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Abstract 

 

In recent decades, there has been tremendous researches for 

developing one-dimensional (1D) nanomaterials used for sensor 

transducer, owing to their structural properties such as high aspect ratio 

and high specific surface area. Among diverse method to fabricate 1D 

nanomaterials, electrospinning has been widely utilized because of their 

simple usage and low operating temperature. Additionally, because the 

manufactured fibers come in a mat form, various applications are 

possible in itself. Although, multifarious synthesis methods have been 

studied to prepare 1D nanomaterials via electrospinning, Research into 

the decoration of metals or metal oxides on the surface of nanofibers and 

method of carbonize nanofibers to produce flexible and free-standing 

mats are still lacking.  

This dissertation proposes the method to prepare diverse electrospun 

polyacrylonitrile nanofibers (PAN NFs) based composite materials for 

sensor application by decoration of metal or metal oxide and additional 

carbon. Firstly, shape controlled palladium nanoflower decorated 

polypyrrole/PAN NFs (Pd_PPy/PAN NFs) were prepared using 

electrospinning of PAN solution followed by polypyrrole vapor 
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deposition polymerization (VDP) and electrodeposition of palladium 

nanoflowers. The shape of palladium was determined by controlling the 

sulfuric acid concentration in electrolyte during electrodeposition, and 

applied as a hydrogen peroxide sensor electrode material.  

Secondly, chemical vapor deposition (CVD) and metal etching were 

adopted to decorate copper (Cu) derived carbon on carbon nanofiber 

(CNF). The structure of Cu derived carbon was determined by the type 

of Cu used, and protrusion shape was produced on CNFs when sphere 

type Cu was used. Then, platelet derived growth factor (PDGF)-B 

binding aptamer was immobilized on as prepared materials and applied 

as PDGF biosensor with high sensitivity and selectivity. 

Finally, to fabricate manganese dioxide decorated carbon nanofiber 

(Mn@CNF), potassium permanganate was used as a precursor and 

chemically reduced by stirring and heat treatment. Using Mn@CNF as a 

transducer for sensor, the nerve gas agent simulant (DMMP) was 

detected with ultrasensitive. 

In addition, the fact that the material produced in this dissertation 

exhibits electrical resistance and target analyte sensing performance that 

does not diminish despite of bending, offers the potential for flexible and 

free-standing substrate for sensor application. 
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1. Introduction 

 

1.1 Background 

1.1.1. Conducting polymer 

Conduction polymers (CPs) have attracted a great attention in past few 

decades. Since the discovery of polyacetylene in the 1970s [1], many 

researches have been conducted on various CPs polymers such as 

polypyrrole (PPy), polyaniline (PANI), and poly(3,4-

ethylenedioxythiophene) (PEDOT) (Figure 1) [2-3]. The backbone of 

the CPs has a structure in which single (σ bond) and double (π bond) 

bonds repeated. This pi-pi conjugated system allows the pi electrons to 

move freely, giving the polymer excellent electrical and optical 

properties. Due to their distinctive properties, CPs have been applied to 

various applications such as light emitting diode (LED), solar cell, 

energy storage device, fuel cell, transistor and especially used as 

transducer for diverse kinds of sensor [4]. Furthermore, CPs can also be 

applied to polymer field-effect-transistor (FET) using semiconductor 

feature. On this occasion, most CPs operate p-channel FETs because 

holes move faster than electrons. 
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Figure 1. Typical structure of conducting polymers [5]. 
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1.1.1.1. Polypyrrole 

Among CPs, PPy is one of the best known conducting polymers 

composed of five membered heterocyclic ring [6]. Due to its high 

electrical conductivity, redox property, and environmental stability, it is 

widely used as a transducer for sensors. PPy can be easily prepared by 

several methods such as electrochemical polymerization and chemical 

approaches in both aqueous and non-aqueous solutions [7-10]. In the 

case of the electrochemical polymerization method, PPy is grown on a 

conductive substrate, whereas in the chemical method, the 

polymerization proceeds in such a way that Py monomer in the gas phase 

or liquid phase reacts with oxidant to generate powder.  

The repeating unit of produced PPy chains is predominantly α-α 

coupling and thus the PPy chains structure is intrinsically linear and 

planar. However, conformational and structural defects are also 

generated during PPy polymerization. The conformational defects are 

caused by irregular rotation of α-α bonds and the structural defects are 

caused by α-β bonds, hydroxyl groups, and carbonyl groups. The α-β 

bonds are formed by crosslinking or bracing of polymer chains, and 

hydroxyl and carbonyl groups are produced by overoxidation (Figure 2). 
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These defects shorten the conjugation length of the polymer chain and 

cause aggregation of the nanomaterials [11]. 

PPy has four different electronic band structures at the doping level of 

the polymer chain. In neutral state, PPy behaves like an insulator with a 

large band gap energy of 3.16 eV. However, in the polymerization 

process, PPy chains have electroneutrality because they are doped with 

counter ions. (mostly anions). When a negative charge is extracted from 

the component of PPy chain by the doping process, benzenoid to quinoid 

structural changes in local deformation result in a polaron state. [12] 

The formation of polarons creates two localized electronic levels 

(bonding and antibonding) between the band gaps while the unpaired 

occupied the bonding state. (S = 1/2) Further negative charge extraction 

leads to the formation of a double charged bipolaron. As oxidative 

doping proceeds more and more (a doping level of ca. 33 %), two narrow 

bipolaronic bonds are formed (Figure 3 and 4). 
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Figure 2. Feasible polymer structures in polypyrrole chains [11]. 
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Figure 3. Electric energy diagrams for (a) neutral, (b) polaron, (c) bipolaron, 

and (d) fully doped polypyrrole [12]. 
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Figure 4. Electronic structures of (a) neutral, (b) polaron in partially 

doped, and (c) bipolaron in fully doped polypyrrole [12]. 

 
  

(a)

(b)

(c)
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1.1.1.2. Vapor deposition polymerization (VDP) 

Vapor deposition process has been used mainly in the coating industry. 

Various methods have been developed to enable high quality coatings. In 

addition, it has been widely studied because it has the advantage of 

coating to a desired substrate. The vapor deposition polymerization 

(VDP) is a type of vapor deposition that polymerizes gas monomers in a 

coating form. VDP is not only able to coat polymers uniformly, but also 

can be applied to various types of coatings by changing polymerization 

conditions such as pressure and temperature, which is widely used in 

nanomaterials manufacturing. Typically, the organic-organic or 

inorganic-organic core-shell nanomaterials could be readily prepared by 

VDP method. Various kinds of initiators are used for the polymerization, 

such as iron (Ⅲ) chloride (FeCl3) or ammonium persulfate (APS) 

(Figure 5) [13-19]. 
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Figure 5. Schematic diagram of vapor deposition polymerization 

process [20].  

 

  



10 

 

1.1.2. One-dimensional nanomaterials 

Advances in science and technology have enabled the development of 

smaller, lower-level materials. In this context, research into developing 

nanomaterials has continued to improve performance and apply them to 

appropriate applications. In general, dimensions of nanomaterials can be 

classified as zero, one, two, and three (Figure 6). Among those materials, 

one-dimensional (1D) nanomaterials have received much attention due 

to their intrinsic characteristic and potential in various applications such 

as energy conversion/storage device, catalyst, and sensors [21-24]. The 

morphological features of the 1D material not only enable more efficient 

charge-carrier movement in the long axis direction, but also have a high 

surface area due to the high aspect ratio. As an element building block of 

such nanostructures, 1D nanomaterials such as nanofibers, nanotubes, 

nanoneedles, nanowires, and nanoribbons played critical role to 

construct advanced nanostructures (Figure 7) [25-26]. 
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Figure 6. Example of nanostructure depend on dimension [27]. 
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Figure 7. Classification of 1D nanostructures [28]. 
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1.1.2.1. Electrospinning  

Electrospinning is a facile and simple way to fabricate 1D materials of 

various sizes. It shares the features of electrospray and conventional 

solution dry spinning but does not require high temperature. Instead, 

apply high electric force to the polymer droplet to extract the nanofibers. 

Applying a sufficient voltage to the metal needle creates a charge inside 

the polymer droplet. The droplet stretched when the applied charge 

exceeds the surface tension of the polymer solution. When beyond the 

critical point, the stream of liquid erupts at the surface. If the molecular 

cohesion of the liquid is high enough, no liquid stream breakage occurs 

and the charged polymer liquid jet is forms. The generated liquid jet is 

received by the collector in the form of fiber through elongation and 

thinning (Figure 8) [29-30]. 

The nanofiber produced by electrospinning can be tuned by adjusting 

various parameters such as polymer solution concentration, applied 

voltage, atmosphere condition and needle type. In addition, various kinds 

of nanofibers could be prepared by using mixed polymer solution or 

metal oxide precursor/polymer solution. Lately, method of preparing 

carbon or metal oxide/carbon nanofibers based on heat treatment of 

electrospun nanofiber is widely studied (Figure 9) [31-32]. 
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Figure 8. schematic diagram for preparing electrospun nanofibers via 

electrospinning [33]. 
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Figure 9. Schematic diagram of diverse variables affecting 

electrospinning [34].   



