-8 314 0.01 × 10-5 

Shrestha et al. 2011 8.86 Tin 1.10 × 10-7 62.1 Nickel 6.03 × 10-8 99 0.28 × 10-5 

This Work 2020 14.9 Gold 2.44 × 10-8 314 Nickel 6.03 × 10-8 99 0.86 × 10-5 
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3.4. CONCLUSIONS 

In this Chapter the development of a novel carbon-based, thermocouple was 

described. Nickel and gold films were deposited on the micropipette to enable 

temperature sensing in aqueous environments. The manufacturing process and material 

selection resulted in a thermocouple with an improved performance over other 

thermocouples with larger tips. The thermocouple was shown to have an 68% increase in 

thermoelectric power and 207% increase in the Ioffe criteria relative to other 

micropipette-based thermocouples while maintaining a sub-500 nm tip size. The 

ultramicro-thermocouple was designed to readily interface with standard laboratory 

equipment due to its direct integration into a macroscale quartz capillary. This sensor has 

the potential to become a widely available tool for the thermal characterization of 

microenvironments.   
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Chapter 4 

4. DESIGN AND FABRICATION OF AN ELECTROCHEMICAL 

NANOSENSOR 

The development, fabrication, and characterization of a novel two-electrode 

nanosensor contained within the tip of a needle-like probe is described below. This sensor 

consists of two, vertically aligned, carbon structures which function as individual 

electrodes. One of the carbon structures was modified by silver electrodeposition and 

chlorination to enable it to function as a pseudo-reference electrode. Performance of this 

pseudo-reference electrode was found to be comparable to that of commercially available 

Ag/AgCl reference electrodes. The unmodified carbon structure was employed as a 

working electrode versus the silver-plated carbon structure to form a two-electrode sensor 

capable of characterizing redox-active analytes. The nanosensor was demonstrated to be 

capable of electrochemically characterizing the redox behavior of para-aminophenol 

(PAP) in both bulk solutions and microenvironments. PAP was also measured in cell 

lysate to show that the nanosensor can detect small concentrations of analyte in 

heterogenous environments. As the working and reference electrodes are contained 

within a single nanoprobe, there was no requirement to position external electrodes 

within the electrochemical cell enabling analysis within very small domains. Due to the 

low-cost manufacturing process, described in Figure 4-1, this nanoprobe has the potential 

to become a unique and widely accessible tool for the electrochemical characterization of 

microenvironments.  
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Figure 4-1: Schematic of the steps involved in the nanoelectrode 

manufacturing process. 

(1) a template is formed by drawing a quartz theta capillary into a 

nanopipette, (2) a thin layer of carbon is deposited within the template 

using chemical vapor deposition, (3) the quartz template is selectively 

removed at the tip of the nanoprobe using wet-etching techniques (4) a 

layer of silver is electrodeposited onto one of the carbon electrodes. 

 

4.1. BACKGROUND 

4.1.1. Development of Ultramicroelectrodes 

Ultramicroelectrodes have emerged as promising tools for the electrochemical 

investigation of small domain systems including individual cells. Nanoelectrodes offer 

several advantages over traditional macro- and microscale electrodes the most obvious of 

which is a high spatial resolution and the ability to interrogate extremely small spaces 

which were previously inaccessible due to large electrode sizes. This ability to 

manipulate and position electrodes in confined spaces enables highly localized sensing. 

Further, electrodes are only capable of sensing species within their diffusion layer which 

decreases linearly with electrode size [106]. The miniaturized diffusion layer associated 

with nanoelectrodes ensures measurements with high spatial resolution. 

The reduced electrode area results in a relatively large electrical double layer 

capacitance and a small resistor-capacitor time constant, indicative of a quickly charging 
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capacitor [107]. As such, it is possible to perform voltammetric measurements at a 

megavolt per second rate permitting ultrafast analysis. Further, ultramicroelectrodes 

express a minimal voltage drop, also known as an iR drop, and thus can be used to 

perform electrochemical analysis in solutions with high electrical resistance such as those 

containing little or no added supporting electrolyte. This is advantageous in physiological 

environments where it is potentially harmful to add supporting electrolytes.  

The most common ultramicroelectrodes fabrication methods include glass-sealed 

metal nanoelectrodes, mass-produced nanoelectrodes, and carbon filled nanopipettes 

[66,108–111]. Carbon filled nanopipettes rely upon an amorphous carbon tip which is 

flexible yet strong.  

Carbon-based nanopipettes were fabricated using a template-based CVD 

manufacturing protocol which produces integrated carbon structures [34]. These carbon 

nanopipettes were demonstrated as useful tools for intracellular delivery and 

electrochemical sensors [66,112,113]. A pyrolytic method of producing carbon 

nanopipettes was developed which relied on the decomposition of a carbon-based gas 

such as methane or butane [114,115]. Although this method was unique in that it allowed 

for the selective deposition of carbon in an individual barrel of a multi-barrel probe it did 

not permit for high-throughput manufacturing of the devices as only a single device can 

be produced at a time.  

4.1.2. Electrochemical Detection in Microenvironments 

Micro- and nanoscale electrodes have been an area of active research interest due 

to their ability to investigate microenvironments and provide insight into both 

fundamental and applied science including single-cell physiology, single-molecule and 
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particle detection, reaction kinetics, electrical double layer effects, and high-resolution 

imaging [3,113,116–118]. Microdroplets are used to mimic small-volume environments 

such as those found in biological research and portable devices or in the pursuit of 

“green” analytical chemistry which aims to minimize the economic and ecological costs 

of research by reducing the amount of expensive reagents required and waste produced 

[47]. Prior to advancements in micro- and nanofabrication processes, droplets would be 

deposited on the surface of the working electrode with a reference electrode positioned 

within the droplet, limiting the applicability and spatial resolution of such systems 

[119,120].  

As manufacturing techniques advanced and electrode size reduced, needle-like 

working electrodes could be positioned within microdroplets, ranging from pico- to 

micro- liter volumes [47,121,122]. Insulated scanning tunneling microscope tips and 

fibers with sharp tips down to 50 nm in diameter were employed as working electrodes in 

small domains including individual cells [123,124]. Metallic sputter-deposited 

nanopipettes and optical fibers were reported as electrodes for scanning electrochemical 

imaging [125,126]. Concurrently, metals fused in quartz nanopipettes, with tip diameters 

approaching 1 nm, were being employed as small-scale electrodes [127,128]. This 

fabrication method led to the development of dual-electrode systems formed by encasing 

two 200 nm platinum wires within micrometer-sized pipette tips [129]. Additional 

nanoelectrode fabrication methods include attaching a single carbon nanotube or metal 

nanowire to a macroscopic structure for use in microdroplets and individual cells 

[115,121,130]. These manufacturing methods produce single working electrodes and 
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required the use of external liquid junction reference electrodes or pseudo-reference 

electrodes, which ultimately increased the overall footprint of the electrochemical cell.  

Electrode systems consisting of working and reference electrodes contained 

within a single tip emerged as convenient tools for performing electrochemical analysis 

in droplets but had relatively large tip dimensions of tens of µm to 1 mm [131,132]. 

Multifunctional nanoprobes developed for scanning electrochemical microscopy, with 

liquid junction working and reference electrodes contained within a single 200 nm to 1 

µm tip emerged as tools for high-resolution imaging [52,114]. While these tools worked 

well for imaging, they rely on the use of aqueous electrolyte filled barrels, which presents 

integration challenges for point-of-care or consumable sensing device applications. 

Further, aqueous electrolyte-based sensor systems inhibit interfacing with non-aqueous 

environments which have sparked recent interest as solvents due to their ability to 

enhance enzyme stability and activity as well as the facilitating enzymatic catalysis of 

water sensitive reactions [133]. 

