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Electrospun nanofibers have gained great research interest for decades as attractive 

nanomaterial for various applications due to their ultra-high specific surface area, 

flexibility in materials, and ease of fabrication. Furthermore, fine tuning of electrospinning 

or post-electrospinning process conditions can allow for precise control of morphology, 

composition, physical, electrical, and electrochemical properties to tailor the nanofibers for 

a specific application. In this work, the effect of various electrospinning-related conditions 

on properties of polyacrylonitrile (PAN)-derived nanofibers was elucidated by series of 

systematic variation of parameters called design of experiment (DOE). Analyses on the 

DOE revealed solution viscosity, mainly controlled by polymer concentration, was the 

predominant factor for nanofiber morphology, while the addition of composite materials 

such as multi-walled carbon nanotubes and zinc acetate also strongly affected the nanofiber 

dimensions. 



 vii 

To study the suitability of the PAN nanofibers with controlled properties for 

applications in energy harvesting and generation, piezoelectric and electrochemical 

properties of PAN-derived as-spun and heat-treated nanofibers were characterized. For the 

first time, size-dependent piezoelectric properties for PAN nanofibers was carefully 

investigated, which showed the voltage generated perpendicular to the direction of the fiber 

(V33) increased as a function of decreasing fiber dimensions, similar to more commonly 

studied piezoelectric polymers. Electroanalytical methods such as cyclic voltammetry, 

linear polarization and electrochemical impedance spectroscopy were employed to 

investigate the feasibility of various carbonaceous nanofibers as electrode material. 

Enzymatic fuel cell was chosen as the device of interest for energy generation 

application in this work. In an attempt to utilize the naturally abundant yet complex 

cellulose as fuel, a multienzyme cascade complex in nature called cellulosome was 

biomimetically fabricated by site-specific immobilization of 5 enzymes on customized 

DNA scaffold for sequential hydrolysis of cellulose followed by catalytic oxidation of 

glucose for electricity generation. With successful demonstration of the synergistic effect 

of enzyme immobilization on DNA scaffold, similar system was functionalized onto an 

electrode for preliminary electrochemical studies, which exhibited great promise as 

multienzyme cascade-based bioanode for cellulolytic fuel cell. 
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1 Recent Advances in the Direct Electron Transfer-

Enabled Enzymatic Fuel Cells 

1.1 Abstract 

Direct electron transfer (DET), which requires no mediator to shuttle electrons from 

enzyme active site to the electrode surface, minimizes complexity caused by the mediator 

and can further enable miniaturization for biocompatible and implantable devices.  

However, because the redox cofactors are typically deeply embedded in the protein matrix 

of the enzymes, electrons generated from oxidation reaction cannot easily transfer to the 

electrode surface. In this review, methods to improve the DET rate for enhancement of 

enzymatic fuel cell performances are summarized, with a focus on the more recent works 

(past 10 years). Finally, progress on the application of DET-enabled EFC to some 

biomedical and implantable devices are reported.

1.2 Introduction  

Since its first demonstration of concept by Yahiro et al., 1 enzymatic fuel cell (EFC) 

has gained much research interest as one of the environmentally friendly and renewable 

source of power generation. Utilizing isolated enzymes from microorganisms as 

biocatalysts at either or both of electrodes, the substrate specificity of the biocatalysts 

essentially removes the need for compartmentalization of each electrode, allowing for 

wider applications via miniaturization. EFC is known to generate electricity via two 

electron transport mechanisms: direct electron transfer (DET) and mediated electron 
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transfer (MET). (Figure 1.1) When an electron generated from oxidation catalyzed by the 

redox center of a bioanodic enzyme travels directly to the electrode surface and is collected 

as current, the enzyme is known to undergo DET; when an additional component is utilized 

between the enzymatic catalyst and electrode surface to act as a mediator to shuttle the 

electron, it is referred to as MET. Early works with EFC typically involved electron 

mediators, such as hydroquinone, benzoquinone, and ferricyanide salt to obtain current. 2,3 

Though first report of DET may date back to as early as 1972,4 it was not until 1978 when 

works by Berezin et al. pioneered the DET mechanism to collect current with a laccase 

(Lc) directly adsorbed onto graphite electrodes.5 

 
Figure 1.1 Schematic of (a) direct and (b) mediated electron transfer in enzymatic 

electrodes.6 

Despite over a half of a century worth of research, there is yet to be a consensus on 

whether DET or MET surpasses one another in terms of EFC performance. On one hand, 
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MET-enabled EFC theoretically provides higher current and power density as the mediator 

would minimize the number of electrons that fail to reach the electrode due to its small 

tunneling distance (~10-20 Å); on the other hand, DET-enabled EFC offers simpler 

configuration and can bypass potential toxicity or low stability of some mediators.7,8 

Furthermore, not using a mediator means the redox enzymes can operate at a potential close 

to their natural standard redox potentials, leading to lower chances of interfering reactions 

as well as higher open-circuit potential and thus higher power density. 9 

 When evaluating the performance of EFC, several properties are commonly 

characterized or quantified: power density, current density, the amount of decay in power 

density over time, and open-circuit potential (OCP). The power and current density and the 

OCP correlate to the overall power output by the EFC, while the time-dependent decay of 

the power density can be translated into the stability of the EFC. While DET seems like a 

more favorable method of electron transfer to optimize the EFC performance, the small 

electron tunneling distance greatly limits the type of oxidoreductases that can be used for 

this configuration. Typically, the redox center is deeply embedded within a protein matrix, 

the size of which often exceeds 10 Å. In fact, only about a 100 of 1700 known 

oxidoreductase enzymes can facilitate DET.10 In an effort to not only increase this number 

but also enhance the fuel cell performance utilizing DET, a number of components of EFC 

could be improved: protein engineering to increase the efficiency of the direct electron 

transfer; immobilization of the biocatalysts on the electrode to decrease the tunneling 

distance and enhance the stability; and use of functional nanomaterials as electrodes to 
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maximize enzyme loading while minimizing IR drop and tunneling distance for efficient 

charge transfer. 

 Herein, methods to enhance the performance of DET-enabled EFC that have 

recently been popular are summarized, and the outlook on these EFCs, including their 

applications, are presented. 