16 

 

1.1.2.2. Electrospun polymer derived carbon nanomaterials 

Research using various kinds of electrospun nanofibers as a carbon 

source has been widely conducted. Various polymers are used as carbon 

sources such as poly (vinyl alcohol) (PVA), polyimides (PI), poly (vinyl 

pyrrolidone) (PVP), and poly (acrylonitrile) (PAN) [35-39]. Electrospun 

nanofibers become carbon nanofibers through a stabilization process that 

transforms the aliphatic chain structure into a ring form and 

carbonization at about 1000 ℃. Without thermal stabilization, the cross 

linking process will not proceed and the constitution of the carbon 

nanofibers may collapse. The collapse of the nano-scale structure can 

lead to mechanical property degradation at the micro-scale, which 

obstructs the use of electrospun nanofibers in the form of mats. Among 

various polymers, PAN received great interest as carbon source owing to 

their high degradation temperature in air condition. This allows 

stabilization at higher temperatures and easier chemical treatment 

compared to polymers such as PVP and PVA [40-41]. In addition, the 

nitrogen in the molecular structure remains after carbonization, making 

n doping carbon nanofibers. In recent years, research has been carried 

out to change the structure and porosity using various methods such as 

polymer solution mixing and chemical vapor deposition (CVD). 
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1.1.3. Composite materials 

In the last few years, interest in organic-inorganic composite materials 

in research and industrial fields has increased. This method leads to 

improvement of chemical and mechanical properties of materials [42-

43]. Additionally, mutual complementary interaction could offset each 

drawback. For this reason, research has been conducted on the 

manufacture of composite materials of various combinations and types 

such as metal/polymer, metal/polymer, metal oxide/carbon. In the case 

of energy storage devices, inorganic materials have a large theoretical 

capacity but poor durability. Meanwhile, organic materials are stable but 

have a smaller capacity than inorganic materials. However, in case of 

composite materials are used, high capacity and stability can be achieved 

at the same time. In the case of chemiresistive sensors, inorganic 

materials have a high operating temperature, and organic materials have 

por stability. Inorganic materials have high sensitivity but have the 

disadvantage of requiring high temperature to operating properly. 

Meanwhile, organic based sensors have fast response/recovery behavior 

with disadvantage of poor stability which hinder the using as sensors. 

Therefore, using composite materials as transducers of sensors can 

enable more efficient operation at room temperature [44-48]. 
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1.1.3.1. Noble metal/conducting polymer composite materials 

Noble metal such as gold (Au), platinum (Pt), palladium (Pd) have 

been received much attention because of their intrinsic properties that 

turned up at nano-scale. Among them, catalytic characteristics are 

applied to various fields such as non-enzyme sensors, automobile 

exhaust catalysts, oxygen evolution reaction (OER), and oxygen 

reduction reaction (ORR). In particular, Pd plays a vital role in various 

research and industries due to its relatively low price compared to other 

noble metals.  

Recently, noble metal/conducting polymer composites are attracting 

attention because of their unique structure and potential for use as 

improved sensors or catalysts. There are various methods of 

immobilizing a noble metal onto a polymer surface by applying current 

or voltage to a metal ion interacting with a functional group of the 

polymer or using chemical reduction. Typically, electrodeposition, 

ultrasonication, liquid phase reduction using an oxidizing agent, etc. are 

reported to be widely used [49-55]. 
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1.1.3.2. Metal oxide/carbon composite materials  

Metal oxides are chemical compound that consisted of metal, 

especially cation or transition metal and oxygen. This material is used in 

diverse applications such as catalysts, supercapacitors, batteries and 

sensors due to catalytic properties, high surface area to volume ratio, and 

porosity. Because of this feature, it showed high performance in devices 

such as sensors and energy device, but redox cycle proceeding during 

device operation collapses structure which means poor device stability. 

Also, low conductivity made it difficult to operate gas sensor in room 

temperature. To overcome these shortcomings, efforts have been made 

to increase the surface area of metal oxides or to make composites with 

other materials. Especially, metal oxide/carbon composite materials are 

promising alternative due to high conductivity and considerable 

mechanical properties of carbon. In addition, it is easy to combine carbon 

and metal oxide sources, which has the advantage of simultaneously 

producing carbon and metal oxide. A typical example is the stabilization 

of a metal hydroxide / polymer composite in air followed by 

carbonization at high temperature [56-62]. 

 

 



20 

 

1.1.4. Electrodeposition 

There are various methods for manufacturing composite materials 

such as auto clave thermal reduction, chemical reduction and 

electrodeposition. Among them, electrodeposition is highlighted by the 

ability to coating metal, metal oxide, polymer on substrate with easy 

thickness, size, and shape control. This method reduces the metal ions in 

the electrolyte by applying voltage or current to the conductive substrate. 

Unlike conventionally electrodeposition has used as coatings, various 

methods such as surface treatment on conductive substrates or addition 

of other ions in the electrolyte to control the diffusion rate of targeted 

cation have been studied (Figure 10) [63-70]. 
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Figure 10. Schematic diagram of electrodeposition [71]. 
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1.1.5. CVD graphene  

Graphene, carbon in the form of single or few layer sheets of atom in 

a two dimensional with sp2 hybrid carbon, have attracted a great deal of 

interest from research and industrials application because of their unique 

physical, mechanical, optical, and electrical properties. There have been 

diverse methods of graphene fabrication, such as mechanical exfoliation, 

reduction of graphene oxide, electrochemical or chemical exfoliation of 

graphite, epitaxial growth [72-73]. However, these methods result in 

poor quality compared to theoretical properties of graphene. Additionally, 

preparation of large area graphene was hardly impossible due to 

described method is top-down process. On the other hands, CVD method 

facilitated production of large area graphene with high quality. The key 

step of CVD graphene fabrication is carbon source (mainly hydrocarbon 

gas) dissolution in metal template such as copper or nickel at high 

temperature. This dissolved carbon source precipitates in the form of 

hexagonal ring structure carbon when the metal template is quenched. 

Therefore, various shapes of graphene can be manufactured according to 

the sort of metal template (Figure 11) [74-77]. 
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Figure 11. (a) Schematic diagram CVD process, and (b) time dependence 

of experimental parameter [78]. 

  



24 

 

1.1.6. Sensor application 

Sensor is electronic devices, modules, or subsystems that detect 

changes or stimuli and turn them into identifiable signals. This device 

consists of an active sensing material and a signal transducer. They react 

with the target and transmit the signal without distortion (Figure 12). 

Various methods such as high pressure liquid chromatography, gas 

chromatography coupled with mass spectrometry, and infrared 

spectroscopy have been used as sensors. However, due to high cost, huge 

data sampling, expensive, complexity of sample preparation and 

measurement, and mental maintenance, application of these techniques 

for real-time sensor is unrealistic. As an alternative, solid state sensors 

have been used to detect a variety of targets over the last two decades. 

[79-85]. 

There are several critical sensor elements for high performance such 

as sensitivity, selectivity, response/recovery time, working temperature, 

and stability. In order to satisfy these various factors, nanomaterial is 

promising candidate for transducer because of their small size, high 

surface area, and unique electrical properties [86-87]. 
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Figure 12. Schematic explanation of sensor mechanism [88]. 
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1.1.6.1. Liquid electrolyte gated FET type sensor. 

In order to detect bio-target analytes, the biosensor consists of reaction 

units such as metal, antibodies, enzymes and aptamers and transducers. 

Measurement of the target analyte mechanism could be explained by 

converting signal that arises from analyte-receptor combination to 

electrical signal that could be analyzable [89-90]. 

Biosensors can be classified by output signal type for instance, 

electrical, optical, piezoelectric, fluorescent, and so on. Among various 

biosensor, FET type biosensor have received considerable attention as 

desirable candidate due to their current amplification and enhanced 

signal-to-noise (S/N) ratio (Figure 13). In addition, miniaturization, low 

operating voltage and ultra-low minimum detectable concentration (in 

femto- and pico- level) are also the reason for attention. This type of 

sensor composed of metal (e.g. gold, silver) electrode, transducer 

materials (e.g. conducting polymer, carbon) and target selective receptor 

[91-96]. 
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Figure 13. Schematic illustration of liquid-ion gated FET-type sensor 

[97]. 
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1.1.6.1.1. Hydrogen peroxide (H2O2) sensor. 

Reactive oxygen species (ROS), including superoxide, hydroxyl 

radicals, peroxynitrite and hydrogen peroxide could be used as 

monitoring of biometabolism. In vivo, these molecules are associated 

with various enzyme systems, including mitochondrial electron transport, 

cytochrome P450, nicotinamide adenine dinucleotide phosphate 

(NADPH) complexes and xanthine oxidase. Recently, ROS have been 

shown to exhibit both protective and toxic effects in a living system. 

While appropriate concentrations of ROS modulate redox balance, 

which plays a substantial role in regulating signaling pathways, ROS 

imbalances are closely associated with various diseases. Especially, 

abnormally high concentrations of H2O2, for example, are related to 

neurodegenerative disorders, such as Parkinson’s disease and 

Alzheimer’s disease. Additionally, sudden increases in H2O2 levels can 

be related to diabetes and several different types of cancer [98-103]. 

In, general, the receptor for H2O2 sensor was composed of protein such 

as enzyme. In spite of high selectivity, intrinsic properties of enzyme 

which is sensitive to pH, temperature, humidity and etc., makes it 

difficult to use in harsh condition. Therefore, a large effort has been 

devoted to substitute receptor type such as metal oxide or noble metal. 
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There high stability and catalytic activity make it and effective 

alternative to enzyme [104-107].   



30 

 

1.1.6.1.2. Platelet-derived growth factor (PDGF) sensor 

Platelet-derived growth factor (PDGF) is protein growth factor that 

regulate cell growth and division. Particularly, PDGF abnormally high 

concentration indicates pulmonary hypertension, atherosclerosis, 

balloon injury-induced restenosis, organ fibrosis, and tumorigenesis 

[108-109]. 

The PDGF are composed of two type of monomers: A and B. 

Therefore, combination of PDGF is PDGF-AA, PDGF-AB, and PDGF-

BB. Among them, PDGF-BB is oncogene protein that frequently soar in 

malignant tumor and is used as a potential cancer marker. Due to this 

structural complexity, PDGF sensors require particularly high selectivity. 

Accordingly, oligonucleotide or peptide molecules that bind to specific 

target analyte, called aptamer, is reasonable candidate for PDGF sensor. 

The aptamer shows high selectivity so that PDGF-AB and PDGF-BB can 

be distinguished by normalized signal change [110-112]. 
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1.1.6.2. Chemiresistive sensor 

Chemical gas sensor plays critical role in industry or public safety and 

environmental pollution measurement. Since toxic or dangerous 

chemical gas is used in biochemical terrorism, the detection technology 

for those gases is very important. Among various gas sensors, the method 

of measuring resistance change is very prefer owing to its simple 

operation, low production cost, miniaturization, and relatively high 

sensitivity [113]. 