Changes in the voltammetric and amperometirc behavior of microelectrodes have 

been demonstrated as the electrochemical environment was reduced from micro- and 

nano- to picoliter volumes [122].  Thus, it is crucial to perform calibration experiments in 

environments with similar volumes to that of the intended domain as results obtained in 

bulk volumes will not mimic those obtained in the small volumes found in many physical 

and biological applications. 

Typically, either microfabricated electrochemical cells or microdroplets are used 

to mimic the small-volume biological environments for initial electrochemical 

characterization of an electrode [121,122,132,134–136]. These droplet-based methods 
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allow for electrodes to be positioned within the small volume cell while avoiding 

complicated microfabrication processes. Prior to the reduction of electrode size, the 

droplet would be deposited on the surface of the WE [119,120]. As manufacturing 

techniques advanced and electrode size reduced, needle-like working electrodes could be 

positioned within the microdroplets [121,122,131,132,137]. The relatively large size of 

traditional liquid junction REs, such as saturated calomel electrodes, prohibit their use in 

the study of microenvironments. Thus, pseudo-reference electrodes (including Ag, 

Ag/AgCl, and Pt wires) are often employed as they can be positioned within the droplet. 

A self-contained, solid two-electrode system has not yet been reported in the 

literature. To produce a working and reference electrode contained within a single 

nanoscopic tip, we developed, fabricated, and characterized a fine-tipped dual-electrode 

system that relies on a carbon-based working electrode and silver-plated carbon pseudo-

reference electrode. To promote scalability and thus widespread accessibility of the 

technology, template-based nanomanufacturing methods were employed [34,49,138–

140], along with a novel method of forming a reference electrode. Carbon nanostructures 

were formed at the tips of pulled glass capillaries and exposed via wet etching to form 

nanoscale electrodes. One electrode was coated with silver using electrodeposition to 

form a pseudo-reference electrode. The nanoscale tip was directly integrated into a 1 mm 

diameter structure to allow for convenient handling and interfacing with standard 

laboratory equipment. The manufacturing process is low-cost and high-throughput with 

the potential for large-scale production, enabling future wide-spread utilization of the 

technology. The fabrication of the nanoprobe is completed entirely outside of a clean 

room, resulting in a highly accessible tool. The reported manufacturing procedure 
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resulted in a structure with a fine, yet robust tip capable of withstanding modification and 

electrochemical characterization. 

4.1.3. Electrochemical Detection of Para-Aminophenol 

The utility of the novel two-electrode nanosensor was demonstrated using para-

aminophenol (PAP). PAP has relevance in several areas of industry and research and has 

been found in the pharmaceutical preparation of the antipyretic and analgesic 

paracetamol [141]. As PAP is associated with nephrotoxic and teratogenic effects, the 

United States and Europe have placed limits on the concentration of PAP contamination 

in pharmaceutical acetaminophen [142,143]. PAP is also used in the production of 

commercial dyes, as a photographic developer, and a petroleum additive. The wide-

spread use of PAP in industrial applications resulted in a high risk of it being released 

into the environment as a pollutant, motivating researchers to develop PAP sensors 

[144,145]. Further, PAP has been determined to have biological significance as it is the 

product formed when β-galactosidase hydrolyzes p-aminophenyl galactopyranoside 

(PAPG). PAP has been widely used as a marker of β-galactosidase for the detection of 

senescent cells, anti-HIV antibodies, and bacterial contamination in water and dairy 

samples [146–149]. The widespread significance of PAP necessitates the development of 

a simple analytical method of detecting PAP. 

Previous works focused on characterizing the redox behavior of PAP have studied 

single concentrations of 1 mM and 0.5 mM or considered a range of concentrations from 

0 - 550 µM [67,150,151]. Here, the lower range of PAP concentrations was investigated 

in small increments to demonstrate the improved sensitivity and resolution of the 

electrode system. In this work, the electrodes ability to detect PAP in bulk solution as 
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well as in 50 nL aqueous droplets was investigated. The probe was capable of measuring 

PAP concentrations in the range of 10 – 50 µM with a response comparable to that of the 

probe’s carbon nanoelectrode versus a larger commercially available reference electrode. 

This work demonstrates a low-cost, high-throughput method of forming two working 

electrodes in very close proximity, a method of modifying nanoscale electrodes to form 

nanoscale pseudo-reference electrodes, and a self-contained, solid two-electrode 

nanosensor for electrochemical analysis in aqueous microenvironments. 

4.1.4. Electrochemical Detection of β-Galactosidase 

β-galactosidase (β-gal), an enzyme that catalyzes the hydrolysis of β-galactoside 

into monosaccharides, has served as an indicator for the detection of Escherichia coli in 

clinical, food, dairy, and water samples, and anti-HIV antibodies in serum [147,148,152–

155]. Electrochemical detection methods must rely on indirect measurements of β-gal as 

the enzyme is not electrochemically active. The oxidation of p-aminophenol (PAP), a 

product of the catalytic reaction of β-gal and p-aminophenyl β-D-galactopyranoside 

(PAPG), has been used to indirectly detect the presence of β-gal [156]. The utility of 

electrochemical techniques lies in the capability to detect β-Gal activity in real-time.  

Initial attempts of electrochemically monitoring β-Gal activity began in the 1990s 

and utilized amperometric detection techniques. As previously described, β-Gal is not 

electrochemically active and thus requires the use of a substrate for detection. p-

Aminophenyl-β-ᴅ-galactopyranoside (PAPG) was identified as a suitable substrate as it 

undergoes an enzymatic reaction in the presence of β-Gal to produce p-aminophenol 

(PAP). p-Aminophenol was detectable at 200 mV vs Ag/AgCl with a 50 nM detection 

limit using a glassy carbon working electrode in a pH 7 phosphate buffer [157]. A peak 
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separation of 92 mV was found indicating a fully reversible, two-electron transfer 

reaction. 

Scanning electrochemical microscopy was utilized to characterize the activity of 

β-Gal from Escherichia coli [158]. Again, PAPG was utilized as a substrate with a 

platinum ultramicroelectrode working electrode in a pH 7 phosphate buffer. The 

reversible oxidation peak of PAP was identified at 190 mV vs 3M Ag/AgCl at a scan rate 

of 100 mV·s-1. An irreversible oxidation peak of PAPG was identified at approximately 

590 mV. This high, relative to that of PAP, oxidation peak occurs as the reaction involves 

the energy-consuming process of breaking a strong ether bond. By scanning only to a 

maximum of 400 mV vs 3M Ag/AgCl, the oxidation of PAP can be identified without 

interference from PAPG.  

The electrochemical characterization of β-Gal activity was compared to the 

traditional fluorometric Miller assay in Escherichia coli [159]. The amperometrically 

generated signal from the enzymatic β-Gal and PAPG reaction was compared to that of 

PAP to estimate the concentration of enzyme within live cells. The developed 

correlations between electrochemical measurements and Miller Units enabled the 

prediction of one response from the other. While the Miller assay is limited to use in 

lysed cells, the electrochemical detection of β-Gal can be performed in both lysed and 

whole cells. Further, electrochemical characterization provides more rapid responses 

using simpler techniques. 
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4.2. METHODOLOGY 

4.2.1.  Electrode Fabrication  

The carbon-based nanoprobe is manufactured in three main processing 

procedures: (i) Fabricate a carbon-based nanopipette with two independent carbon pipes 

contained within a single nanoscopic tip as described in Section 2.2; (ii) Establish a 

connection between the carbon film at the microscale ends of the probe to enable direct 

interfacing with standard electrochemical equipment; and (iii) Coat one of the carbon 

nanopipes with Ag/AgCl to serve as a RE. 