1.3 Biocatalyst engineering 

 One of the major drawbacks of using native enzymes as biocatalysts for EFCs is 

that some redox cofactors, molecules that change their oxidation state during catalytic 

redox reaction of the substrate, are deeply embedded inside the enzyme, and thus it is 

difficult for the electrons generated from the oxidation reaction to transfer successfully to 

the electrode surface. For many enzymes, this means the electrons must be able to travel 

far beyond their 10-Å limit to reach the electrode, and most, if not all, of the electrons are 

not collected as current without any modification on the enzymes. 

1.3.1 Mutated enzymes 

Glucose oxidase (GOx), one of the most extensively studied oxidoreductase 

enzyme for catalysis of glucose oxidation, is well known for its flavin adenine dinucleotide 

(FAD) cofactor embedded within the protein matrix as far as 15-26 Å from the surface.11 

Due to the large depth in which the FAD is located, some works have claimed that native 

GOx does not undergo DET at all.12,13 In these works, the redox peaks at E0=-0.46 V (vs. 

Ag/AgCl) famously known to represent the GOx activity by the redox of FAD/FADH2 



 5 

cofactor were argued to be inaccurate, as their electroanalytical methods with various 

control experiments suggested the redox peaks were due to the enzymatic activity of the 

FAD cofactors that have denatured from GOx itself, rather than the electroactivity. 

Despite these claims, efforts towards DET-enabled GOx-based EFC have 

continued. Furthermore, other enzyme catalysts for both anode and cathode have been 

engineered and utilized for enhancement of EFC performance. This section describes 

various methods to modify or engineer enzymes for increasing the stability of enzyme 

immobilization and decreasing enzyme-to-electrode distance, thereby increasing the 

chance of DET for higher power density.  

Use of native GOx as the anodic enzyme often leads to its sensitivity to oxygen. In 

addition to its primary substrate, glucose, GOx also interacts with oxygen as a natural 

electron acceptor and catalyzes its reduction to hydrogen peroxide. This can result in not 

only a lower coulombic efficiency, but also affecting the cathode by depleting the available 

oxygen to be reduced.14 

As one of the alternatives, FAD-dependent glucose dehydrogenase (referred to as 

GAD-GDH) has been suggested as a promising enzyme. GDH is available with three 

different cofactors – pyrroloquinoline quinone (PQQ), nicotine adenine dinucleotide 

(NAD), and FAD. Though GDH based on all three cofactors have been utilized as anodic 

enzyme catalyst for EFC applications,15–17 the low substrate selectivity and poor thermal 

stability of PQQ-dependent GDH18 and denaturing of NAD cofactor suggest there are room 

for improvement for them to be stronger candidates for glucose-oxidizing enzyme for 
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EFCs. FAD-GDH, on the other hand, have been steadily used as an oxygen-insensitive 

alternative, immobilized in various EFC setups. Desriani et al. demonstrated FAD-GDH-

based enzymatic fuel cell by casting FAD-FDH/carbon ink mixture on carbon cloth to 

fabricate the bioanode.19 Combined with the cathode functionalized with bilirubin oxidase 

(BOD), the EFC produced up to 9.3 µW/cm2 power density with cellobiose as substrate. 

Muguruma et al. employed debundled single-walled carbon nanotubes (SWNTs), which 

were small enough in diameter (1.2 nm) to be plugged into the grooves of FAD-GDH to 

minimize the distance between enzyme cofactor and the electrode. Glucose concentration-

dependent current response was only observed when debundled SWNTs were utilized as 

opposed to SWNT aggregates or multi-walled carbon nanotubes (MWNTs), despite the 

oxygen insensitivity of FAD-GDH.20 Lee et al. studied the electrochemical behavior of 

FAD-GDH via chronoamperometry. Not only was DET achieved with the mutated 

enzyme, but also the distance between enzyme cofactor and electrode surface was 

controlled by different self-assembly monolayers (SAM) to show its significance in 

enhancing the current response.21 Furthermore, the chemisorption between the thiol residue 

of SAM and gold electrode, combined with the covalent bond between the amino groups 

of the FAD-GDH and succinimide groups of SAM, strengthened the stability of enzyme 

immobilization on the electrode surface for more efficient DET. 
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Figure 1.2 Schematic of possible DET route between FAD-GDH and individual SWNT. 

Between SWNT, MWNT, and graphene, debundled SWNT is the only one small enough 

to fit into the indentations of FAD-GDH, reducing the distance for electrons to travel from 

the FAD cofactor.20 

Another method to overcome the weak DET rate by GOx is genetic modification 

for ready functionalization with metallic nanomaterials or more intricate structure with 

supporting materials. Prévoteau et al. demonstrated that deglycosylated glucose oxidase 

exhibited more negative surface charge than native GOx, which allowed for stronger 

electrostatic interaction with positively charged hydrogels used to immobilize the 

enzymes.22 Electrodes functionalized with deglycosylated GOx showed higher current 

density to fixed amount of glucose than native GOx, which was attributed to the smaller 

enzyme-electrode distance and higher enzyme loading due to stronger attraction towards 

the hydrogel and thus the electrode surface. Holland et al. made direct mutations at various 

locations of GOx to add a cysteine side chain, which revealed a thiol group at a distance 

from 14 to 29 Å from the FAD cofactor. The thiol group attached to the GOx readily bound 

to gold nanoparticles, which facilitated direct electron transfer when functionalized onto 
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electrode surface.23 Electroanalytical methods on electrodes modified with 5 mutated GOx 

showed only the enzyme with the thiol group closest to the FAD exhibited electroactivity, 

reinforcing the significance of minimizing enzyme-to-electrode distance for efficient DET. 

Other enzymatic catalysts such as fructose dehydrogenase,24,25 laccase,26 and pyranose 2-

oxidase27 have been modified for more stable immobilization as well as enhanced 

enzymatic activity. 