Typical gas sensors include active materials that are sensitive to the 

target and gas. when active layer reacts with target molecules, resistance 

change occurred. This change in resistance is due to changes in the 

electrical properties of the active layer during the reaction. The electron 

withdrawing or electron donating action with the target produces a 

change in resistance depending on what is the main charge carrier of the 

active layer [114-115]. 

Traditionally, metal oxide semiconductor has been widely used as 

active layer for resistive chemical sensors with wide range of detecting 

molecules such as hydrogen sulfide (H2S), hydrogen gas (H2), ammonia 

(NH3), nitrogen dioxide (NO2) and ethanol. However, there is a 

disadvantage that requires a high operating temperature. To overcome 
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this problem, research has been conducted for fabricating organic/metal 

oxide composite is widely studied [116-117]. 
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1.1.6.2.1. DMMP gas sensor. 

Toxic and hazardous gases used in warfare and campaign of terror 

have caused numerous victims with high mortality rates. For example, in 

1998, during the massacre of Halavza in Iraq, about 5,000 people were 

killed using hazard gas mixtures. Organophosphorus compounds such as 

sarin, tabun, soman, and VX are the main ingredients. Because they are 

colorless and odorless, they could paralyze human body without visible 

changes. Therefore, developing of detection technique for 

organophosphorus gas is one of the most important research area. 

However, these gases are so lethal that even applying them directly to 

research is limited. Therefore, dimethyl methylphosphonate (DMMP) 

gas is used for the experiment because of similar structure and sensing 

mechanism compare to organophosphorus gases [118-121]. 
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1.1.6.3. Flexible sensors. 

Nowadays, there is a growing demand of flexible and portable 

electronic for various fields such as electronic skin, smart cloth, display, 

and so on. In line with this trend, researches on sensors based on flexible 

substrates are also being on the march. Wearable sensing systems have 

been developed relied on the development of nano-scale materials and 

the development of various devices. However, there was a limit to their 

applications as flexible sensors due to rigid materials used in substrate 

and transducer. Therefore, it is critical to fabricate flexible, and free-

standing substrate and transducer. In this manner, various substrates such 

as Polydimethylsiloxane (PDMS), polyethylene terephthalate (PET), etc. 

have been widely studied with both scientific and industrial point of view. 

However, these materials are not conductive and require the addition of 

a transducer on the substrate. The contact surface generated at this time 

causes many limitations and problems when manufacturing the device, 

making it difficult to use as a flexible sensor. Thus, there is a need for a 

substrate that is flexible, free-standing and conductive at the same time 

[122-126]. 
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1.2. Objectives and Outlines 

1.2.1. Objectives 

Aim of this dissertation is providing novel method for fabrication of 

electrospun polyacrylonitrile nanofibers (PAN NFs) based mats for bio 

and chemiresistive sensor. In detail, different kinds of post processing 

such as vapor phase polymerization (VDP), electrodeposition, chemical 

reduction of metal ion, chemical vapor deposition (CVD), and 

carbonization were adopted to fabricate flexible and/or free-standing mat. 

According to the facile synthesis method in each experimental condition, 

electrospun PAN NFs based mats could be obtained with unique and 

enhanced properties. These as prepared materials applied to several 

bio/chemiresistive sensor application such as reactive oxygen species 

(H2O2), growth factor that regulate cell growth and division (PDGF-B), 

nerve agent simulant (DMMP), respectively 

 

1.2.2. Outlines 

The doctoral dissertation involves the following subtopics:  

 

I. Flexible palladium nanoparticle decorated electrospun polypyrrole/ 

polyacrylonitrile nanofibers of hydrogen peroxide coalescing detection.  
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II. Copper derived CVD carbon/electrospun-carbon flexible mat for 

PDGF biosensor. 

III. Mn@CNF flexible mat for DMMP gas sensor. 

 

Each subtopic contains experimental details, characterization of 

fabricated material, and real-rime sensing performance. 
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2. Experimental Details 

 

2.1. Flexible Palladium nanoparticle decorated electrospun 

polypyrrole/polyacrylonitrile nanofibers for hydrogen peroxide 

coalescing detection.  

2.1.1. Materials  

PAN (Mw = 150 000), pyrrole (98%), iron (III) chloride (FeCl3), 

palladium (II) chloride (PdCl2), phosphate buffer saline (PBS), hydrogen 

peroxide solution 30% in H2O and sulfuric acid (H2SO4) were purchased 

from Aldrich Chemical Co. DMF was purchased from Junsei chemical. 

 

2.1.2. Fabrication of Pd_PPy/PAN NFs 

PAN was dissolved in DMF at 70°C for 4 h and PAN NFs were 

electrospun from the PAN/DMF solution (10 wt%). During 

electrospinning, the solution was injected through a stainless steel needle 

connected to a high-voltage power supply (Nano NC, 15 kV) at 10 μl/min. 

PAN NFs flowed consistently out to the collector. The collected PAN 

NFs were immersed in a 10 wt% FeCl3 aqueous solution. Fe ion-

absorbed PAN NFs were then exposed to a 3-carboxylated pyrrole 

monomer vapor in vacuum to form PPy/PAN NF films.  
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The Pd deposition was conducted by electrodeposition method. 

Electrolyte for electrodeposition was 0.1 M PdCl2 aqueous solution. The 

morphology of Pd was controlled during electrodeposition by the 

presence or absence of 0.01 M sulfuric acid in the electrolyte solution. 

Electrodeposition was carried out in a three-electrode system consisting 

of the PPy/PAN NF working electrode, a Pt counter electrode, and an 

Ag/AgCl reference electrode. A constant voltage (-0.1 V) was applied for 

10 min to deposit Pd nanoparticles. 

 

2.1.3. Electrical measurement of Pd_PPy/PAN NFs based non-

enzyme sensor 

All electrical measurements were conducted with a keithley 2612 

sourcemeter, probe station (MS TECH, Model 4000) and an automatic 

battery cycler (Wonatech WBCS 3000). To construct FET sensor 

configuration, silver paste was deposited on the edge of Pd_PPy/PAN 

NFs. In addition, a solution chamber (volume: 200 μL) was designed and 

used to facilitate the solution-based measurement. The change of the 

current was normalized by following equation. 
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S = �
∆𝐼𝐼
𝐼𝐼0
�
SD

(%) =
(𝐼𝐼 − 𝐼𝐼0)
𝐼𝐼0

 

S: sensitivity 

I: measured real-time current 

I0: initial resistance 

 

2.1.4. Characterization 

Field-emission scanning electron microscope (FE-SEM) micrographs 

were obtained with a JEOL 6700 instrument. JEOL JEM-200CX and -

3010 instruments were used to acquire transmission electron microscopy 

(TEM) and high-resolution TEM (HR-TEM) micrographs, respectively. 

X-ray photoemission spectroscopy (XPS) and X-ray diffraction (XRD) 

experiments were performed on JPS-9000MS (JEOL; Mg Kα X-ray 

source) and M18XHF-SRA (Rigaku SmartLab; λ = 1.5418Å) 

instruments, respectively. Raman spectra were acquired on an FRA 

1106/S FT-Raman (Bruker) spectrometer and excited with a 514-nm Ar 

laser. 
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2.2. Copper derived CVD carbon/electrospun-carbon flexible and 

free-standing mat for PDGF biosensor.  

2.2.1. Materials 

PAN (Mw = 150,000), PDGF-AA, PDGF-AB, PDGF-BB, calmodulin 

(Cal.), adenosine triphosphate (ATP) and bovine serum albumin (BSA) 

were purchased from Aldrich Chemical Co. The PDGF-B binding 

aptamer was purchased from Bioneer Co. (Dajeon, Korea) and modified 

at the 5-terminus with an amine group (5`NH2 CAG GCT ACGGCA 

CGT AGA GCA TCA CCA TGA TCC TG3`). N,N-dimethyl formamide 

(DMF) was purchased from Junsei chemical. Spherical and flaky Cu 

powder were purchased from Join M (Nonsan, Korea) 

 

2.2.2. Fabrication of CuC/CNF mat 

PAN was dissolved in DMF at 70 °C for 4 h and PAN NFs were 

electrospun from the PAN/DMF solution (13 wt%). During 

electrospinning, the solution was injected through a stainless steel needle 

connected to a high-voltage power supply (Nano NC, 10 kV) at 5 μl/min. 

The electrospun PAN NFs were heated to 270 ℃ with a constant heating 

rate of 1 ℃ min-1 and stabilized for 1 h in ambient air.  
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Two types of Cu powder (spherical and flaky) were coated on stabilized 

PAN NFs. Cu powder coated NFs were located in the chamber and 

heated to 1000 ℃ at 147 mTorr (H2) and flow rate of 8 sccm. This 

condition was held for 30 min to eliminate the copper oxide layer and 

stabilize the chamber atmosphere. Then, methane (CH4) gas used as a 

carbon source was fed at a flow rate of 20 sccm for 30 min. Thereafter, 

the furnace chamber was cooled at 40 °C min‐1 to room temperature. The 

CuC/C mat were acquired by etching Cu powder and rinsed with 

deionized water several times. 

 

2.2.3. Electrical measurement of CuC/CNF mat aptamer sensor  

All electrical measurements were conducted with a keithley 2612 

sourcemeter, probe station (MS TECH, Model 4000) and an automatic 

battery cycler (Wonatech WBCS 3000). To construct FET sensor 

configuration, silver paste was pasted on the both end of CuC/C mat. In 

addition, a solution chamber (volume: 200 μL) was designed and used to 

facilitate the solution-based measurement. The change of the current was 

normalized by following equation. 
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S = �
∆𝐼𝐼
𝐼𝐼0
�
SD

(%) =
(𝐼𝐼 − 𝐼𝐼0)
𝐼𝐼0

 

S: sensitivity 

I: measured real-time current 

I0: initial resistance 

 

2.2.4. Characterization 

FE-SEM micrographs were obtained with a JEOL 6700 instrument. 