Establishing an Electrical Connection to the Carbon Film 

Electrical connections to the carbon tips were established by inserting a tin-coated 

copper wire into each lumen at the distal end of the pipette. To reduce contact resistance 

between the wire and carbon coating the lumen, the wire was coated with two-part silver 

paint (Electron Microscopy Sciences). Each wire was then adhered to the distal end of the 

pipette with dielectric wax (Apiezon, Wax W), with care taken to avoid contact of the 

two individual wires. The continuous carbon coating electrically connected the point-of-

contact of the wire with the exposed nanostructures at the tip of the pipette. It was noted 

that the CVD process resulted in a layer of carbon on the exterior of the probe that led to 

extraneous signals during electrochemical experiments. Thus, a fine-grit sandpaper was 

used to mechanically disconnect the layer, rendering it inert. 

Formation of a Reference Electrode 

To produce a nanoprobe capable of performing electrochemical measurements, 

one of the carbon tips was modified to serve as a reference electrode while the other 

remained unmodified to serve as a working electrode. One of the two carbon electrodes 
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was coated with silver via electrodeposition and then chlorinated to form a pseudo-

Ag/AgCl reference electrode. Electrodeposition is the process of depositing a thin 

metallic layer on the surface of an electrode by passing an electric current through an 

electrolyte containing dissolved metal cations, as depicted in Figure 4-2. Faraday’s law of 

electrolysis was utilized to determine the current required to deposit a thin layer of silver 

onto one of the carbon barrels:  

𝑚 =
𝑄𝑀

F𝑧
 4-1 

where m is the mass of substance, Q is the total electric charge passed through the 

substance, F is Faraday’s Constant (96485 C·mol-1), M is the molar mass of the substance 

(108 g·mol-1), and z is the number of valence ions in the substance (1). The mass of silver 

deposited on the carbon barrel can be determined as follows:  

𝑚 = 𝜌𝐴𝑠𝑙𝜇 4-2 

Where ρ is the density (10.49 g·cm-3), As is the surface area, and d is the thickness of the 

deposited substance. Further, Q can be expressed as the product of i, the current passed 

through the electrode, and t, the duration which the current is applied to the electrode. 

Thus, Faraday’s law can be expressed as follows: 

𝑖𝑡 = 𝜌𝐴𝑠𝑑
F𝑧

𝑀
 4-3 

Based on micrographs of the barrel, it can be approximated that As is 10 µm2. As it was 

not yet determined what d would produce a sufficient layer of silver to function as a 

pseudo-reference electrode while not significantly increasing the diameter of the 

nanosensor, 5 nm was selected. A Q of 9.4 × 10-10 C was calculated however as it was 

anticipated that this may underestimate the deposition rate and due to limitations of the 
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potentiostat, a 60 pA current was applied to one of the carbon electrodes for 60s, 

corresponding to a Q of 3.6 × 10-9 C. 

 

 

Figure 4-2: Schematic of electrodeposition process. 

Electrophoretic deposition of silver onto the surface of one of the carbon 

pipes to form a chlorinated silver pseudo-reference electrode. 

 

 

The electrodeposition of silver was isolated to a single nanostructure while the 

entire pipette tip was immersed in a commercially available standard silver-plating 

solution (Transene Company Inc.) due to the insulating layer of quartz. A silver wire 

served as the anode. The silver-coated electrode was chlorinated to form an Ag/AgCl 

pseudo-reference electrode by bathing in a chlorine-based solution (Liquid Clorox) for a 

minimum of 15 minutes. The resultant probe consists of distinct working and reference 

nanoelectrodes protruding from a single sub-500 nm tip to form a two-electrode 

electrochemical cell localized at the end of a pulled glass capillary. 
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4.2.2. Electrode Characterization 

Fabricated electrodes were visualized by scanning electron microscopy with a 

Tescan Mira3 Scanning Electron Microscope at 20 keV after sputter coating with 

gold/palladium (SPI Supplies). Average values of electrode diameter, length, and 

separation were obtained from these micrographs. 

Electrochemical characterization was conducted in phosphate buffered saline 

(PBS) and cell lysate. PBS was prepared using sodium phosphate dibasic (Fisher 

Scientific), potassium phosphate monobasic (Sigma-Aldrich) mixed to pH 7.2, 50 mM of 

phosphate. 100 mM sodium chloride (EMD Chemicals) was added as a supporting 

electrolyte. A stock solution of 40 mM PAP (Sigma-Aldrich) was prepared daily in PBS 

at 70 °C. All solutions were sparged with N2 and care was taken to reduce the amount of 

light the PAP was exposed to minimize oxidative effects. Human embryonic kidney 293 

(HEK-293) whole cell lysate (2 × 106 cells · ml-1) was prepared in PBS without 

supporting electrolyte or N2 sparging. 

Cyclic voltammograms were obtained for PBS as baseline and concentrations of 

10-50 µM PAP using a Gamry Reference 600 (Gamry Instruments) within a Faraday 

cage. To capture the oxidation peak of PAP at +160 mV and avoid extraneous side 

reactions, cyclic voltammetry was conducted in the potential range of -100 to 400 mV at 

a scan rate of 10 mV s-1 [157,158]. The potential range was scanned three times at each 

analyte concentration to ensure stabilization of the system. Standard curves were 

generated from baseline-subtracted current measurements at 400 mV from the third scan. 

Electrode capacitance was calculated by dividing the total voltammetric charge by the 

scan rate [160].  
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Cyclic voltammograms were obtained for the unmodified carbon pipe (henceforth 

referred to as CP) versus a commercially available Ag/AgCl reference electrode (CH 

Instruments, CHI111) in an 80 mL electrochemical cell and for CP versus the 

electroplated carbon pipe (henceforth referred to as “CP-Ag/AgCl”) in an 80 mL 

electrochemical cell.  

The enzymatic β-Gal and PAPG reaction was characterized. Recent 

electrochemical β-Gal sensors have had sensitivities in the range of 9.4 × 10-5 – 4.7 × 10-1 

U·mL-1 [154,161–163]. For this work, 2.5 × 10-2 U·mL-1 β-Gal was characterized with 10 

– 50 µM PAPG in 7.2 pH PBS with 100 mM NaCl added as a supporting electrolyte. 

Voltammograms were collected 5 minutes after adding PAPG to the β-Gal solution to 

allow the reaction to progress. The PBS solution was exchanged and the electrode was 

cleaned between each differrent PAPG concentration. 

4.2.3. Electrode Characterization in Microenvironments 

Optical characterization and monitoring of the droplet electrochemistry 

experiments were performed using an upright microscope (Zeiss, Axio Scope.A1) and 

captured with a camera (Zeiss, Axiocam 503, mono) and Zen microscope software. The 

droplet and nanosensor were positioned in the view field with a manual micromanipulator 

(World Precision Instruments, Kite Manual Micromanipulator KITE-R).  

Microenvironments were prepared by placing 50 nL droplets of varying PAP 

concentration on the end of a 1 mm diameter solid quartz rod (Sutter Instrument). The 

carbon nanoprobe was positioned in the droplet using a manual micromanipulator under 

an optical microscope enclosed in a custom Faraday cage. The probe was rinsed in PBS 
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between each change in concentration. Reagents were prepared and voltammograms were 

collected as described in Section 4.2.2. 