1.3.2 Orientation of enzymes 

 Oxidoreductase enzymes are relatively large and measure few nanometers in 

diameter; the redox center is typically embedded within the protein matrix, at times tens of 

angstroms from the surface of the enzyme, which is well over the maximum electron 

tunneling distance of up to 20 Å.28 Because of this, it is essential to achieve favorable 

orientation of the enzyme when immobilizing on the electrode; that is, in a way that the 

redox cofactor is closest to the electrode surface.29 The difficulties associated with 

obtaining such orientation, parameters that affect the orientation, and the enzymatic 

electrode properties that are in turn affect by the enzyme orientation are reviewed in great 

detail by Hitaishi et al.30 Thus, in this review, several recent works demonstrating fine 

tuning of enzyme orientation by protein and electrode engineering to improve the direct 

electron transfer are covered. 

 The general idea behind achieving good orientation for DET is to promote 

electrostatic interaction or covalent binding between the enzyme and the electrode surface 

so that the cofactor is located at a compatible distance from the electrode for electron 
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transfer. For example, gold nanoparticles immobilized on highly oriented graphite 

electrode were functionalized with aminophenyl groups, which allowed for covalent 

binding between the nanoparticles and laccase enzyme. Two-step immobilization was 

proposed for this work: (i) the amino groups on the gold nanoparticles reacted with the 

oxidized sugar residues on the Lc, while (ii) amide bonds were formed between carboxylic 

groups of the enzyme and amino groups on the graphite electrode.31 Lalaoui et al. modified 

a specific location of laccase (Lc) with a pyrene molecule near the T1 copper redox center 

of the enzyme, so that when the pyrene group on the Lc bound to the CNT-bound gold 

nanoparticle, the redox center was closest to the electrode surface to maximize the current 

density output.32 

 

Figure 1.3 Schematic representing direct bioelectrocatalysis of pyrene-modified laccase 

immobilized by β-cyclodextrin-modified gold nanoparticles bound to carbon nanotube.32 

 Ma et al. engineered seven different mutants of cellobiose dehydrogenase to vary 

the orientation at which the enzyme was immobilized on the electrode surface. All enzymes 
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but the wild type one were covalently bound to either gold or glassy carbon electrode, 

which was confirmed by surface plasmon resonance and cyclic voltammetry; furthermore, 

the distance of the cytochrome domain from the electrode greatly affected the DET/MET 

ratio.33 

1.4 Biocatalyst immobilization methods 

Stability of enzymatic fuel cells can also be enhanced by securely immobilizing the 

catalyst on the electrode surface. Without proper anchoring down or protection, 

biocatalysts could easily denature and lose their activity or desorb from the electrode 

surface. Several immobilization methods have been developed and studied, which are 

summarized in Table 1.1 below. With the ample potential for miniaturization for 

applications in biomedical, biocompatible, and even implantable devices, it is critical to 

maximize the stability of the biocatalysts and thus of the device performance.



 

1
1
 

Table 1.1 Overview of enzyme immobilization methods. 

 

 Mechanism Reversibility Advantages Disadvantages Ref. 

Physisorption 
Hydrophobic-hydrophilic, 

van der Waals 
Reversible Low cost, simple Long time, leaching 34 

Covalent bonding 
Functional groups on protein 

binds to surface 
Irreversible Little leakage, mild conditions 

Low loading, enzymes 

denature 
35 

Entrapment 

Caging by covalent or non-

covalent bonds within gels or 

fibers 

Irreversible 
No chemical interaction with 

enzymes, improved stability 

Low loading, enzymes 

denature 
36 

Cross-linking 
Intermolecular linkages 

between enzymes 
Irreversible 

Higher activity, very little 

desorption 

Potential changes in 

active sites 
37 

Affinity 

Utilizes specificity of 

enzymes under different 

physiological conditions 

Reversible High retention of activity High cost 38 

DNA conjugation 

ssDNA linked to enzymes 

hybridized to ssDNA 

template 

Irreversible 

Site-specific immobilization to 

organize multiple enzymes, very 

little desorption 

Long time, high cost 39 
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1.4.1 Physisorption 

 Physisorption, typically done by dropcasting an enzyme solution onto the electrode 

surface followed by air-drying, is by far the simplest and cheapest method to fabricate 

enzyme electrodes. However, because the enzymes are immobilized by weak van der 

Waals forces or hydrophobic-hydrophilic interactions, they can easily desorb or leach off 

the electrode surface. 40,41 Because of this, physisorption is often avoided, and rather, novel 

methods of enzyme immobilization or development of composite electrode materials are 

sought, and thus physisorption is only briefly described in this review. However, there are 

still recent efforts to improve the stability of physisorbed enzyme catalysts, including 

composite materials to co-deposit with the enzyme solution. Das et al. utilized composite 

electrode consisting of reduced graphene oxide (rGO) and gold nanoparticles (AuNPs) to 

immobilize GOx, which showed higher electron transfer rate than when rGO or AuNPs 

were used individually. The improved performance of laboratory scale fuel cell built from 

this bioanode was attributed to the increase specific surface area and electronic 

conductivity of rGO combined with better attachment between GOx and AuNPs via sulfur-

containing amino acids of the enzyme.42 Liu et al. studied the effect of MWNTs on the 

DET and electroactivity of GOx by co-depositing carbon nanotubes of various numbers of 

layers for various electroanalytical methods, which suggested that the electrons generated 

from GOx was shuttled from outer to inner wall of the MWNTs.43 
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Figure 1.4 Schematic of proposed route of DET for GOx physisorbed with multi-walled 

carbon nanotubes.43 

1.4.2 Entrapment and conducting polymers 

 Organic molecules with metallic or semiconducting electrical properties called 

conducting polymers can be an effective agent to entrap the enzyme catalysts and help 

transfer electrons to the electrodes. In addition to these benefits, polypyrrole (Ppy) helps 

prevent some undesired reactions, explaining its continued use since its implementation in 

EFC setups in 1986.44 Recently, more complex bioanode setups with single- or multiwalled 

carbon nanotubes, nanocellulose, graphene, or various Ppy nanostructures, immobilizing a 

wide range of enzymes such as fructose dehydrogenase,45,46 glucose oxidase,47–49 and 

alcohol dehydrogenase50. Many works suggested the enhanced power density was owed to 

the conductive polymer matrix allowing for proper orientation of the enzymes, good mass 

transport rates, and improved stability. 
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Polyethyleneimine (PEI) is also widely used to immobilize enzymes while 

exhibiting water miscibility and high biocompatibility as well as offering various surface 

chemistries for stable binding to electrode surfaces or other nanomaterials.51–53 PEI is 

typically used along with carbon nanotubes51,54 or metallic nanoparticles55–57 to increase 

the stability of enzyme immobilization. 