JEOL JEM-200CX were used to acquire TEM micrographs XPS and 

XRD experiments were performed on JPS-9000MS (JEOL; Mg Kα X-

ray source) and M18XHF-SRA (Rigaku SmartLab; λ = 1.5418Å) 

instruments, respectively. Raman spectra were acquired on an FRA 

1106/S FT-Raman (Bruker) spectrometer and excited with a 514-nm Ar 

laser. The two-probe method was used to measure the resistance changes 

according to the number of bending test.  

  



43 

 

2.3. Mn@CNF flexible and free-standing mat for DMMP gas sensor. 

2.3.1. Materials 

PAN (Mw = 150 000), pyrrole (98%), ammonium perchlorate (APS), 

potassium permanganate (KMnO4), acetone, benzene, chloroform, 

ethanol, hexane, toluene and dimethyl methylphosphonate were 

purchased from Aldrich Chemical Co. DMF was purchased from Junsei 

chemical. 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methyl morpholinium 

chloride (DMT-MM) were purchased from Fluka (Buchs, Switzerland). 

 

2.3.2. Fabrication of Mn@CNF mat 

PAN was dissolved in DMF at 70 °C for 4 h and PAN NFs were 

electrospun from the PAN/DMF solution (13 wt%). During 

electrospinning, the solution was injected through a stainless steel needle 

connected to a high-voltage power supply (Nano NC, 10 kV) at 5 μl/min. 

The electrospun PAN NFs were sock in APS 3% aqueous solution. APS 

socked PAN NFs were then exposed to pyrrole monomer vapor at 60 ℃ 

and rinsed several times to form PPy/PAN NFs. The PPy/PAN NFs were 

then immersed in 0.01 M KMnO4 aqueous solution and heated for 30 

min. After washed several times, KMnO4 treated PPy/PAN NFs were 

stabilized at 270 ℃ and carbonized at 700℃ to make Mn@CNF mat. 
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2.3.3. Electrical measurement of Mn@CNF mat chemiresistive gas 

sensor 

Gas sensor electrode was fabricated by painting silver paste to both 

edge of Mn@CNF mat. The electrode was set in the chamber and 

connected to source meter to monitor the electrical change. In this 

experiment, VOC dissolved in water was vaporized by using bubbler and 

diluted with N2 gas. Then, sensor electrode was exposed to diverse 

concentration of vaporized and diluted target gases and non-target gases. 

The sensor performance was calculated by measuring the normalized 

electrical resistance change with applying constant current (10-6 A) to the 

electrode. The normalized resistance change was defined by following 

equation. 

S =
∆𝑅𝑅
𝑅𝑅0

=
(𝑅𝑅 − 𝑅𝑅0)

𝑅𝑅0
 

S: sensitivity 

R: real-time resistance 

R0: initial resistance 

After the sensor electrode had been exposed to VOC gases for enough 

time, VOC gases were purged with inert gas to recover the conductance. 

In addition, response and recovery time were defined as the time required 
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for a sensor to reach 90% of maximum sensitivity after fed VOC gases 

and the time required for a sensor to reach 10% of the preceding 

sensitivity after purging inert gas, respectively. 

 

2.3.4. Characterization 

FE-SEM micrographs and EDX spectra were obtained with a JEOL 

6700 instrument. JEOL JEM-200CX were used to acquire TEM 

micrographs. XPS and XRD experiments were performed on JPS-

9000MS (JEOL; Mg Kα X-ray source) and M18XHF-SRA (Rigaku 

SmartLab; λ = 1.5418Å) instruments, respectively. Raman spectra were 

acquired on an FRA 1106/S FT-Raman (Bruker) spectrometer and 

excited with a 514-nm Ar laser. The two-probe method was used to 

measure the resistance changes according to the number of bending test.  
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3. Results and Discussion 
 

3.1 Flexible Palladium nanoparticle decorated electrospun 

polypyrrole/polyacrylonitrile nanofibers for hydrogen peroxide 

coalescing detection. 

3.1.1. Fabrication of the Pd_PPy/PAN NFs 

Figure 14 shows the overall process used to fabricate the shape-

controlled palladium nanoflower decorated polypyrrole/polyacrylonitrile 

nanofibers (Pd_PPy/PAN NFs). First, a polyacrylonitrile (PAN) solution 

was electrospun onto the collector at a constant voltage, resulting in 

ca.180 nm polyacrylonitrile nanofibers (PAN NFs) (Figure 15a and b) 

[127]. The electrospun PAN NFs were soaked in a solution of 10 wt% 

FeCl3, resulting in the adsorption of iron (Fe) cations onto the PAN NFs 

surface via charge-charge interactions between Fe3+ ions and the partial 

negative charge of nitrogen atoms in the PAN. To coat with PPy, the Fe-

adsorbed PAN NFs were exposed to pyrrole monomer vapor at room 

temperature in a vacuum system. Polymerization occurred at the PAN 

NFs surface, facilitated by the adsorbed Fe3+ ions. Uniformly adsorbed 

Fe3+ resulted in homogeneous, aggregate-free polypyrrole (PPy) coatings 

with a thickness of ca. 10 nm (Figure 15c and d).  
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The PPy/PAN NFs were then decorated with shape-controlled Pd 

nanoparticles via electrodeposition. The PPy/PAN NFs were used as the 

working electrode, silver/silver chloride (Ag/AgCl) as the reference 

electrode, and Pt wire as the counter electrode. The three electrodes were 

immersed in an aqueous solution of PdCl2. The Pd2+ ions preferentially 

approached the surface of the PPy by charge-charge interactions with 

carboxyl groups on the PPy surface. With the application of a constant 

voltage, Pd2+ ions in the vicinity of the PPy surface were reduced, 

forming Pd nanoparticles [128]. The shape of the nanoparticles was 

influenced by the presence of 0.01 M sulfuric acid in the electrolyte 

solution. In the absence of sulfuric acid, the Pd nanoparticles exhibited 

blunt, rounded edges (Figure 16a), whereas sharp features were formed 

in the presence of sulfuric acid (Figure 16b). As a result, two shapes of 

Pd nanoparticles were embedded on the PPy surface: blunt Pd 

nanoparticles refer to BPd and sharp Pd nanoparticles named SPd. To 

confirm the role of sulfate ion (SO42-), three diffrent types of Pd 

nanoparticles were embedded on the surface of PPy with varying the 

concentration of sulfuric acid in the electrolyte (Figure 17). In the 

growth process of Pd nanoparticles, sulfate ion (SO42-) therotically 
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interferes with particle growth. In particular, this effect is maximized in 

the (111) plane of the Pd which has high affinity with SO42-. Since the 

spherical shape of Pd nanoparticle is dominated by (111) plane, the 

presence of SO42- in the electrolyte caused the nanoparticle to grow to a 

sharp shape. Nevertheless, (200) and (220) planes are also influenced by 

SO42- at high sulfuric acid concentrations, which leads to different Pd 

morphologies [129-130]. TEM images of the SPd_PPy/PAN NF films 

showed that the SPds were ca. 200 nm in size and embedded in the PPy 

film, rather than being attached to the film surface (Figure 16c and 18). 

High-resolution transmission electron microscope (HR-TEM) images of 

SPds indicate interplanar spacing of 0.224 and 0.195 nm for the (111) 

and (200) planes, respectively, corresponding to face-centered-cubic (fcc) 

Pd (Figure 16d). 
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Figure 14. The sequential fabrication Pd_PPy/PAN NFs is shown. The 

process comprises electrospinning, vapor deposition polymerization and 

three-electrode system-based electrodeposition with (w/) or without (w/o) 

sulfuric acid (H2SO4) in the electrolyte solution. 
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Figure 15. Low- and high-magnification (inset) field-emission scanning 

electron microscope (FE-SEM) images of (a) PAN NFs, (b) 

Transmission electron microscope (TEM) image of PAN NFs, (c) Low- 

and high-magnification (inset) of FE-SEM images of PPy/PAN NFs and 

(d) TEM images of PPy/PAN NFs, respectively (scale bar of inset: 200 

nm). 
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Figure 16. FE-SEM images of (a) BPd_PPy/PAN NFs, (b) 

SPd_PPy/PAN NFs, respectively (scale bar of inset: 200 nm). (c) TEM 

images of SPd_PPy/PAN NFs, and (d) HR-TEM micrographs of 

SPd_PPy/PAN NFs.   
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Figure 17. FE-SEM images of Pd_PPy/PAN NFs using (a) absence (b) 

0.01 M (c) 0.1 M of sulfuric acid as electrolyte. 
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Figure 18. TEM images of SPd_PPy/PAN NFs with over focusing. 
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3.1.2. Characterization of the Pd_PPy/PAN NFs 

Powder X-ray diffraction (XRD) patterns provided additional 

information about the structural development at each fabrication step 

(Figure 19a). The electrospun PAN NFs showed a characteristic 

diffraction band at the 2θ angle of 16.8°, corresponding to the 

orthorhombic (110) reflection. Despite the VDP or deposition process, 

presence of these strong band in other sample indicated conservation of 

the PAN structure. The broad peak at 23° was enhanced due to the 

amorphous PPy structure, and resulted from scattering by the PPy chains 

at the interplanar spacing. The diffraction peaks at 2θ = 40.12° for (111) 

plane, 46.3° for (200) plane, 67.8° for (220) plane and 81.6° for (311) 

plane matched well with the fcc lattice of Pd, indicating that the Pd was 

successfully reduced by electrons during the electrodeposition process 

[131]. Figure 19b indicates the Raman spectra ranging from 1,000 to 

2,000 cm-1. The D band typically represents disordered graphite, while 

the G band is attributed to the in-plane displacement of carbon atoms in 

the aromatic structure. Therefore, the ID/IG ratio (the intensity ratio 

between D and G bands) facilitates the determination of the degree of 

graphitization. The two characteristic D and G peaks observed for the 

PPy/PAN NFs corresponded to stretching of the π-conjugated structure 
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and the ring stretching mode of PPy, whereas the PAN NFs spectrum 

only displays the nearly featureless. The ID/IG ratio of the SPd_PPy/PAN 

NFs was higher than that of the PPy/PAN NFs, which implied that the 

decoration of Pd within the PPy decreased the degree of graphitization 

[132-133]. The chemical composition was investigated using XPS The 

wide-scan XPS spectra over the range of 0 to 1,200 eV, demonstrated the 

presence of Pd in the SPd_PPy/PAN NFs (Figure 19c). Furthermore, the 

high-resolution XPS spectrum of the Pd peaks revealed 3d5/2 and 3d3/2 

spin-orbit components (observed near 335 and 341 eV, respectively), 

which indicated that the valence state of Pd was Pd0 (Figure 19d) [134]. 