4.3. RESULTS AND DISCUSSION 

4.3.1. Single Nanoelectrode Characterization 

As a proof of concept, initial experiments were performed using a three-electrode 

system consisting of a single-barrel sensor (Figure 4-3) as a working electrode, a 

commercially available reference electrode, and a platinum wire counter electrode in a 

pH 7.2 phosphate buffer with 100 mM NaCl as a supporting electrolyte. The single barrel 

electrode was produced as described in Section 2.2 with three minutes of etching to 

expose the carbon nanoelectrode. The redox conversion of PAP to p-iminoquinone was 

studied from concentrations 10 – 100 µM. Increases in analyte concentration led to a 

proportional increase in peak current as seen in Figure 4-4 A. This experiment was 

repeated with single-barrel sensors produced from different batches. As seen in Figure 

4-4 B, a linear relationship was found between the concentration of PAP and the current 

measured at 400 mV with an average R2 of 0.99 for three electrodes. These results 

indicated that it was possible to establish an electrical connection to the nanoscopic 

carbon electrode. 

 

Figure 4-3: Micrograph of single-barrel electrode 
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A                                                                     B 

 

Figure 4-4: Electrochemical characterization of PAP using a single 

barrel nanosensor WE and a commercially available Ag/AgCl RE. 

A) Background subtracted response and B) Standard curve of the average 

electrochemical characterization. Error bars represent the standard 

deviation for a n of three. Cyclic voltammograms were recorded in a PBS 

solution containing 100 mM NaCl at a scan rate of 10 mV·s-1. 

 

It is known the PAP will oxidize when exposed to light and oxygen. While care 

was taken to minimize exposure by sparging all solutions with argon and performing 

experiments in a dark Faraday cage, some exposure to light and oxygen was inevitable. 

To quantify these effects, voltammograms were collected every 10 minutes for 130 

minutes at 20 µM PAP in PBS with 100 mM NaCl as a supporting electrolyte. As seen in 

Figure 4-5, degradation of the species, indicated by deviation from the peak current from 

the initial peak current, was noted at a rate of 0.8% per minute. As a typical set of 

experiments takes approximately 45 minutes to complete, this corresponds to only a 3.6% 

loss of signal over the course of the analysis. 
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Figure 4-5: Degradation of PAP over time. 

Degradation of PAP due to oxidative effects of light and oxygen. Cyclic 

voltammograms were recorded in a PBS solution containing 100 mM 

NaCl at a scan rate of 10 mV·s-1. 

 

4.3.2. Characterization of Reference Electrode Performance 

As seen in the X-ray photoelectron spectroscopy (XPS) spectra shown Figure 4-6, 

a silver peak was identified in samples after the electrodeposition process but not before, 

indicating that a silver layer was formed on one of the CNPs.  To investigate the ability to 

manufacture a pseudo-reference electrode by electroplating and chlorinating a single 

barrel electrode, again a three-electrode electrochemical cell was used to characterize the 

PAP-p-iminoquinone redox couple. A commercially available glassy carbon electrode 

(CH Instruments CHI111) was used as a working electrode, an electroplated single-barrel 

probe was used as a reference electrode, and a platinum wire was used as a counter 

electrode in a pH 7.2 PBS with 100 mM of NaCl as a supporting electrolyte. The results 

of this measurement were compared to those obtained using a commercially available 
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Ag/AgCl reference electrode and an uncoated single barrel. As seen in Figure 4-7, the 

results obtained with the electroplated single and commercially available Ag/AgCl 

reference electrode were consistent while the uncoated single was unable to serve as a 

stable reference electrode. This indicates that the electroplating processes enables the 

probe to function as a RE and not some other intrinsic property of the single-barrel 

probes. 

 

Figure 4-6: XPS spectra of samples before and after silver 

electrodeposition. 
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A two-electrode cell consisting of a nanoprobe WE and electroplated nanoprobe 

RE was used to characterize the redox reaction of PAP. Again, the analysis was 

performed in pH 7.2 PBS with 100 mM NaCl as a supporting electrolyte. Concentrations 

of PAP ranging from 0 to 50 µM were characterized, as seen in Figure 4-8. As seen in 

Figure 4-9, the standard curve with this two-electrode cell was similar to that obtained 

when using a three-electrode cell with a commercially available RE and counter 

electrode. The peak current increased linearly with concentration of PAP with an R2 

value of 0.98. These results indicated that it was possible to convert a nanoscale carbon 

electrode to a stable chlorinated silver pseudo-reference electrode that would perform 

comparably to commercially available Ag/AgCl electrode. 

 

 

Figure 4-7: IV curve of the electrochemical characterization of PAP 

for three scenarios: 

i) glassy carbon WE vs a commercially available Ag/AgCl RE, ii) glassy 

carbon WE vs an electroplated single barrel nanosensor, and iii) glassy 

carbon WE vs a single barrel nanosensor. Cyclic voltammograms were 

recorded in a PBS solution with 100 mM NaCl at a scan rate of 10 mV·s-1. 
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Figure 4-8: IV curve of the electrochemical characterization of PAP 

utilizing a single barrel nanosensor WE vs an electroplated single 

barrel nanosensor RE. 

Cyclic voltammograms were recorded in a PBS solution containing 100 

mM NaCl at a scan rate of 10 mV·s-1. 

 

 

Figure 4-9: Standard curve of a single barrel electrode versus an 

electroplated single barrel electrode compared to the average 

response when using a commercially available Ag/AgCl RE. 

Cyclic voltammograms were recorded in a PBS solution containing 100 

mM NaCl at a scan rate of 10 mV·s-1. 
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4.3.3. Characterization of Independent Electrode Performance 

The needle-like probe, shown in Figure 4-10, consists of two independent 

nanoelectrodes within a nanoscopic tip as described in Section 2.2. The electrical 

connections and insulation of each barrel, prior to modification by electroplating, was 

initially tested by cyclic voltammetry in bulk solutions. Each barrel was independently 

utilized as a working electrode versus a commercially available Ag/AgCl reference 

electrode (CH Instruments). The redox potential of PAP was studied in concentrations of 

10 – 50 µM. Figure 4-11 shows the typical relationship between the concentration of 

analyte and the peak current obtained upon stabilization of the voltammogram. A linear 

model of the form 𝑦(𝑥) = 𝑚 ∙ 𝑥 + 𝑏 was fit to this data. The response of each electrode 

was similar with slopes of approximately 2 and 2.5 pA/µM and R2 values of 0.97 and 

0.99 for CP and CP-Ag/AgCl respectively, indicating that the two working electrodes had 

similar electrochemically active areas. While Figure 4-11 shows the typical response of 

the electrodes, five additional electrodes were characterized and the resulting average and 

standard deviation of the limit of detection (LOD), R2, slope, and capacitance are 

reported in Table 4-1. The LOD was calculated using the established formula LOD=3σ/m 

where σ is the standard error of the ordinate intercept and m is the slope of the linear 

model [164]. The average background current of the six electrodes was 6 pA. 

 

Figure 4-10: Optical micrograph of electrochemical sensor. 

 

 



95 

 

Micrographs were analyzed to determine the average individual electrode 

diameter (d), length (L), and electrode separation (S) by measuring these parameters to 

the nearest 5 nm. For a sample size of six, average dimensions of w = 113 ± 50 nm, L = 

194 ± 112 nm, and S = 43 ± 3 nm were measured. 

 

 

Figure 4-11: Electrochemical characterization of individual carbon 

electrodes. 

Voltammetric response of each carbon tip, prior to modification, versus a 

commercially available Ag/AgCl reference electrode in a PBS solution 

containing 100 mM NaCl and 0 – 50 µM PAP at a scan rate of 10 mV·s-1. 

 

 

The results of this electrochemical characterization and subsequent analysis 

indicated that there were two electrically independent nanoelectrodes contained within a 

single nanoscopic tip capable of detecting small concentrations of redox species. These 

results were significant as they demonstrate that two independent nanoelectrodes exist 

within a nanoscale footprint which can be used individually for analyte sensing and 

duplicity. As the electrodes function independently, they can be individually 
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functionalized and addressed for multi-analyte sensing. Further, these results indicate that 

a single electrode can be modified to serve as a reference electrode resulting in an all-in-

one electrochemical sensor.  