 

Figure 1.5 Schematic of (a) fabrication of various GOx-functionalized electrodes and their 

mechanism of immobilization; (b) comparison between native GOx and GOx/PCA 

composite. 51 

Polyaniline (PANI), discovered over 150 years ago, only started gaining research 

interest until 1980s due to its high electrical conductivity, and was first demonstrated for 

its utility as enzymatic electrode in 1999 by immobilizing lactate dehydrogenase on 

electrochemically prepared PANI film.58 Since then, PANI has been utilized as composite 

materials or prepared as nanofibers,59–61 mainly due to its multifaceted functionality and 
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biocompatibility.62 PANI can be directly electrochemically polymerized or functionalized 

onto various carbonaceous nanomaterials including graphene, graphene oxide, or carbon 

nanotubes for enhanced electrical conductivity and enzymatic activity.17,63–65 

1.4.3 DNA as scaffolds or electron acceptors 

 DNA has been employed as an effective method to immobilize single or multiple 

enzymes in a specific order for efficient cascade reactions. The terminals of the DNA can 

be modified for strong covalent bonds onto the electrode surface for stable anchoring of 

the enzyme catalysts. Xia et al. demonstrated a fully assembled methanol enzymatic fuel 

cell by immobilizing alcohol dehydrogenase and aldehyde dehydrogenase using zinc-

finger protein.66 The cascade reaction catalyzed by the two enzyme catalysts successfully 

hydrolyzed methanol to produce power density of 24.5 W/cm2. DNA nanostructures have 

also been used to couple synergistic enzymatic reactions into a cascade system, 67–69 up to 

five enzymes for sequential hydrolysis of cellulose.70 
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Figure 1.6 Schematic of five-enzyme cascade system for hydrolysis of cellulose and 

glucose oxidation.70 

Other 3D structures utilizing DNA such as nano-chambers71 and nanocages72 were 

fabricated for self-assembly of enzyme cascades by GOx and horseradish peroxidase 

(HRP), which showed enhanced activity compared to when the two enzymes were freely 

in solution. Chakraborty et al. studied an oxygen-reducing cathode catalyzed by bilirubin 

oxidase (BOD).73 They used DNA as a template to fabricate gold nanoclusters (AuNC), 

which enhanced the electron transfer, shown by 15 mV lower overpotential as well as 5.5 

times higher current than when typical plasmonic gold nanoparticle was used in the same 

configuration. Furthermore, rolling circle amplification was utilized to assemble multiple 

copies of the enzyme catalysts for enhanced catalytic activity toward reactions that are 

otherwise impossible to achieve with a single enzyme.74,75 Though some of these examples 

were not readily applied to EFC setups, it is worth noting their potential for future 

applications in EFC with enhanced catalytic activity and stability. 
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1.5 Nanomaterial-based electrodes 

 The high surface area-to-volume ratio and variability of physical and chemical 

properties by precise control of morphologies have made nanomaterials attractive and 

superior to their bulk counterparts in numerous applications. Taking advantage of such 

properties to increase not only the enzyme loading but also protection around the enzyme 

catalysts can allow the nanomaterial-based EFC electrodes to increase stability and 

decrease the enzyme-to-electrode distance for more efficient direct electron transfer. 

1.5.1 Carbonaceous materials 

 Carbon-based nanomaterials exhibit high electrical conductivity and good 

mechanical properties, as well as various physical and electrical properties depending on 

the control of their morphologies. Various carbonaceous materials such as carbon fibers or 

papers,76–78 carbon black,79–83 carbon nanoparticles,84 graphene,85–87 and carbon 

nanotubes43,88–91 have been employed as EFC electrode materials. 

  First discovered by Ijima et al. in 1991,92 carbon nanotubes (CNTs) now are one 

of the most widely used nanomaterials for fabrication of enzyme electrodes, largely due to 

high surface area-to-volume ratio and flexibility towards surface chemistry manipulation 

to enhance enzyme immobilization.93,94 Carbon nanotubes are typically physisorbed or 

compressed with enzyme catalyst of choice, followed by coating of semi-permeable 

polymer like Nafion to prevent desorption or leaching of the enzymes. Recently, however, 

more complex setups have been reported to enhance the immobilization of the enzyme as 
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well as electron transfer by using electrode materials of higher surface area and electrical 

conductivity. Carbon-based electrode materials were chemically modified or doped for 

increased enzyme loading and stability of enzyme immobilization, 83,95–98 decorated with 

metallic nanomaterials for covalent bonding of enzymes and enhanced electron transfer, 

26,99 or combined with various carbonaceous nanomaterials to form composite electrodes. 

64,85,100,101 

1.5.2 Porous nanostructure 

 The ultra-large surface area-to-volume ratio with fine-tunable pore size, density, 

and overall nanostructure dimensions, porous nanostructures have shown to be excellent 

candidates for EFC electrode materials. Though enzymeless, catalytic glucose oxidation 

by Rong et al. described the high porosity of the polymer matrix employed around the gold 

nanoparticle catalyst provided size-selective protection against larger molecules.102 Similar 

to this work, enzymatic electrodes are also fabricated based on porous structures in order 

to protect the enzyme catalysts, while allowing more contact area to enhance the DET rate. 