In addition, the presence of carboxyl groups in the SPd_PPy/PAN NFs 

was revealed by O 1s XPS spectra (Figure 20). 

Repeated bending experiments were conducted to determine the 

flexibility of the materials. Figures 21a and 21b display the flat or bent 

condition of SPd_PPy / PAN NFs, respectively. Despite 300 times of 

repetitions, the electrical resistance increased by only 13.37%. 

Considering the above result, SPd_PPy/PAN NFs could be thought 

flexible. (Figure 22). However, in the absence of a substrate such as a 

PEN film that serves as a support, SPd_PPy/PAN NFs are too thin to 
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maintain flexible properties. Therefore, there is a need for improvements 

that allow for free-standing and flexibility at the same time. 
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Figure 19. (a) X-ray diffraction (XRD), (b) Raman, and (c) X-ray 

photoelectron spectroscopy (XPS) data acquired on PAN NFs (black), 

PPy/PAN NFs (blue) and SPd_PPy/PAN NFs (red). (d) High-resolution 

XPS of Pd (3d) for SPd_PPy/PAN NFs. 

  



58 

 

 

Figure 20. C 1s XPS spectra of SPd_PPy/PAN NFs.  
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Figure 20. (a) Flat, and (b) bent SPd_PPy/PAN NFs. 
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Figure 22. Resistance change of SPd_PPy/PAN NFs with repetitive 

bending. 
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3.1.3. Electrical properties of the shape controlled Pd_PPy/PAN NFs 

electrode. 

Current-voltage (I-V) curves of the PPy/PAN NF and Pd_PPy/PAN NF 

films (Figure 23a) were measured by applying a liquid-ion-gate voltage 

(VG). The Pd_PPy/PAN NF-based electrodes yielded linear I-V curves 

ranging from -0.1 to +0.1 V, indicating ohmic contact. Furthermore, the 

conductivity (dI/dV) of the Pd_PPy/PAN NFs was higher than that of 

PPy/PAN NFs due to the high conductivity of metallic Pd.  

Figure 23b shows the ISD-VSD curves of Pd_PPy/PAN NF films, 

acquired at -0.1 V intervals of VG at a constant scan rate (of 10 mV s-1). 

The ISD decreased with decreasing VG due to the p-type behavior of PPy 

as the charge transfer channel in the field-effect transistor (FET) type 

system. 
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Figure 23. (a) Source-drain current versus source-drain voltage (ISD-VSD) 

for PPy NFs (black), BPd_PPy/PAN NFs (blue) and SPd_PPy/PAN NFs 

(red), respectively. (b) ISD-VSD characteristics of SPd_PPy/PAN NF-

based liquid-ion-gated FET sensors as a function of gate voltage (VG) 

from 0 to -1 V in steps of -0.1 V (scan rate of VSD: 10 mV s-1). 
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3.1.4. Real-time response of FET-type H2O2 sensor based on shape-

controlled Pd_PPy/PAN NFs electrode  

The ISD was monitored to determine the sensing properties of liquid‐

ion‐gated Pd_PPy/PAN NF-based FET‐type films, which consisted of 

source (S), drain (D) and gate electrodes at a constant VG of ‐100 mV and 

VSD of 1 mV. The sensing mechanism of the Pd_PPy/PAN NFs is 

displayed in Figure 24. The H2O2 was doubly oxidized by the catalytic 

effect of Pd. These two electrons transferred to the top-gate voltage, 

which became more negative. Consequently, the hole density in the 

charge transfer pathway of the PPy/PAN NF film increased, leading to 

an increase in current (ISD). Moreover, H2O2 also increased the degree of 

oxidation ([N+]/[N] ratio) in PPy, resulting in an increase in the number 

of holes in the PPy backbone and a further increase in ISD [135] [136]. 

To investigate the sensing properties of the liquid-ion-gated 

SPd_PPy/PAN NF-based FET-type sensors, the ISD was monitored in real 

time during the addition of H2O2 to the system at a VG of -0.1 V (VSD = 1 

mV) and a low operating voltage Figure 25a presents the real-time 

response of the PPy/PAN NFs, BPd_PPy/PAN NFs, and SPd_PPy/PAN 

NFs as a function of H2O2 concentration. The ISD rapidly increased with 

the addition of H2O2, reaching saturation within 1 s. Although the 
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detection limit of the PPy/PAN NF films for H2O2 was high (1 mM), the 

ISD increased slightly due to increasing hole density in the PPy film, as 

discussed above. The sensitivity of the SPd_PPy/PAN NFs was higher 

than that of the BPd_PPy/PAN NFs. This likely resulted from the higher 

catalytic surface area of the SPd nanoparticles, which attained a detection 

limit of 1 nM at room temperature. The pointed and sharp edges of the 

SPd particles with numerous active sites for H2O2 oxidation facilitated 

the high sensitivity and low detection limit. Figure 25b shows the system 

sensitivity as a function of H2O2 concentration. Sensitivity (S) was 

defined by the saturation point of the normalized current change 

((ΔI/I0)SD × 100) measured 10 s after the addition of H2O2. At low 

concentrations (< 100 nM), the Pd_PPy/PAN NF-based FET-type 

sensors demonstrated nonlinear changes. In contrast, linear behavior was 

observed over a wide concentration range (1 – 104 nM). 
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Figure 24. H2O2 detection mechanism of SPd_PPy/PAN NFs on an SPd-

decorated surface (left) and a PPy surface (right). 
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Figure 25. (a) Real-time response of an FET-type sensor with 

normalized current changes (ΔI/I0 = (I-I0)/I0, where I0 is the initial current 

and I is the immediate current). (b) Calibration curves of current changes 

as a function of glucose concentration (PPy/PAN NFs (black); 

BPd_PPy/PAN NFs (blue); SPd_PPy/PAN NFs (red)). 
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3.2 Copper derived CVD carbon/electrospun-carbon flexible and 

free-standing mat for PDGF biosensor. 

 

3.2.1. Fabrication of the Cu derived carbon/CNF mat. 

Figure 1 shows the sequential steps for fabricating Cu derived 

carbon/CNF mat. As a starting materials, PAN NFs were prepared via 

electrospinning of PAN 13% DMF solution. The electrospun PAN NFs 

were then heated from 25 ℃ to 270 ℃ with 1 ℃ min-1 ramping rate and 

maintained 1h in air for stabilization. The stabilization aided to convert 

the branched backbone structures of polyacrylonitrile into ring structure 

which enhance the crystallinity and mechanical properties. The 

stabilized PAN NFs were daubed with two type of copper (Cu) powder 

(flaky and spherical) to form Cu powder/stabilized PAN NFs. The flake 

type Cu have an average size of 2 to 3 μm in the form of a plate and the 

sphere type Cu have an average diameter of 1 μm in the form of a sphere, 

as described in Figure 27a and b. The size of the flake type ranged from 

0.1 to 8 μm, whereas the size of the sphere type ranged from 0.1 to 3 μm 

that relatively uniform. Cu powder/stabilized PAN NFs were 

transformed to Cu derived carbon/CNF (CuC/CNF) through a typical 

CVD graphene fabrication process. During CVD process, H2 gas acted 
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as carrier gas and CH4 is carbon source that dissolved in Cu. The CH4 

dissolved in copper at high temperatures precipitates to the surface 

during quenching and forms graphene. Subsequently, carbon-only 

materials were obtained by removing Cu with Cu etchant. According to 

the Cu type used, there are two kinds of CuC/CNF: the materials 

prepared based on the Flake type and sphere type were denoted as 

FlakeC/CNF and SP10C/CNF, respectively. The FE-SEM images in 

Figure 27c and d exhibit the distinct morphology of FlakeC/CNF (fiber 

thickness of ca. 370 mm) and SP10C/CNF (thickness of ca. 400 mm). In 

the case of using flake type Cu, additional carbon in the form of a net 

connecting fiber to fiber was fabricated. On the other hand, when sphere 

type Cu was used as a template for additional carbon, sharp protrusions 

were added to surface of CNFs. The process of generating protrusions is 

as follows: first, rounded protrusions are formed on the Cu spheres 

during the CVD process at high temperature. In the quenching process, 

then, graphene was formed on the rounded protrusion surface. After the 

Cu etching process, inside of both sphere and rounded protrusion became 

emptied. Unable to maintain hollow structure without template, 

morphology of round protrusion has changed with sharp in tandem with 

the sphere carbon layer wraps CNF [137-138]. 
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Figure 26. Schematic illustration of sequential steps for fabricating Cu 

derived carbon/CNF via stabilization and CVD process.  
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Figure 27. FE-SEM images of (a) flake type copper (Cu) powder, (b) 

sphere type Cu powder, (c) FlakeC/CNF, and (d) SP/CNF. 