 

Table 4-1: Average behavior of nanosensors in various experimental 

configurations. 

 CP vs Ag/AgCl CP vs CP-Ag/AgCl CP vs CP-Ag/AgCl 

n 6 6 3 

Environment PBS + NaCl PBS + NaCl PBS + Cell Lysate 

LOD [µM] 8.6 ± 5.0 12.6 ± 5.3 12.4 ± 2.8 

R2 0.97 0.95 0.97 

Current at 50 µM 

[pA] 

108.4 ± 43.4 67.4 ± 13.5 16.6 ± 2.2 

Slope [pA·µM-1] 2.1 1.6 0.4 

Capacitance [nF] 0.6 ± 0.3 1.0 ± 0.8 0.4 ± 0.1 
 

 

 

4.3.4. Characterization of Self-Contained Electrochemical Nanosensor 

Performance 

Silver electrodeposition and chlorination of one of the carbon electrodes enabled 

it to serve as a pseudo-reference electrode in a two-electrode electrochemical cell. The 

resulting nanosensor is shown in the SEM micrograph in Figure 4-12. As seen in Figure 

4-13, cyclic voltammograms were obtained before and after electroplating the probe to 

demonstrate that the silver-coating was enabling CP-Ag/AgCl to function as a reference 

electrode. Prior to electroplating (Figure 4-13 A), CP versus CP-Ag/AgCl was unable to 

detect changes in PAP concentration. Upon electroplating and chlorinating CP-Ag/AgCl 
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(Figure 4-13 B), the two-electrode system was able to detect changes in PAP 

concentration. The voltammetric response of CP versus CP-Ag/AgCl was comparable to 

results obtained from CP versus a commercially available Ag/AgCl reference electrode. 

Figure 4-14 shows the average response of each scenario for six different nanosensors. 

The average LOD, R2, slope, and capacitance are reported in Table 4-1. The average 

background current of six nanosensors was 32 pA.  

 

 

Figure 4-12: SEM micrograph of the tip of the fabricated electrode 

system. 

 

As shown in Figure 4-13 A, when one unmodified electrode was used as a 

working electrode and the other unmodified barrel as a reference electrode in a two-

electrode configuration, the average current at 400 mV and 50 µM PAP deviated 4 pA 

from the baseline and fell within the noise of the current indicating that the two-carbon 
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electrode configuration was unable to detect changes in PAP concentration. However, 

when used in the CP vs Cp-Ag/AgCl configuration, a linear increase of current with 

respect to PAP concentration was observed with an average slope of approximately 1.6 

pA per µM and an R2 value of 0.95 for six different electrodes, indicating that the 

electrode was functional and able to detect changes in PAP concentration. It was 

therefore concluded that the unmodified probe was not capable of serving as a reference 

electrode and that the change in electrode behavior was a result of the electroplating 

process. These results demonstrate that a stable pseudo-reference electrode with 

performance similar to large commercially available reference electrodes can be formed 

at the nanoscale tip of a nanoprobe. 

 

 

Figure 4-13: Electrochemical characterization of the two-electrode 

nanoprobe. 

Voltammetric response of one carbon pipe versus the second (A) before 

and (B) after modifying the second to serve as a reference electrode by 

electrodepositing silver on the carbon surface. Data has been down 

sampled at a 1:2 ratio. The solid line in B shows the Butler-Volmer model 

curve fit to the 25 and 50 µM PAP data. Cyclic voltammograms were 

recorded in a PBS solution containing 100 mM NaCl at a scan rate of 10 

mV·s-1. 
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The nanosensor’s voltammetric response is quasi-steady state as predicted by 

theoretical models for cylindrical ultramicroelectrodes [165] and is similar to 

experimental voltammetric responses of ultramicroelectrodes reported by others 

[121,128,166,167].  The voltammetric response of nanoelectrodes has been described 

using the Butler-Volmer model which incorporates the electrode kinetics and diffusive 

mass transport to predict the current (i) at a given applied potential (E) [121,160,168]: 

𝑖 =
𝑖𝑑

1 + 𝑒±𝐹(𝐸−𝐸0′)/𝑅𝑇 + 𝐾0
−1𝑒±𝐹𝛽(𝐸−𝐸0′)/𝑅𝑇

 4-4 

where F and R are the Faraday and molar gas constant, respectively, and T is the absolute 

temperature. When used to represent oxidation, the negative sign and β = (1 – α) are used 

where α is the charge transfer coefficient. This dimensionless variable signifies the 

fraction of the potential at the electrode-electrolyte interface that lowers the free energy 

barrier of the electrochemical reaction.  Equation 1 was fit to experimental 

voltammograms using the nonlinear least-squares fitting procedure to determine the 

diffusion limited current (id), the formal potential (E0’), the heterogeneous electron 

transfer rate constant (K0), and α. Equation 4-4 was fit to the experimental 

voltammograms in Figure 4-13 and the resulting parameters are shown in Table 4-2. The 

E0’ and α were found to be statistically equivalent for both the 25 and 50 µM PAP 

voltammograms. As expected, the K0 varied between the two curve fits as it is dependent 

on the analyte concentration. The K0 provides information on the electrode performance 

by indicating the rate of electron transfer between the electrochemically active species 

and the electrode surface. 
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Table 4-2: Butler-Volmer curve fit parameters the equivalent 

electrode radius. 

PAP 
Concentration 

[µM] 
E'0 [mV] K0 id [pA] α R2 

r 
[µm] 

25 112.5 ± 

13.7 

1.48 ± 1.04 42 ± 16 0.88 ± 0.15 0.98 1.07 

50 112.5 ± 

02.2 

1.21 ± 0.13 73 ± 06 0.82 ± 0.06 0.99 1.86 

 

 

 

 

Figure 4-14: Comparison of fabricated reference electrode and 

commercially available reference electrode average voltammetric 

response. 

Each case represents a sample size of 6 nanosensors. 

 

The voltammetric responses of ultramicro- and nanoelectrodes can be further 

described using a variant of the Cottrell equation. Ultramicroelectrodes have traditionally 

been modeled as hemispherical electrodes at steady state [116,121,141,160]. The 

relationship between the diffusion limited current can be estimated as follows: 
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𝑖𝑑 = 2𝜋𝑛𝐹𝐷𝐶𝑟 4-5 

where n is the number of electrons transferred during the redox reaction (2 electrons for 

the redox of PAP), D is the diffusion coefficient of the redox species (6.47 × 10-6 cm2 s-1 

for PAP [169]), C is the bulk concentration of redox species, and r is the electrode radius. 

From Figure 4-12, we approximated each electrode as a hemisphere with r = 0.5 µm, 

corresponding to the diameter of the electrode at its axial middle. Using id determined 

above, it was calculated that the average corresponding r of the electrode is 1.47 µm, 

which is larger than the value of r measured from micrographs of the electrode.  

There are several possible causes for this discrepancy including an 

underestimation of the electrochemically active area due to surface roughness of the 

electrode as seen in Figure 4-12. Relative to a realistic convective transport scenario, an 

assumption of purely diffusive transport would result in an underestimation of the 

expected current [141]. Small-scale vibrations of the nanosensor could lead to convective 

disruption of the diffusion layer surrounding the electrode and result in larger currents 

than those predicted by the Cottrell equation, which assumes purely diffusive transport. 

Further, it has been proposed that although the Cottrell equation can provide a useful 

approximation of the relationship between electrochemically active area and current, it 

does not account for nonequilibrium conditions induced in the electrical double layer by 

the high flux of charged species [160,169]. The differences of our measured and 

calculated current are within the magnitude of those previously reported in the literature 

using the Cottrell equation [121]. 