The significance of mesoporous electrodes (i.e. containing pores of diameter between 2 

and 50 nm) is supported by (i) the curvature effect,103,104 in which the current density 

largely increases as pore diameter approaches that of a single enzyme; as well as (ii) the 

electrostatic interaction between the enzyme and the electrode, where the surface charge 

of the electrodes can promote the preferred orientation of the enzymes so that the distance 

between the enzyme active site and the electrode is minimized.105–108 With these in mind, 

meso- and microporous electrodes were fabricated based on glassy carbon electrodes 

modified with Ketjen Black and gold nanoparticles to improve the direct electron transfer 
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kinetics of several redox enzymes such as bilirubin oxidase, hydrogenase and formate 

dehydrogenase.109 Based on the electrochemical behavior of these electrodes characterized 

by cyclic voltammetry, combined with electrostatic charge distribution visualized by 

PyMOL, it was suggested that electrodes with controlled morphology such as mesoporous 

structure was a predominant factor in facilitating DET of the three enzymes. The 

mechanism of DET based on porous electrodes and the optimum porous nanomaterial for 

DET were mathematically modelled and experimentally validated by Do et al. and 

Mazurenko et al., respectively.110,111 

 

Figure 1.7 Schematics showing (A) curvature effect (B) edge effect (C) electrostatic effect 

that are taken into account for meso- and microporous structures.109 

Various porous materials were utilized as electrodes to be functionalized with 

enzyme catalysts. Wang et al. deposited single-walled carbon nanotube on gold-coated 

porous silicon substrates, onto which GOx and Lc were electrochemically immobilized to 

fabricate bioanode and biocathode, respectively. Enzymatic fuel cell built with these 
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electrodes produced peak power density of 1.38 µW/cm2 for up to 24 hours.112 Though the 

power density output was not as high compared to similar works, it was important to note 

that both membrane- and mediator-free enzymatic fuel cell was demonstrated with glucose 

at a near-physiological concentration for potential in biomedical application. Improved 

peak power density and stability of up to 12 µW/cm2 and 48 hours, respectively, were later 

demonstrated by the same setup and group later that year.113 A work by du Toit and Di 

Lorenzo demonstrated the feasibility of highly porous gold electrodes for use in biofuel 

cell with GOx and and laccase as anodic and cathodic catalysts, respectively, producing 

peak power density of 6 µW/cm2, 114 a comparable value to other miniature EFCs.115,116 

Their effort continued to develop a flow-through glucose/oxygen fuel cell based on highly 

porous gold electrodes for continuous power generation for up to 24 hours.117 Salaj-Kosla 

et al. also utilized nanoporous gold electrodes to immobilize bilirubin oxidase by 

physisorption to produce catalytic current density of 0.8 mA/cm2.118 More recently, 

bioelectrocatalysis by bilirubin oxidase was further improved by immobilizing it onto 

porous gold119 and mesoporous carbon electrodes120, which was attributed to the 

appropriate pore size distribution as well as promotion of favorable orientation of the 

enzyme for direct electron transfer. 

1.5.3 Gold nanoparticles 

 Due to their unique physical and electrical properties, gold nanoparticles (AuNPs) 

are among popular materials with which to functionalize EFC electrodes. In addition, the 

various facile synthesis protocols and size control techniques make AuNPs more attractive 

in enhancing the enzyme electrode performance. AuNPs themselves can be modified with 
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functional groups such as thiols to covalently attach to electrode surface, improving the 

stability when the enzymes are adsorbed onto the AuNP functionalized electrodes, in which 

the AuNPs act as electronic bridges between the enzyme active site and the electrode 

surface. Monsalve et al. used a thiolated AuNPs of various sizes to covalently bind to a 

hydrogenase for bioanode fabrication, during which the smallest AuNPs were found to 

exhibit the highest surface area, leading to a 170-fold increase in current density from DET-

based hydrogen oxidation compared to using unmodified bulk gold electrode.121 Combined 

with BOD-modified cathode, the as-fabricated EFC produced power density of up to 0.25 

mW/cm2. Ratautas et al. fabricated a bioanode with AuNP modified with 4-

aminothiophenol (4-ATP), which contained oxidized derivatives that allowed for stable 

immobilization of glucose dehydrogenase, and confirmed its mediator-free glucose 

oxidation electrochemically.122 Biocathodes based on AuNPs as electronic bridges for 

laccase were also fabricated by Kang et al.; laccase was immobilized onto 

naphthalenethiol-modified AuNPs, which promoted the electron transfer to the 

polyethyleneimine-carbon nanotube electrode.123 The high-surface area electrode also 

increased the enzyme loading, producing 13 µW/cm2 power density when put together into 

EFC. AuNPs were employed in both anode and cathode for sugar/oxygen EFC with 

cellobiose dehydrogenase and bilirubin oxidase as anodic and cathodic catalyst, 

respectively; the EFC showed improved performance than previously fabricated EFCs (i.e. 

power density of 15 µW/cm2 in buffer and 3 µW/cm2 in human blood), which was 

attributed to the use of 3D AuNP-modified electrodes.124 AuNPs are also used with other 
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electrically conductive materials such as conducting polymers and carbon nanotubes to 

further enhance the electrical properties for more stable DET.52,125  

1.6 Recent progress in biomedical application of DET-enabled 

EFC 

Implantable devices powered by EFCs are increasingly attracting research attention 

since high substrate specificity of enzyme catalysts remove the need for compartments or 

membranes, allowing for miniaturization. Furthermore, use of biocompatible 

nanomaterials for electrodes has shown great potential in implantable EFC devices. 

Though mediated electron transfer-based EFCs have shown potential for implantable 

device applications earlier and consistently grown,126–129 DET-enabled EFCs closely 

followed the trend. Starting from those fueled by clams130 and lobsters,131 DET-driven 

EFCs were surgically implanted on an exposed rat tissue132 and finally in the abdominal 

cavity of a rat to truly show the potential of biocompatible, implantable EFC to power 

devices, which was demonstrated by the powering of light-emitting diode (LED) and a 

digital thermometer. 133 To accomplish this, Zebda et al. wrapped the enzyme electrodes in 

silicone bags, followed by a dialysis bag filled with sterile solution and then an autoclaved 

commercial sleeve to avoid inflammation or toxicity issue with the rat tissue. 
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Figure 1.8 Schematic of enzymatic fuel cell using live snail. Figures are from work by 