 



71 

 

3.2.1. Characterization of the Cu derived carbon/CNF mat. 

Figure 28 depicts the FE-SEM images and energy-dispersive X-ray 

spectroscopy (EDX) element dot mapping analysis. Element mapping 

clearly confirm presence of C, N, and O atom at the SP10C/CNF. The 

uniformly distributed C mapping shows that the carbon is well formed 

and the structure does not collapse. In addition, the presence of a 

significant amount of O atoms, it can be seen that there is a functional 

group containing O atoms such as hydroxyl group, carboxyl group on the 

surface of SP10C/CNF. Though, Cu atom mapping and element 

composition indicate the presence of Cu, but the amount is negligible, 

which means that Cu removal via etchant was successfully conducted. 

Furthermore, XRD analysis was performed to confirm the Cu removal 

(Figure 29). Both flake and sphere type Cu exhibit characteristic 

diffraction peaks of Cu. The peaks at 2θ angle of 43.315°, 50.455°, and 

74.145° for flake type Cu, and 43.365°, 50.495°, and 74.185° for sphere 

type cu were corresponding to the (111), (200), and (220). Comparing 

the spectra of FlakeC/CNF and SP10C/CNF with the corresponding Cu 

spectra, it can be seen that there are no characteristic peaks of Cu. 

Moreover, graphite structure of FlakeC/CNF and SP10C/CNF were 

demonstrated by strong wide band at 2θ of 24.6° and weak band at 2θ of 
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43.1° which were corresponded to the diffraction of (002) and (100) 

plane, respectively [139-141]. 

To achieve an in-depth insight into the properties of fabricated Cu 

derived carbon, Raman spectra was used. Carbon nanofibers (CNFs) 

were prepared through the same process except for the Cu coating to 

utilize as a control. Figure 30a indicates the raman spectra of CNF (black) 

and Flake/CNF (red). Both exhibit D (1338.9 cm-1) and G (1581.3 cm-1) 

band which are characteristic band for carbon materials. For FlakeC/CNF, 

2D band (2657 cm-1) exsisted due to the E2g symmetry mode and second 

order two-phonon vibration of sp2 hexagonal with diminished ID/IG ratio 

(CNF: 1.147 and FlakeC/CNF: 0.935) than that of CNF. Based on 2D 

peak and decreased ID/IG ratio, the net connecting FlakeC / CNF fibers 

is called graphene. Similar trends were observed in the raman spectra of 

CNF and SP10C/CNF (Figure 30b). The SP10C/CNF displayed more 

reduced ID/IG ratio (CNF: 1.127 and SP10C/CNF: 0.988) than CNF and 

2D peak. Through this, it was confirmed that the protrusion of the fibers 

surface is graphene in SP10C/CNF. Additionallly, TEM image of 

SP10C/CNF further testified the above explanation (Figure 31). [142-

145]. 
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Figure 28. EDX elemental mapping of (a) Cu, (b) C, (c) N, (d) O images.  

(e) Spectrum investigated for atomic composition and their corresponding 

atomic and weight percentage.   
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Figure 29. XRD spectra of (a) flake type Cu (black), and FlakeC/CNF 

(red) and (b) sphere type Cu (black), and SP10C/CNF (red).  
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Figure 30. Raman spectra of (a) CNF (black), FlakeC/CNF (red), and (b) 

CNF (black), SP10C/CNF (red) 
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Figure 31. TEM image of SP10C/CNF 
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3.2.1. Fabrication of liquid-ion gated FET-type sensor electrode.  

To investigate the electrical and sensing performance of the CuC/CNF 

mat, liquid-ion gated FET-type sensor configuration was constructed. 

Figure 32 illustrates the sequential steps of sensor assemble procedures. 

First, a silver paste was printed via screen printing on the both end of the 

mat. Thereafter, binding aptamer and DMT-MM mixture was drop-cast 

on the CuC/CNF mat and dried in room temperature. The DMT-MM is 

well known organic triazine derivative that frequently used for amide 

synthesis. With the aid of DMT-MM, the PDGF-B binding aptamer 

which is modified with a primary aliphatic amino group at 5` end reacted 

with carboxyl group of carbon to form amide bond [146]. As a result, 

aptamer was successfully immobilized on CuC/CNF mat and aptamer 

functionalized CuC/CNF mat electrode had high stability with regard to 

surrounding environment owing to covalent bond between aptamer and 

CuC/CNF [147-149]. Aptamer functionalized FlakeC/CNF and 

SP10C/CNF are denoted as Apt-FlakeC/CNF, and Apt-SP10C/CNF 

respectively. The liquid-ion gated FET-type configuration was complete 

by adding 0.1 M PBS solution and applying voltage on prepared aptamer 

functionalized Cu/CNF mat electrode. In the FET-type sensor plot in 
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Figure 32, S, D, and VG represent the source, drain, and gate electrodes, 

respectively. 

In addition, Figure 33 depicts FE-SEM image of aptamer 

functionalized SP10C/CNF mat. In high-resolution FE-SEM image, 

blunt surface and increased fiber thickness (ca. 420 nm) testified 

successfully aptamer immobilization [150]. 

Besides, actual photograph and resistance change caused by repeated 

bending were measured to prove the flexibility and free-standing 

properties of electrodes fabricated based on SP10C/CNF mat. The actual 

photograph confirmed that the SP10C/CNF mat based electrode was 

folded without damage (Figure 34). Additionally, excellent mechanical 

durability and flexibility were confirmed with 300 times of bending 

(Figure 35). 
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Figure 32. (a) Schematic illustration of fabrication steps for liquid-ion 

gated FET-type aptamer sensor. 
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Figure 33. (a) Low- and (b) high resolution FE-SEM images of PDGF-

B binding aptamer immobilized SP10C/CNF mat. 
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Figure 34. (a) Photograph of bent SP10C/CNF with screen printed silver 

paste electrode .
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Figure 35. Resistance change of SP10C/CNF with repetitive bending. 
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3.2.1. Electrical properties of the CuC/CNF mat based sensor.  

To confirm the electrical properties of the FlakeC/CNF, and 

SP10C/CNF mat were measured applying liquid ion gate voltage and 

source-drain voltage. Electrical contact and resistance were suggested by 

current-voltage (I-V) curves. As indicated in Figure 36a, I-V 

characteristic displays the ohmic contact (i.e., linear) in wide voltage 

range, which is consider as good electrical contact as opposed to schottky 

barrier (i.e., nonlinear). Moreover, Apt-SP10C/CNF mat exhibits linear 

behavior despite of aptamer immobilization. This result indicates that 

PDGF-B binding aptamer was successfully immobilized on SP10C/CNF 

mat by covalent bonding. The dI/dV value referred to as reciprocal of 

resistance. The FlakeC/CNF, and SP10C/CNF exhibit nearly similar 

slope value yet, increased dI/dV value was observed in aptamer 

immobilized case. However, since the order of dV/dI value did not 

changed, the electrical and sensing performance were maintained. To 

investigate charge transport properties liquid-ion gated FET-type 

configuration was adopted with applying PBS solution. Figure 36b 

shows the ISD-VSD curves with applying wide range VG (-100 to -10 mV) 

at a constant scan rate of 10 mV s-1. In constant Vsd, Isd tended to increase 

negatively as VG increased negatively. Namely, negative VG increased the 
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oxidation level of the carbon channel, which means that it exhibits p-type 

behavior. 
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Figure 36. (a) Source-drain current versus source-drain voltage (ISD-VSD) 

for FlakeC/CNF (black), SP10C/CNF (red) and Apt-SP10C/CNF (blue), 

respectively. (b) ISD-VSD characteristics of Apt-SP10C/CNF based liquid-

ion-gated FET sensors as a function of gate voltage (VG) from -0.1 to    

-0.01 V (scan rate of VSD: 10 mV s-1). 
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3.2.1. Real-time response of the Apt-FlakeC/CNF and Apt-

SP10C/CNF mat based sensor. 

Figure 37a and b represents real-time response of the Apt-

FlakeC/CNF and Apt-SP10C/CNF mat based PDGF sensors as a 

function of three different analyte concentration. The ISD is monitored 

and normalized at a low operating voltage, (VG = 10 mV, VSD= 0.1 mV) 

with a sequential analyte injection. When injecting the target analyte 

(PDGF-AB and PDGF-BB), Isd rapidly decreased and saturated within 

seconds. The decrease in Isd accordance with the formation of a complex 

is owing to the interaction between the binding aptamer and the target 

analyte. In detail, aptamer generally show overall negative charge in PBS 

solution due to phosphate group in nucleic acid backbone. When target 

analyte was reacted with aptamer, morphology of aptamer change is 

induced from a linear form to complicated tertiary structure. The 

negative charge of the aptamer strand is weakened by chain folding, 

thereby decreasing the hole concentration on the surface of the sensor 

electrode and leading to decline in normalized current. This reaction 

occurs only in PDGF-AB and PDGF-BB, with PDGF-BB displaying a 

larger current change. This is because the aptamer stand is designed to 

react only with specific substances, similar to the substrate specificity of 
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the enzyme. As a result, PDGF-BB had lower minimum detectable level 

(MDL) than PDGF-AB at same sensor electrode. In addition to the type 

of target analyte, MDL also depends on the type of material that consist 

of the sensor electrode.  

The apt-SP10C/CNF mat based sensor has an ultralow MDL of 1.78 

fM, while the apt-FlakeC/CNF mat based sensor has a relatively high 

1.78 pM MDL. This is because the protrusion on the surface of 

SP10C/CNF providing increased anchoring site for aptamer 

corresponding to high surface area. Additionally, injection of PDGF-AA 

in the FET-type sensor device couldn`t lead to current change due to 

absence of affinity with PDGF-B binding aptamer. 

Figure 37c represents the sensitivity (S) calibration curve as a 

function of PDGF concentration. The sensitivity is defined as normalized 

current change from before target analyte inject to saturated value. 