The heterogeneous rate constant, k0, is of particularly use when examining the 

performance of electrode materials [170]. This constant, which is the dimensionalized 
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form of K0, indicates the speed of electron transfer between the electrochemically active 

species and the electrode surface and whether the rate of reaction is determined by the 

electrode material [170,171]. In general, a higher k0 indicates a better performing 

electrode. The k0 of a given system depends both on the analyte and electrode material 

and dimensions. The following equation is used to described k0 for an electrode: 

𝑘0 =
𝐾0𝑖𝑑

𝐹𝐴𝐶
 4-6 

Thus, Equation 4-6 can be used to dimensionalize K0 determined above. The 

results for this work and other works described in the literature are presented in Table 

4-3. In this work, a k0 330% higher than the next best performing electrode was achieved, 

indicating that the self-contained electrochemical sensor has the capability to function as 

a high-performance electrode [172,173]. The k0 of when analyzing PAP was only 

reported for macroscale electrodes and thus the performance of the self-contained 

electrochemical sensor could not be directly compared to other nanoelectrodes.  

 

 

Table 4-3: Heterogeneous rate constants for the electrochemical 

characterization of PAP 

Authors Year Electrode [PAP] k0 [cm·s-1] 

Tohidinia et al. 2020 Graphite Paste Electrode 70 µM 1.49 × 10-3 

Filik et al. 2015 Modified Glassy Carbon 100 µM 2.26 × 10-3 

Tohidinia et al. 2020 Modified Graphite Paste Electrode 70 µM 3.32 × 10-1 

This Work 2020 Amorphous Carbon Nanoelectrode 50 µM 1.43 
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4.3.5. Characterization of Electrochemical Nanosensor Aging 

The effects of repeated use on the electrochemical nanosensor was investigated by 

characterizing the redox of PAP from 10 - 50 µM three times over the course of three 

days. As seen in Figure 4-15 A, the response of the electrode varied randomly over the 

three uses with the maximum standard deviation of 4.2 pA occurring at 10 µM PAP. The 

average response of the electrode was similar to the average response of six different 

nanosensors as shown in Figure 4-15 B. These results indicate that short-term aging does 

not appreciably affect the performance of the nanosensor. In Section 4.3.4 it was 

determined that the response of the nanosensor was highly linear with an average R2 of 

0.95. Thus, it would be appropriate to perform a two-point calibration prior to using the 

nanosensor in a sensing application to achieve the most accurate results. The results of 

this Section indicate that the nanosensor would be able to withstand this additional 

characterization without negatively affecting the electrodes sensing capabilities in future 

tests.  
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Figure 4-15: Standard curve of nanosensor aging. 

A) Standard curve of the nanosensor response when used repeatedly. B) 
Standard curves showing the average response of a single nanosensor used 

three times over the course of three days to characterize the redox of PAP 

from 10 – 50 µM compared to the average response of 6 nanosensors, 

each used for a single characterization. Error bars represent the standard 

deviation of the electrode response over three uses. Cyclic 

voltammograms were recorded in a PBS solution containing 100 mM 

NaCl at a scan rate of 10 mV·s-1. 

 

4.3.6. Electrode Characterization in Heterogeneous Environments 

The two-electrode nanosensor can detect PAP in cell lysate, demonstrating the 

utility of measuring electroactive analytes in heterogeneous environments. In biological 

applications, electrodes can become passivated when exposed to biological fluids as the 

adsorption of proteins onto the surface reduces the electrochemically active area of the 

electrode. The effects of biofouling on the nanoprobe were investigated by collecting 

voltammograms in 80 mL of HEK-293 whole cell lysate for PAP concentrations of 10 – 

50 µM. Figure 4-16 shows the average standard response for 3 unique nanosensors. As 

expected, the average maximum current and slope of the standard curve of PAP 

measurements in cell lysate decreased compared to the same PAP measurements made in 

PBS. However, as noted in Table 4-1, the nanosensor’s LOD in cell lysate was similar to 

the LOD in the less contaminated PBS environment. These results highlight the utility of 
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the nanosensor in detecting PAP, and potentially other electroactive analytes, in 

heterogeneous environments where biofouling is a concern. 

 

 

 

Figure 4-16: Voltammetric response of nanosensor in cell lysate. 

Average voltammetric response of 3 nanosensors in HEK-293 lysate 

without supporting electrolyte. Error bars denote the standard deviation. 

All voltammograms were recorded at a scan rate of 10 mV·s-1. 

 

 

Many other works have reported the use of carbon ultramicro- and nanoelectrodes 

for use in cellular environments which have the potential for biofouling 

[112,113,117,118,124,174,175]. All the groups were able to quantify analyte within 

individual cells irrespective of biofouling. These reports, along with the results of this 

work, indicate that carbon nanoelectrodes are a useful electrode for analyzing 

environments where biofouling may occur. These carbon-based sensors were able to 



106 

 

quantify species of interest in biological domains despite biofouling. This evidence 

supports that no additional steps need to be taken to prevent biofouling. 

 

4.3.7. Electrode Characterization of Enzymatic Reactions 

To further demonstrate the utility of the nanosensor, the enzymatic reaction of β-

Gal and PAPG was characterized and the resulting data used to evaluate the enzyme 

kinetics. As seen in Figure 4-17, the reaction progressed until approximately 50 minutes 

after the addition of 40 µM PAPG. For consistency, voltammograms were collected at 5 

minutes to generate the standard curve seen in Figure 4-18. The Lineweaver−Burk plot 

shown in Figure 4-19 was used to determined the Michaelis−Menten constant (Km), a 

value which indicates the substrate affinity when reacting with an enzyme. A linear 

model of the form 𝑦(𝑥) = 𝑚 ∙ 𝑥 + 𝑏 was fit to the inverse of the peak current versus the 

inverse of the substrate concentration. The y-intercept (1/Imax) and slope (Km/Imax) or the 

x-intercept (-1/Km) of this linear model can be used to determine Km. Through this 

method it was experimentally determined that the Km of β-gal and PAPG was 352 µM. 

This is in agreement with the experimentally determined values reported in the literature 

of 360, 430 and 330 µM using electrochemical and spectrophotometric methods 

[147,176,177]. 
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Figure 4-17: Time dependence of the standard curve of the PAPG and 

β-gal enzymatic reaction. 

All voltammograms were recorded at a scan rate of 10 mV·s-1. 
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Figure 4-18: Standard curve of the b-gal and PAPG reaction. 

Average voltammetric response of 4 nanosensors while characterizing the 

enzymatic PAPG and β-gal in a PBS solution with 100 mM NaCl as a 

supporting electrolyte. Error bars represent the standard deviation of the 

electrode response. All voltammograms were recorded at a scan rate of 10 

mV·s-1. 

 

 

Figure 4-19: Lineweaver−Burk plot 

Lineweaver−Burk plot created from the average response of 4 electrodes 

while characterizing the enzymatic PAPG and β-gal. All voltammograms 

were recorded at a scan rate of 10 mV·s-1. 
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Figure 4-20: Two-electrode nanosensor interrogating a 

microenvironment. 

Optical micrograph of the two-electrode nanoprobe positioned in a 50 nL 

PBS droplet placed on the end of a 1 mm diameter quartz rod. 

 

4.3.8. Electrode Characterization in Microenvironments 

The nanosensor was able to detect small concentrations of redox species within an 

aqueous microenvironment. Single 50 nL droplets of 0-50 µM PAP in PBS were 

positioned on the end of a quartz rod. The nanosensor was positioned in each droplet 

using a micromanipulator under an optical microscope, as shown in Figure 4-20. To 

better mimic nonideal conditions, where the microdroplet is exposed to an atmospheric 

environment, evaporation of the droplet was not prevented.  