Halámková et al. 134 

The effort towards implantable EFC-powered devices for humans have also been 

consistent. Bollella et al. demonstrated a proof of concept with a FAD-based CDH and Lc 

as bioanodic and biocathodic enzyme catalyst, respectively, immobilized on a gold 

nanoparticle-functionalized graphene screen-printed electrode; the EFC with both enzyme 

catalysts co-immobilized on the same electrode showed power output of 1.10 W/cm2 and 

open-circuit voltage of 0.41 V in real human saliva samples, hinting at a potential non-

invasive autonomous biodevices.135 DET-enabled EFCs also exhibited stable operation in 

other human liquids such as serum, saliva, and urine, ranging in power density of 12 to 18 

W/cm2.136 Operation of mediatorless EFC utilizing various enzymes such as PQQ-GDH 

and cellobiose dehydrogenase in real or synthetic human tear was observed, giving 

possibility of EFCs powering “smart” contact lenses.137,138 
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Figure 1.9 (a-c) Optical images of enzymatic fuel cell based on transparent and flexible 

electrodes. (d) Schematic of membrane- and mediator-free glucose/oxygen biofuel cell.139 

Pankratov et al. utilized transparent, flexible substrate upon which CDH and BOx 

were immobilized was used to produce maximum of 0.6 W/cm2 and maintain ~80% of 

the initial power density after 12 hours of operation.139 The use of the transparent substrate 

and the minimal impact on the transparency upon enzyme immobilization, combined with 

relatively stable operation of the EFC, suggests its potential as a power source for smart 

contact lenses. The low power output of the implantable DET-enabled EFC in human 

physiological fluids (compared to ~40 W/cm2 achieved by Milton et al. via mediated 

glucose oxidation in human serum at 21 oC140) was primarily attributed to the extremely 

low glucose concentration, but given that some cases of MET-based EFC was able to show 

higher power outputs, there are certainly more optimization and improvements needed 

before implementing DET-based EFCs to power implantable devices. 

  



 25 

1.7 Conclusions and outlook 

 In addition to the method of green energy production, enzymatic fuel cells offer 

many advantages such as potential for miniaturization and flexibility of fuels. With proper 

engineering of various components of the EFC, scientific community has come a long way 

in enhancing the EFC performance including power density and open circuit potential in a 

push towards real-life applications, especially in the biomedical field. Both biocatalysts 

and electrodes were engineered to promote higher catalytic activity, more efficient electron 

transfer, and faster current collection to maximize power generation. Some engineering 

methods have been employed to prolong the activity of the biocatalysts and therefore the 

stability of the EFC performance. 

 Even though many potential applications have been explored, some of which were 

very promising, EFCs still suffer greatly from lack of long-term stability and low power 

density with fuel concentrations as low as physiological conditions. However, the ongoing 

debate on whether or not MET is better than DET or vice versa may be the bottleneck that 

takes away the focus from realization of EFCs in real-life applications. More research 

based on fundamentals of enzymatic and electroactivity of the biocatalysts may be 

necessary to undeniably support or refute the direct electron transfer of some popular 

enzymes like glucose oxidase.  
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2 Electrospun Polyacrylonitrile-Derived Nanofibers and 

Their Controlled Physical, Piezoelectric, and 

Electrochemical Properties via Design of Experiment 

A part of this chapter is based on: Yu, S. & Myung, N. V. Minimizing the Diameter of 

Electrospun Polyacrylonitrile (PAN) Nanofibers by Design of Experiments for 

Electrochemical Application. Electroanalysis 30, (2018). 

2.1 Abstract 

Pristine and composite nanofibers based on polyacrylonitrile (PAN) were electrospun with 

solution, electrospinning and environmental conditions systematically varied via a series 

of design of experiments (DOE). Analyses on the DOEs revealed the effect of the operating 

conditions on resulting nanofiber properties, including physical, electrical piezoelectric 

and electrochemical. Regardless of the composite materials, PAN concentration by wt.% 

was the predominant factor for solution viscosity, which controlled the nanofiber 

dimensions. Size-dependent piezoelectric properties and voltage output were studied in 

detail for the first time. Effect of multi-walled carbon nanotube on the piezoelectric 

properties of PAN was investigated. Electrochemical properties such as double-layer 

capacitance and polarization resistance were detailed via electroanalytical methods 

including cyclic voltammetry (CV), linear sweep voltammetry (LSV) and electrochemical 

impedance spectroscopy (EIS). The effect of DOE factors on the parameters calculated 

from EIS fitting was analyzed, which showed polarization resistance increased with 

mesopores created by removing zinc oxide with acid. 
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2.2 Introduction 

2.2.1 Electrospun nanofibers 

Nanofibers have long been exploited as a versatile, attractive material compared to 

their bulk counterparts due to their exceptionally high specific surface area and aspect ratio, 

highly porous structure, and wide range of materials that can be used for synthesis. Such 

unique properties helped exhibit their potential in a variety of applications in areas of 

energy, healthcare, and environment; extensive studies have been conducted using 

nanofibers in thermoelectrics, piezoelectrics, sensors, scaffold for tissue engineering, drug 

delivery, filtration, electrode materials for batteries, supercapacitors, fuel cells and solar 

cells, catalytic support, and smart textiles. 

Synthesis methods for nanofibers include sonochemical1,2, polymerization3,4, 

template-based5, self-assembly6,7, electrospinning8, and some relatively novel methods 

such as electrohydrodynamic direct writing9,10, centrifugal jet spinning11–13, plasma-

induced14,15, solution blow spinning16,17, and carbon dioxide laser supersonic drawing18. A 

brief overview of the synthesis methods is presented in Table 2.1.  

  



 

4
0
 

Table 2.1 Overview of synthesis methods for nanofibers. 

Method Principle Advantages Disadvantages Ref. 