Distinctively, PDGF sensors display the linear behavior with respect to 

wide range of PDGF-AB and PDGF-BB concentration. Formula of 

obtained curves are as follow: 

SPDGF-AB (%) = -0.323logC + 0.4539 

SPDGF-BB (%) = -0.414logC - 1.3368 

SPDGF-AB (%) = -0.414logC + 17708 
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SPDGF-BB (%) = -0.407logC + 0.3965 

C: PDGF-AB or PDGF-BB concentration in fM. 

 

When evaluating sensing performance of general sensor, selectivity is 

one of the most crucial part. Non-target molecules were selected with 

common serum protein (calmodulin (cal.), adenosine triphosphate(ATP), 

and bovine serum albumin (BSA)) to establish the specificity of the 

PDGF sensors. As shown in Figure 38, no significant current change was 

observed when injecting various non-target analyte (200 pM). On the 

contrary, exposure of 178 fM target molecules induced rapid decrease in 

normalized current which confirm the selectivity of PDGF sensors. 

Moreover, considering the incorporation of PDGF molecules with 

various substances in the body, real-time response was observed toward 

non-target mixtures. No significant current change was observed when 

the non-target mixture was added, but the non-target mixture with 

PDGF-BB 178 fM exhibited a rapid decrease in current. In addition, it 

was confirmed that the PBS solution only contributed to the dielectric 

layer formation by the absence of a significant current change even when 

injecting 0.1 M PBS solution. 
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Figure 39 presents the stability of SP10C/CNF mat based PDGF 

sensor with 178 fM PDGF-BB molecules. During stability test, sensor 

electrode was stored in a plastic vessel without any sealing and at room 

temperature. Under this condition, the sensitivity decreased by 12.14% 

for two weeks. This decrease is attributed to the inactivation of PDGF-

BB aptamer and destruction of SP10C/CNF structure. 
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Figure 37. Real-time response with normalized current change of the (a) 

Apt-FlakeC/CNF mat and (b) Apt-SP10C/CNF mat toward PDGF-AA 

(black), PDGF-AB(red), and PDGF-BB (blue) (VG: 10 mV, VSD: 0.1 mV). 

(c) Calibration curve with target analyte concentration. 
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Figure 38. Selective response of Apt-SP10C/CNF mat toward target 

(PDGF-AB and PDGF-BB) and non-target (BSA, ATP, Cal., and PDGF-

AA). (b) Selective response toward non-target mixture without PDGF-

BB and with PDGF-BB. 
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Figure 39. long-term stability of SP10C/CNF mat based PDGF sensor 

with exposure to 178 fM PDGF-BB.  
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3.3 Mn@CNF flexible and free-standing mat for DMMP gas sensor. 

3.3.1. Fabrication of Mn@CNF mat 

Figure 40 shows the schematic illustration of manganese dioxide 

decorated carbon nanofibers (Mn@CNF) fabrication process. First, PAN 

13 wt% DMF solution prepared by vigorously stirring at 60 ℃ was used 

for electrospinning. The PAN NFs with a thickness of ca. 700 nm 

(Figure 41a) were prepared by electrospinning at 10 kV applied voltage 

between collector and metal needle with a flow rate of 5 μL min-1. The 

electrospun PAN NFs were then, socked with deionized water to prevent 

tangling due to static electricity. The drenched PAN NFs were pressed at 

about 5 kg to reduce empty space between PAN NFs. Thereafter, the 

pressed PAN NFs were socked with ammonium persulfate (APS) 10% 

aqueous solution which is used as initiator for PPy polymerization. To 

coat PPy on PAN NFs surface, APS socked PAN NFs were exposed to 

vapor phase pyrrole monomer. The chemical reduction method was used 

to introduce manganese to the polypyrrole coated PAN NFs (PPy/PAN 

NFs) with a thickness of ca. 760 nm (Figure 41b). The PPy/PAN NFs 

were immersed into potassium permanganate (KMnO4) 0.01M aqueous 

solution with 60 ℃, 30 min. Then, sheet-like amorphous MnO2 was 

created on the surface of PPy/PAN NFs (a-MnO2/PPy/PAN NFs) with a 
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thickness of ca. 1000 nm (Figure 41c). The 2 step of heat treatment was 

then proceeded: first, stabilization process at 270 ℃ with 1 ℃ min-1 

ramping rate and 1 h duration. Second, carbonization process at 700 ℃ 

with 5 ℃ min-1 ramping rate and 1 h duration. As a result, fabricated 

Mn@CNF with a thickness of ca. 500 nm were presented in Figure 41d. 

The stabilization assisted to convert the branched backbone structures of 

PPy and polyacrylonitrile into ring structure which enhanced the 

crystallinity of carbon materials. In general, carbon prepared using PAN 

10% DMF solution is very brittle at macro-scale. In addition, KMnO4 

treatment also increased the brittle nature because it is proceeded with 

harsh condition. To overcome this disadvantage, thicker PAN NFs were 

prepared using PAN 13% solution, followed by compression and PPy 

coating. As a consequence, flexible and free-standing Mn@CNF mat 

was achieved (Figure 42). 
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Figure 40. (a) Schematic illustration of electrospinning process, and (b) 

The sequential fabrication step of manganese dioxide@carbon 

nanofibers (Mn@CNF). 
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Figure 41. SEM and TEM (inset) images of (a) PAN NFs, (b) PPy/PAN 

NFs, (c) a-MnO2/PPy/PAN, and (d) Mn@CNF. (scale bar of inset :500nm) 
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Figure 42. Flat and bent Mn@CNF mat attached on nitrile glove. 
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3.3.2. Characterization of Mn@CNF mat 

The chemical composition was investigated using X-ray photoelectron 

spectroscopy (XPS). Figure 43a displays the wide scan XPS spectra 

over range of 0 to 800 eV. The Mn@CNF spectrum demonstrates the 

presence of Mn by Mn 2p, Mn 3s, and Mn 3p peaks. On the other hand, 

CNF produced by stabilization and carbonization of PAN NFs without 

any treatment did not display Mn related peaks. Furthermore, the high 

resolution XPS spectra of Mn 2p revealed that 2p1/2 and 2p3/2 spin-orbit 

components (observed at 644.5 and 653.3 eV, respectively) are major 

state of Mn. This confirm that the major state of Mn introduced on CNF 

is Mn4+ which demonstrate the presence of the MnO2 (Figure 43b). As 

for the O 1s spectra, biggest peak (binding energy at 529.84 eV) may 

attribute to Mn-O bond, while binding energy at 531.20 and 532.18 peaks 

arose from OH- radical, adsorbed oxygen, or carbonyl group, and 

adsorbed water on the outside respectively (Figure 43c). In C 1s spectra, 

strongest peak at 284.60 eV is referred to C-C bond that existed in carbon 

structure, while binding energy at 285.83 and 288.05 eV are resulting 

from oxygen containing functional groups (Figure 43d) [151-152]. 

Furthermore, X-ray diffraction spectra was adopted to demonstrate the 

presence and crystallinity of MnO2 (Figure 44a). In a-MnO2/PPy/PAN 
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NFs, peaks associated with crystallinity did not appear, whereas in 

Mn@CNF spectrum, characteristic diffraction peaks at the 2θ angle of 

34.98°, 40.60°, and 58.72°, corresponding to the (110), (101), and (211) 

respectively, identified the β-MnO2 [153-154]. Figure 44b exhibits the 

Raman spectra ranging from 200 to 2500 cm-1. The typical β-MnO2 peaks 

at 650 cm-1 indicate the stretching mode of MnO6 octahedral and two 

small weak peaks at 362, and 302 cm-1 originated from the bending mode 

of O-Mn-O or minor portion of Mn2O3, Mn3O4. Additionally, EDX 

element dot mapping analysis confirmed that Mn, and N were uniformly 

existed through the nanomaterials (Figure 45) [155-156]. 
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Figure 43. (a) full scanned XPS spectra of CNF (black), and Mn@CNF 

(red). (b) Mn 2p, (c) O 1s, and (d) C 1s XPS spectra of Mn@CNF.  
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Figure 44. (a) XRD data acquired from a-MnO2/PPy/PAN NFs (black), 

and Mn@CNF (red). (b) Raman spectra of CNF (black), and Mn@CNF 

(red).
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Figure 45. (a) SEM and EDX mapping of element (b) Mn, (c) N, and 

(d) O images of Mn@CNF. 
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3.3.3. Electrical properties and real-time responses of Mn@CNF 

based sensor to DMMP gas 

The Mn@CNF flexible mat immediately detects DMMP gas based on 

charge transfer mechanism. When Mn@CNF mat was exposed to 

DMMP gas, both CNF and MnO2 are involved in gas detection process 

via creating the continuous charge transfer pathway. DMMP gas is a 

strong electron donor that provides electrons when adsorbed onto CNF. 

This increases the electrical resistance by lowering the hole 

concentration in the CNF. The change in hole concentration in CNF is 

further enhanced by chemical absorption of MnO2 and DMMP gas. The 

DMMP gas is adsorbed by charge interaction which is match up with 

interaction between lone pair electron of methoxy O atom and the vacant 

orbital of an acidic surface site of Mn4+ atom. As a result, electrons flow 

from the DMMP gas to CNF, which causes an increase in electrical 

resistance. The synergy of these two effects makes it possible to operate 

at room temperature, whereas sensors made only of metal oxides have 

high operating temperatures. (Figure 46) 

Figure 47a displays the current-voltage (I-V) of the Mn@CNF mat. 

The linear behavior of I-V curve corresponding to the high uniformity of 

Mn@CNF mat. Additionally, initial resistance of mat could be calculated 
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by reciprocal of slope (ca. 133.3 kΩ). Figure 47b represents the response 

of bare CNF and Mn@CNF electrode with sequential exposure to 

DMMP gas. Mn@CNF sensor displayed larger response and lower limit 

of detection concentration than CNF sensor due to as described DMMP 

sensing mechanism. Figure 47c present the normalized resistance 

response upon periodic exposure to DMMP gas as a function of various 

analyte concentration. The sensor certified the similar resistance change 

behavior in both response and recovery over 4 cycles. Additionally, 

Mn@CNF sensors showed linear change in sensitivity as a function of 

log-scale analyte concentration (Figure 47d).  