Evaporation increased the concentration of analyte within the droplet and resulted 

in a standard curve with a slope higher than expected, as shown in Figure 4-21. Optical 

imaging was used to quantify the impact of droplet evaporation on the change in analyte 

concentration to accurately quantify the dependence of current on PAP concentration. A 
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series of images of the droplet was collected every 5 seconds until the droplet completely 

evaporated at approximately 220 s. From these images, the droplet volume was calculated 

by modeled the droplet as a spherical segment and a plot of the droplet volume as a 

function of time, shown in Figure 4-22, was generated. A linear model of the form 

𝑦(𝑥) = 𝑚 ∙ 𝑥 + 𝑏 was fit to this data and the slope was used to determine that the 

evaporation rate was approximately 25 nL·s. This information could then be used to 

determine the concentration of the droplet at the time the peak current was measured (60 

s) using conservation of mass.  

𝐶𝑒 =
𝐶𝑜𝑉𝑜

𝑉𝑒
 4-7 

Where Ce and Ve are the concentration and volume of the evaporated droplet at 60 s and 

Co and Vo are the concentration and volume of the original, 50 nL droplet. Based on an 

evaporation rate of 25 nL·s, the droplet had lost 15 nL of volume by 60 s. The 

corresponding Ce for each Co was calculated and used to scale the standard curve. When 

the concentration of the droplet is scaled to account for evaporation during the 

experiment, the nanosensor was found to perform similarly in bulk solutions and 

microenvironments, as seen in Figure 4-21. After scaling for droplet evaporation, a linear 

increase of current with respect to PAP concentration was observed with a slope of 5.4 

pA per µM and an R2 value of 0.97. 

These results indicate that the nanoelectrode system is capable of interrogating 

small environments without the need of positioning multiple electrodes within the 

droplet. By reducing the number of probes required to perform the electrochemical 

analysis, the accessible domain size is also reduced. 
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Figure 4-21: Voltammetric response in a microenvironment. 

Voltammetric response of the nanoprobe while characterizing the redox 

behavior of PAP in 50 nL droplets containing PBS, 100 mM NaCl, and 0 

– 50 µM PAP at a scan rate of 10 mV·s-1. 

 

4.4. CONCLUSIONS 

In this Chapter a novel carbon-based, two electrode system contained within a 

single nanoscale tip capable of electrochemical analysis within microenvironments was 

described. The low-cost fabrication method was shown to be capable of producing two 

independent electrodes located within 50 nm of each other. An electrodeposition 

procedure was developed and implemented to reliably convert one of the carbon working 

electrodes to a chlorinated silver pseudo-reference electrode while maintaining the 

performance of the other working electrode. The voltammetric response of the self-

contained electrode system was modeled with the Butler-Volmer model. Cell lysate was 

used to demonstrate that the nanosensor can still detect small concentrations of analyte 

despite biofouling. As the working and reference electrodes are contained within a single 
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nanosensor, there was no need to position external electrodes within the electrochemical 

cell, enabling analysis within very small domains.  

This nanosensor has the potential to become a unique and widely accessible tool 

for the electrochemical characterization of microenvironments such as single living cells, 

“green” electrochemistry, or applications requiring high spatial resolution. The results of 

this work are significant beyond the scope of the developed nanosensor as they present a 

new method for fabricating reference electrodes which could be extended to an array of 

geometries and length-scales. 

 

 

Figure 4-22: Evaporation rate of microenvironment. 

Volume of the aqueous droplet determined via optical micrographs as a 

function of time. 
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Chapter 5 

5. CONTRIBUTIONS AND FUTURE DIRECTIONS 

Nanoscale sensors are required to study the interesting and complex physical and 

biological phenomenon which occurs in microdomains. Even microscale sensors are 

often prohibitively large and cannot access such small domains or disrupt the phenomena 

they are intended to study. As manufacturing techniques have improved, the production 

of nanoscale sensors has become an active area of research. Such sensors are often costly 

to produce and require complex manufacturing procedures. In this work, a simple 

manufacturing process was developed which enables the production of low-cost aligned 

carbon nanostructures which are directly integrated into macroscale templates. These 

carbon structures serve as the scaffold for the production of electrochemical and thermal 

nanosensors. The thermocouple developed through this research uses a novel 

manufacturing method and set of materials to overcome the reduction in thermoelectric 

performance associated with small sensor sizes. The electrochemical sensor presented in 

this work overcomes challenges associated with other nanoscale sensors by allowing a 

working and reference electrode to be located within 50 nm of each other, minimizing the 

overall sensor footprint and enabling chemical detection in microdomains.  

5.1. KEY CONTRIBUTIONS 

• A template-based method for fabricating a diverse range of aligned carbon micro- and 

nanostructures was developed.  

• Template-based synthesis enables the scalable production of carbon-structures that 

readily interface with standard laboratory equipment.  
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• The carbon structures generated with template-based synthesis were shown to be 

amenable to modification enabling them to serve as unique nanosensors.  

• Electrodeposition and physical vapor deposition were utilized to modify a carbon 

nanostructure and form a novel thermocouple with a 450 nm tip diameter.  

• The nanoscale thermocouple was able to readily interface with standard laboratory 

equipment because of its integration into a macroscale quartz capillary.  

• The nanoscale thermocouple was shown to have a 68% increase in thermoelectric 

power relative to other micropipette-based thermocouples. 

• The nanoscale thermocouple was shown to have a 207% increase in the Ioffe criteria 

relative to other micropipette-based thermocouples. 

• A novel carbon-based two electrode system with two, independent electrodes 

separated by less than 50 nm separation was developed. 

• An electrodeposition process was explored to convert a carbon nanoelectrode to a 

chlorinated silver pseudo-reference electrode while maintaining the performance of 

the nearby carbon working electrode. This enabled the production of an 

electrochemical sensor with a working and reference electrode positioned within 50 

nm of each other. 

• The electrochemical nanosensor was demonstrated to be capable of quantifying small 

concentrations of analyte in bulk environments. 

• The voltammetric response of the nanosensor was described with the Butler-Volmer 

model. 

• The electrochemical nanosensor was shown to be capable of interrogating 50 nL 

aqueous droplets without the need of an external reference electrode.  
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• The electrochemical nanosensor was demonstrated to be capable of withstanding 

biofouling by detecting small concentrations of analyte in cell lysate.  

• The electrochemical nanosensor was utilized to characterize the enzymatic reaction of 

PAPG and β-gal. 

5.2. FUTURE DIRECTIONS 

In this work, a unique method for producing nanoscopic sensors for interrogating 

microdomains was presented. A novel self-contained electrochemical nanosensor was 

described and demonstrated to be capable of detecting small concentrations of analyte in 

small aqueous droplets and heterogenous environments. A thermocouple with an 

improved thermoelectric power was described and calibrated. Some potential future 

research directions are suggested below. 

5.2.1. Thermocouple Future Directions 

Explore Alternative Metallic Coatings: As described in Chapter 3, the 

thermoelectric power of a thermocouple is dependent on the type of metals used and the 

quality of the films. As the scale of the thermocouple approaches the nanoscale, reduction 

in the quality of the film is inevitable and thus the thermoelectric power is reduced 

compared to that using the Seebeck coefficients of the bulk materials. To overcome this 

reduction in thermoelectric power and maintain adequate thermocouple sensitivity, care 

must be taken to select metals with substantially different Seebeck coefficients. In this 

work, nickel and gold were selected as they have a maximum thermoelectric power of 

19.79 µV·K-1 which is higher than that of other similar micropipette-based 

thermocouples. However, other materials can be explored to further improve the 
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thermoelectric power of the nanoscale thermocouple. For example, chromium has a bulk 

Seebeck coefficient of 21.8 µV·K-1 at 300 K and can be physical vapor deposited to form 

a thin continuous film [178]. An external chromium thin film coupled with a nickel core 

could offer a maximum thermoelectric power of 39.8 µV·K-1, double that presented in 

this work. Further, a 57 mm diameter chromium sputter target costs 675.00 USD 

compared to 625.00 USD for a 57 mm gold sputter target. Thus, the potential increase in 

thermoelectric power would not pose a significant increase in financial cost [179]. 