Sonochemical 
High-frequency ultrasound radiation to 

induce chemical reaction 

Prevents unwanted growth and 

agglomeration 
Low throughput 1,2 

Polymerization 
Precursor solutions mixed often in presence 

of ultrasonic vibrations 

Simple, can prevent unwanted 

growth 
Long time 3,4 

Template-based 
Nanofibers form through reaction, 

nucleation, and growth within fixed guides 
Uniform dimensions 

Catalyst often required; 

additional step to remove/etch 

template 

5 

Self-assembly 

Precursors spontaneously combine by 

various driving forces (i.e. hydrophobic, 

electrostatic attraction, hydrogen bonding, 

van der Waals, etc) 

Works with biomolecules 

Long time; undesired 

nanostructure growth; low 

stability of product 

6,7 

Electrospinning 
High electric field charges and pulls 

precursor solution into jet of nanofibers 

Simple, cost-effective; virtually no 

limit on materials; scalable 
High voltage; organic solvents 8 

Electrohydrodynamic 

direct writing 

Voltage is applied to pull solution into 

nanofibers; collected at short distance 

Ordered, aligned nanofibers with 

high precision; can accommodate 

solid, liquid, gas phase  

High voltage 9,10 

Centrifugal jet spinning 

DC motor spins hollow chamber containing 

precursor solution, where nanofibers are 

ejected by centrifugal force 

High production rate; low cost 
Disordered nanofibers; high 

temperature 
11-13 

Plasma-induced 

Energetic radicals generated by plasma 

bombard into clusters, which grow into 

nanofibers 

Rapid reaction Complex; unwanted growth 14,15 

Solution blow spinning 
Solution is injected through a nozzle, 

around which high-velocity gas is injected 

High production rate compared to 

electrospinning; in situ deposition 
High-pressure gas 16,17 

CO2 laser supersonic 

drawing 

CO2 laser irradiates fiber supply into 

nanofibers as it is pulled towards the 

collector 

Can accommodate materials with 

high melting point; no additional 

solutions or processes 

Requires vacuum; costly 18 
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Of these methods, electrospinning is widely chosen as it not only is simple and cost-

effective but also allows for fine tuning of composition and morphology via process control 

as well as post-electrospinning treatments. The principle behind electrospinning involves 

electrostatic repulsion in a high electrical field between a nozzle at which the 

electrospinning solution is ejected and a collector that is typically grounded. (Figure 2.1) 

As large amount of voltage is applied to a small droplet of the electrospinning solution, the 

droplet is charged and pulled into a cone shape, known as the Taylor cone, due to the 

potential difference. As the applied voltage passes a critical threshold, the droplet 

accelerates towards the grounded collector as the solvent evaporates, forming a jet of 

nanofibers. For this relatively simple process, various solution, electrospinning, and 

environmental conditions can be tuned to control the dimensions and morphology of the 

resulting nanofibers, and thus fine tune the nanofiber properties to be suitable for specific 

applications. 
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Figure 2.1 Schematic illustration of a typical electrospinning process. 

Applications in an area of energy are widely studied, especially because of the 

global need for a greener source of energy and method of energy production that is 

alternative to the combustion of fossil fuels. It is well known that this method, while 

convenient and inexpensive, presents many environmental drawbacks such as greenhouse 

gas emissions, sulfur dioxide (SO2) and nitrogen oxide (NOx) gas emission contributing to 

acid rain, particulate matter and smog, which ultimately lead to adverse health effects on 

humans. To bypass the use of fossil fuels, renewable sources such as wind, hydro, 

geothermal, and solar energy have been introduced; devices that take advantage of 

alternative sources of energy such as nanogenerators, fuel cells, and thermoelectric 

generators have been developed. 

One of the most attractive benefits of electrospinning is that it not only easily 

accommodates practically any mixture of components, but also allows for modification via 
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post-electrospinning processes such as thermal or chemical treatment to produce functional 

materials securely embedded in polymeric nanofibrous supports. Herein, electrospun 

polymeric and hybrid nanofibers synthesized for some applications in energy harvesting 

and generation are reviewed, focusing on the more recent advances (i.e. dating back up to 

10 years).  

2.2.2 Piezoelectric energy harvesting 

With increasing demand for alternative source of energy, ambient sources (i.e. light, 

thermal gradient, motion) have been explored to harvest energy that would otherwise be 

wasted. Piezoelectric effect, which describes a phenomenon where electric charge is 

generated in response to applied mechanical stress or vice versa, has thus been heavily 

utilized in the field of energy harvesting. Since the first discovery of piezoelectricity in 

1880, ceramic piezoelectric materials such as lead zirconate titanate (PZT) and barium 

titanate (BaTiO3) made a breakthrough in 1950s.19 However, the high toxicity of the lead 

as well as brittleness and inflexibility of many of these ceramic materials deemed them 

unsuitable for some energy harvesting applications. To bypass these drawbacks, 

piezoelectricity of polymers such as polyvinylidene fluoride (PVDF) has been extensively 

investigated since its discovery in the 1960s.20 PVDF is a semi-crystalline polymer with 

three main polymorph phases: α, β, and γ. (Figure 2.2) The α-phase is the 

thermodynamically stable crystalline phase at room temperature, with fluorine atoms 

evenly distributed on either side of the polymer chain and is thus electrically inactive. The 

polar β-phase consists of fluorine atoms on only one side of the polymer chain and is known 
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as the electroactive phase, showing the strongest ferroelectric and piezoelectric properties. 

Finally, γ-phase is also polar and electroactive, but not as much as the β-phase. 

 
Figure 2.2 Schematic illustration of molecular structure of (a)  (b)  and (c)  phase of 

poly(vinylidene fluoride). 

As piezoelectric materials are employed as nanogenerators for potentials in self-

powered wearable devices, nanofiber structure has been greatly favored due to its 

flexibility, in addition to that a wide range of materials can be incorporated within the 
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nanofiber as the support matrix. Furthermore, as more piezoelectric polymers are 

discovered, piezoelectric inorganic-organic hybrid nanofibers are fabricated for enhanced 

piezoelectric properties and output. 

2.2.2.1 Nanofibers as support matrix for piezoelectric nanomaterials 

 While ceramics like barium titanate and PZT exhibit significantly higher 

piezoelectric constants compared to organic materials, many suffer from poor mechanical 

properties and toxicity issues. In an effort to apply piezoelectric materials to biocompatible 

applications such as wearable sensors and human kinematics energy harvesters, several 

methods have been developed. Lead-free nanomaterials have been synthesized to 

overcome the toxicity of PZT; ceramic nanomaterials are embedded in polymeric 

nanofibers that act as a support matrix21; and either precursors or already-prepared 

ceramics could be mixed with the polymer solution to fabricate nanofibers via 

electrospinning followed by calcination to burn off the polymer support. This poses 

multiple advantages to using freestanding bulk ceramics, including high surface area-to-

volume ratio and enhanced mechanical properties. 