The limit of detection was obtained using the statement that resistance 

changes with a signal to noise (S/N) ratio of less than 3 cannot be 

consider as non-significant change. In the range where the normalized 

resistance change (ΔR/R0%) displays the linear behavior with analyte 

concentration, DMMP sensing was conducted and linear fit was 

performed (Figure 48a and b). Then, 5th polynomial fit was executed 

in the range of before exposure to DMMP gas. (Figure 48c)  

 

RMSNoise = � VX2

N − 1
, in which VX2 = �(Yi − Y)2 
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LOD =
RMSNoise

Slope
 

Yi: chosen data point at the baseline of response verse time curve before 

exposure of the DMMP gas (In this study, I take 11 data point. N=11) 

Y: corresponding value calculated form the fitted curve 

 

The limit of detection obtained using the equation above is 0.108 ppb, 

which corresponds to the lowest response concentration in Figure 47 

(Table 1) [157]. 

Stability and selectivity is one of the most critical part of the sensors. 

Figure 49a presents the result of long-term stability test based on 

Mn@CNF mat for DMMP sensors. During the 30-day experiment, only 

12.76% decrease in normalized resistance change was demonstrated. 

This is because carbon, which is not easily transformed or decomposed 

by the surrounding environment such as humid, light, and temperature, 

forms the basis of the Mn@CNF mat. Figure 49b indicates the 

selectivity toward various volatile organic compounds (VOCs) at room 

temperature. These VOCs were selected as materials with functional 

groups capable of interacting similarly to sensor-DMMP. The vapors 

were introduced in the same way as DMMP gas, but showed lower 

resistance change. This is because the acceptor group (-OCH3) in DMMP 
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has higher polarity (3.62 D) than the functional group in VOCs. Since 

the larger partial charges have stronger interaction with Mn4+, the 

Mn@CNF mat sensor had great selectivity toward DMMP. 

To verify flexibility, I measured the properties according to the degree 

of bending. The bending angle was defined as the angle between one 

end-center-other end of the mat. The I-V curve was measured to see the 

change in resistance with bending. As illustrated in Figure 50a, despite 

the distortion, linear behavior and electrical resistance was sustained. In 

addition, there was no significant influence on signal change when 

sensing with 0.1 ppb DMMP gas (Figure 50b). Furthermore, repetitive 

bending test was conducted to identify the electrical resistance change 

(Figure 51). Despite 300 times of repetitions, the electrical resistance 

increased by only 18.09%. Considering the above result, Mn@CNF mat 

can be applied as DMMP sensor in a flexible and free-standing manner.  
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Figure 46. schematic illustration of DMMP gas sensing mechanism. 
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Figure 47. (a) Current-voltage (I-V) relationships of Mn@CNF sensor. 

(b) Reversible and reproducible real-time responses of CNF (black), and 

Mn@CNF (red) in concentration range from 0.1 to 100 ppb. (c) 

Sequential exposure to various DMMP vapor concentration. (d) 

calibration curve of Mn@CNF with log scale.  
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Figure 48. (a) Real-time responses of Mn@CNF in concentration range 

from 10 to 100 ppb. (b) calibration line of Mn@CNF as a function of 

DMMP concentration. (c) Plot of 5th order polynomial fitted normalized 

resistance change before exposure to DMMP gas.  
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Table 1. Calculation of LOD in Mn@CNF based DMMP detection.  
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Figure 49. (a) Long-term stability of Mn@CNF structure with exposure 

to 0.1 (b) Selective characteristic of Mn@CNF sensor with respect to 0.1 

ppb DMMP and various non-target gas (100 ppm of acetone, benzene, 

chloroform, DMF, ethanol, hexane, and toluene). 
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Figure 50. (a) current-voltage curve with various bending angles of 

Mn@CNF electrode. (b) normalized resistance change with various 

bending angles of Mn@CNF electrode. 
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Figure 51. Resistance change of Mn@CNF with repetitive bending. 
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4. Conclusion 
 

The various sorts of electrospun polyacrylonitrile nanofibers based 

materials were fabricated via vapor phase deposition, electrodeposition, 

chemical reduction of metal ion, chemical vapor deposition (VDP), and 

carbonization method. These fabricated materials were used as biosensor 

and chemiresistive gas sensor. Additionally, these prepared materials 

suggested potential in diverse sensing area with flexibility and free-

standing property. The subtopics could be concluded as following: 

 

1. I fabricate polypyrrole/polyacrylonitrile nanofibers (PPy/PAN NFs) 

and palladium (Pd) decorated PPy/PAN NFs using electrospinning with 

polymer solution, VDP of polypyrrole, and electrodeposition. During 

electrodeposition, shape of Pd was controlled by sulfuric acid 

concentration in electrolyte. In addition, Pds were uniformly decorated 

on the surface of PPy/PAN NFs without any aggregation due to carboxyl 

group came from 3-carboxylated pyrrole monomer. This Pd_PPy/PAN 

NFs were characterized by FE-SEM, TEM, XPS, XRD and Raman. The 

unique flower-like Pd structure facilitated the ultralow MDL (1 nM) in 

Pd_PPy/PAN NFs based non-enzyme sensor for H2O2.  
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2. I fabricated the copper derived carbon/carbon nanofiber (CuC/CNF) 

mat with using flake and sphere type Cu. To prepare unique structure, 

polymer chain stabilization through heat treatment at room temperature 

and CVD process with Cu etching were conducted. The morphology of 

Cu derived carbon was determined by original shape of Cu and Cu 

etching process. In the case of using sphere type Cu, protrusions 

formation and Cu derived carbon wrapping CNF are simultaneously 

generated due to metal etching, resulting in a unique shape. The aptamer 

FET type biosensor configuration was conducted by amine modified 

PDGF-B binding aptamer immobilization on the surface of CuC/CNF 

mat via amide covalent bonding and liquid electrolyte gate using PBS 

solution. As fabricated PDGF-B sensor showed real-time response 

toward PDGF-AB and PDGF-BB with very low MDL (1.78 fM) and 

high selectivity. The long term stability owing to covalent bonding 

between aptamer and CuC/CNF mat was testified. Furthermore, it is 

highly applicable to various types of sensors in biological and 

environmental research in that the electrode material is flexible and free-

standing. 

 

3. I fabricated manganese dioxide decorated carbon nanofiber 
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(Mn@CNF) mat and demonstrated its use as a high performance 

transducer for chemiresistive sensor. To produce crystalline β-MnO2, 

chemical reduction was used for reduction of metal oxide precursor and 

heat treatment was adopted for changing amorphous to crystalline. The 

Mn@CNF mat could detect DMMP with high sensitivity (MDL of 0.1 

ppb) and long-term stability at room temperature. Furthermore, flexible 

and free-standing properties of Mn@CNF mat prevent performance 

degradation when the Mn@CNF mat was bent with various angle. 

Namely, this novel approach incorporating the low operating 

temperature and bendability, is expected to apply in various gas sensors. 
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국문초록 

 

최근, 높은 종횡비 및 비표면적과 같은 구조적 특성으로 

인해 센서 트랜스듀서 물질로 1차원 나노물질을 이용하는 

연구가 활발하게 진행되고 있다. 1D 나노 물질을 제조하는 

다양한 방법 중, 전기 방사는 간단한 사용법과 낮은 작동 

온도 때문에 널리 사용되어왔다. 또한, 제조 된 섬유는 매트 

형태로되어 있기 때문에, 그 자체적으로 다양한 응용에 

적용이 가능하다는 장점을 지닌다. 전기 방사를 통해 1D 

나노 물질을 제조하기위한 다양한 합성 방법이 연구되어 

왔지만, 나노 섬유에 금속 또는 금속 산화물의 도입해 

복합나노재료를 만들거나 나노섬유를 탄화 후 유연하게 

유지하는 방법에 대한 연구는 미진하다. 

 이 논문은 금속, 금속산화물 또는 탄소 소재를 전기방사 

폴리아크릴로니트릴 나노섬유에 도입해 복합재료를 제조하는 

방법에 대한 연구를 기술하였다. 우선, 폴리아크릴로니트릴 

용액을 전기 방사해 제조한 나노섬유에 기상 증착 중합으로 

폴리피롤을 코팅하였고, 이를 작동전극으로 하여 형상을 

제어한 팔라듐 나노 플라워를 전기도금 방법을 이용해 

도입하였다. 팔라듐의 형상은 전기도금 시 사용하는 
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전해질에서 황산 농도를 조절함으로써 결정되었다. 이렇게 

제조한 물질은 과산화수소 센서 전극 재료로서 적용되었다. 

두번째로, 화학 기상 증착 및 금속 식각 방법은 탄소 나노 

섬유 상에 구리를 이용해 제조한 탄소를 도입하기 위해 

사용하였다. 구리를 이용해 제조한 탄소의 구조는 사용한 

구리 형상 종류에 의해 결정되었다. 그중 구 형상 구리를 

사용했을 때 탄소나노 섬유 상에 돌기 형태의 탄소를 도입 할 

수 있었다. 제조한 물질에 혈소판 유래 성장 인자 (PDGF) 

결합 압타머를 고정시켜, 높은 감도 및 선택성을 갖는 바이오 

센서로서 적용 하였다. 

마지막으로, 이산화망간을 도입한 탄소나노섬유를 제조하기 

위해, 과망간산 칼륨을 전구체로 사용하고 열처리 및 교반을 

이용해 화학적으로 환원시켰다. 제조한 물질은, 신경 유도체인 

디메틸 메틸포스포네이트 분자 검출용 화학센서의 트랜스듀서 

물질로 적용하였다.  

또한 이 논문에서 제조한 물질이 굽힘에도 불구하고 저하되지 

않는 전기 저항 및 타겟 분석물질 감지 성능을 나타낸다는 

사실을 통해 유연하고 독립된 기판 센서 물질로 활용 할 

가능성을 제공하였다. 
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