Further work would need to be done to determine if the coating produced by physical 

vapor deposition of chromium was high enough quality to suit this application.  

Additional Characterization of the Thermocouple: Additional characterization 

of the thermocouple would provide insights into its potential to interrogate practical 

applications. The aging characteristics and mechanical degradation of the thermocouple 

due to fluid contamination, fouling, and chaotic turbulent flows of the thin metallic films 

should be investigated. The thermocouple was characterized from 0 to 60 °F however this 

range should be extended to determine the temperature limits of the sensor. Additionally, 

dynamic characterization of the thermocouple should be performed to determine the 

response time of the thermocouple.   

Expand Experimental Conditions: Characterization of the electrochemical and 

thermal sensor was performed in aqueous conditions. Numerous applications, including 

ion-batteries, nano-porous separation membranes, and supercapacitors, would benefit 

from enhanced characterization provided by nanoscale sensors due to the heterogenous 

ion transfer that occurs in such systems [164]. As such, characterization of the sensors in 

nonaqueous environments would provide potentially useful insights. The sensors were 
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designed such that aqueous electrolytes are not required however their suitability for 

nonaqueous environments has not yet been investigated. In addition, the response of the 

thermocouple in nonhomogeneous environments should be investigated to determine the 

effects of fouling on the performance of the sensor. 

Polymer Coating: It may be advantageous to coat the exterior of the 

thermocouple in a thin polymer film to protect the exterior gold film. Gold is the most 

noble of the noble metals and is thus immune to corrosion and oxidation however the thin 

gold film may be prone to mechanical damage along the pipette shank. Thus, an exterior 

polymer coating may enhance the mechanical durability of the thermocouple. In addition, 

a polymer coating may improve the biocompatibility of the sensor. For example, Kakuta 

et al. utilized the biocompatible 2-methacryloyloxyethyl phosphorylcholine polymer on 

their micropipette based thermocouple [86]. Further, da Silva et al. utilized polyvinyl 

chloride (PVC) to reinforce the structure of their self-contained electrochemical sensor 

[131]. The process used to form this thin protective coating consisted dissolving PVC in 

tetrahydrofuran (THF) (1:6 w/v) and submerging the device into the solution. The THF 

solvent evaporates leaving a coating of PVC on the sensor.  

Investigate Hollow Sensors: Hollow electrochemical and thermal sensors have 

been an area of active research interest to enable the simultaneous delivery of reactants to 

and characterization of microdomains. The fabrication methods of both the 

electrochemical sensor and thermocouple were designed to facilitate the production of 

hollow devices. The thickness of the carbon and subsequent coatings can be optimized 

such that the lumen of the micropipette is not filled yet the device is sufficiently robust to 

withstand subsequent characterization.   
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5.2.2. Self-contained Electrochemical Sensor Future Directions 

Improve Electrochemical Sensor Manufacturing Rate of Production: As 

described in Chapter 4, the self-contained electrochemical sensor is produced in a four-

step manufacturing process which, briefly, includes forming a template, depositing 

carbon via CVD, selectively etching the template to expose the amorphous CNPs, and 

electrodepositing a layer of silver to enable one CNP to serve as a reference electrode. 

Currently, this sequence of manufacturing steps produces six sensors in two days. The 

template formation process is limited to forming two micropipettes at a time however 

there exists a potential for scale-up for the other three fabrication steps.  

The CVD process should be examined to determine what modifications should be 

made to the parameters (gas flow rate, time, etc.) to enable the deposition of carbon on an 

increased number of micropipettes. As seen in Figure 5-1, when the number of samples in 

the CVD process increases, the amount of deposited carbon decreases. There, it is 

necessary to either increase the deposition time or increase the flow rate of methane 

relative to the argon flow rate. 
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Figure 5-1: Effect of number of samples in CVD process on the 

amount of carbon deposited on template. 

 

 

Currently all six carbon pipettes are simultaneously etched in hydrofluoric acid 

but with modification to the sample holder, the throughput of this process could be 

increased. Further, the current electrodeposition process enables the deposition of a thin 

silver film onto a single pipette however the process should be modified to enable the 

simultaneous electrodeposition onto multiple electrodes. Again, the process parameters, 

specifically the applied current, would need to be modified to ensure that a 60 p A current 

was still applied to each sample. 

Utilize Electrochemical Sensor for Intracellular Analysis: The quantification 

of intracellular biomolecules is a critical step in understanding cellular processes, 

communication, and disease pathology [1]. The CNP-based electrochemical sensor 

developed in Chapter 4 is a good candidate for performing intracellular electrochemistry 

and selectively identifying and quantifying biomolecules within individual living cells. In 
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this work the sensor was shown to be capable of detecting analyte in microdomains and 

in cell lysate. Further, the sensor was capable of quantifying biologically relevant 

enzymatic reactions. It is hypothesized that the electrochemical probe will have several 

distinct advantages over other detection techniques. Firstly, the proposed CNT-based 

sensor has a very refined tip size and would therefore be minimally invasive and reduce 

the possibility of irreversible cell damage. This will allow for individual living cells to be 

monitored over extended periods of time. Secondly, with modification to produce a 

hollow sensor, the CNP-based nanoprobe could inject reagents or other tagging 

molecules to serve as markers which allow high selectivity in quantifying target 

biomolecules. Thirdly, the nanoscale tip of the probe can provide high spatial resolution 

within the cell. 

5.2.3. Expanded Future Directions 

Develop an Integrated Thermal and Electrochemical Sensor: In their 2017 

work, Pan et al. identified temperature as a crucial parameter in chemical processes 

including those found in energy storage and conversion and biosensors [180]. They 

further stressed the importance of integrated electrochemical and thermal sensors capable 

of simultaneous thermal imaging and electrochemical analysis to provide insights in the 

kinetic and transport processes of reactions. As the thermocouple and electrochemical 

sensors developed in this work rely on the same micropipette scaffold, it is possible to 

integrate the two sensors into a single device. The multibarrel pipette developed in 

Section 2.2 has the potential to serve as a scaffold for such a sensor. As such, the 

manufacturing process should be refined to produce distinct barrels and the techniques 
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used to deposit thin films on the resultant carbon structures should be used to modify the 

amorphous CNPs to serve as reference electrodes and thermal sensors.  

 

 

Figure 5-2: SEM micrographs of gold agglomerations formed on 

perpendicularly oriented samples. 

 

 

Investigate Enhanced Surface Area Electrodes: As described in Chapter 4, the 

response of an electrode is related to the electrochemically active area of the electrode. 

Increasing the surface area of electrodes has been an active area of research [181–183]. 

During preparation of electrodes for SEM imaging, it was noted that if the samples were 

positioned perpendicularly to the sputter coater target, a unique agglomeration of gold 

would form on the tip of the electrode, as shown in Figure 5-2. This unique feature 

contains significant surface area within a 2 µm tip. As gold has been demonstrated to be a 

stable electrode material, this structure may have promise as a high-area gold 

microelectrode. The carbon lumen would provide a convenient electrical connection to 
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the microscale gold agglomerate. It is recommended that this phenomenon be further 

explored to determine if this structure can be utilized as an electrode.  
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