2.2.2.2 Piezoelectric polymeric nanofibers as freestanding or organic-inorganic hybrid 

Due to their biocompatibility and high flexibility, polymer-derived piezoelectric 

nanofibers are great alternatives to some toxic or brittle ceramic-based piezoelectric 

materials. They can not only act as a freestanding piezoelectric material but also be 

combined with other piezoelectric inorganics to fabricate hybrid nanofibers of superior 

piezoelectric properties. In addition to the extensively studied PVDF and P(VDF-TrFE), 
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other polymers like poly(l-lactic acid) (PLLA)22–27 and polyacrylonitrile (PAN)28–31 have 

been explored for their piezoelectric properties. A common denominator for the 

piezoelectricity of these electrospun polymeric nanofibers is the dipoles that are typically 

perpendicular to the polymer chain are aligned transversely along the fiber axis, along 

which the polymer chains are aligned during the electrospinning process as the polymer 

solution is mechanically stretched.32 The high electric field applied during the process can 

also induce piezoelectricity without a separate poling process that is typically required.33 

Local piezoelectric response of a single PVDF nanofiber was demonstrated without 

any post-electrospinning processing, attributing to ~70% presence of the electroactive β-

phase.34 P(VDF-TrFE) nanofibers were twisted into yarn and coil structure to enhance its 

mechanical properties, exhibited by the strain to failure of up to 740% and energy to failure 

up to 98 J/g; the as-prepared P(VDF-TrFE) coil showed output voltage of 20 mV with 

bending.35 

Such piezoelectric polymeric nanofibers were employed to fabricate nanogenerator 

and flexible sensors for potential applications in smart textiles and wearable electronics. 

For example, Gheibi et al. demonstrated one-step fabrication of PVDF nanofiber-based 

nanogenerator that outputted peak-to-peak voltage of 1.8 V by finger tapping, while Park 

et al. reported flexible, skin-attachable sensor using P(VDF-TrFE) nanofiber mat to detect 

pulse and pulse waveforms at various body conditions (i.e. relaxed vs. after exercise).36,37 

  



 

4
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Table 2.2. Overview of piezoelectric materials. 

Category Material 
Representative 

piezoelectric mode 

Piezoelectric charge constant 

[pC/N] 
References 

Ceramics 

PZT-5H d33 680 38 

AIN d33 2-5 39,40 

Quartz d33 2 41 

ZnO d33 12.3 42 

BaTiO3 d33 350 43 

LiNbO3 d33 9.5 44 

PMN-PT d33 >1500 45 

Polymers 

PVDF d33 15 46 

P(VDF-TrFE) d33 >20 47 

PLLA d14 10 48 

PHBV d33 0.43 49 

Cellulose d14 4.7-6.4 50 

Collagen d33 2.5 51 

PAN d33 2 52 
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Despite the exceptional mechanical properties and biocompatibility, polymer-

derived piezoelectric nanofibers have yet been exploited in some applications due to their 

relatively poor piezoelectric properties, often indicated by lower piezoelectric charge 

constants (See Table 2.2). While efforts in optimizing piezoelectric properties of purely 

polymeric nanofibers have been consistently made (See Section 2.2.2.3), incorporation 

with other composite materials as hybrid nanofibers is another popular approach to enhance 

not only the piezoelectric properties itself but also the overall performance and versatility 

by combining additional electric properties (e.g. triboelectric, ferroelectric, pyroelectric). 

For example, ferroelectric salt crystal, dabcoHReO4, was embedded in polyvinyl alcohol 

nanofibers, which exhibited peak-to-peak voltage (Vpp) of approximately 200 mV at 5 Hz 

of compression.53 PVDF and thermoplastic polyurethane nanofiber mats were stacked to 

fabricate pressure sensors to monitor human walking with higher sensitivity than 

commercially available sensors,54 while PVDF nanofibers sandwiched between a pair of 

conducting fabric electrodes as triboelectric-piezoelectric nanogenerator was used to 

harvest energy from human walking, exhibiting output voltage, current, and instantaneous 

power of 210 V, 45 A, and 2.1 mW, respectively.55 This triboelectric-piezoelectric 

mechanism has been consistently used to enhance the performance of nanofiber-based 

nanogenerators: P(VDF-TrFE) nanofiber mats have been combined with conductive layers 

like poly(dimethylsiloxane)/multi-walled carbon nanotube (PDMS/MWNT), Kapton film, 

or silver nanowire (NW)/carbon nanotube (CNT)-embedded polyurethane nanofiber mat, 

and PVDF nanofibers with silk nanofibers on conductive fabrics, MWNT/graphene/PDMS 

layer, or silver NW network-based transparent electrodes.56–61 
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Another approach of achieving hybrid nanofibers for piezoelectric energy 

harvesting is combination of organic and inorganic piezoelectric materials in nanofiber 

form. By utilizing polymeric nanofiber with decent piezoelectric properties as the support, 

organic-inorganic hybrids can overcome the poor mechanical properties of inorganic 

materials like BaTiO3, while retaining or even enhancing its piezoelectric properties. 

Piezoelectric response of BaTiO3-embedded PVDF nanofibers as a function of BaTiO3 

loading was studied by Lee et al.62 Furthermore, Dhakras et al. demonstrated that the high 

density of interfaces between the organic and inorganic component in BaTiO3-embedded 

P(VDF-TrFE) nanofibers led to the enhancement in the dielectric response and thus the 

power output of the nanogenerator.63 Similarly, BaTiO3-embedded PVDF composite 

nanofibers were fabricated into nanogenerators for human kinematics energy harvesting 

via synergistic piezoelectric effect between the organic and inorganic components, 

generating up to 112 V of peak-to-peak voltage (Vpp) with finger tapping motion64 and 10.1 

V of open-circuit voltage (Voc) when placed over a knee cap of a human subject while 

walking.65 Zinc oxide (ZnO) is another piezoelectric inorganic material commonly 

employed in nanofibers, a hybrid of which showed 3 times higher output voltage compared 

to purely polymeric piezoelectric nanofibers.66–69 Fakhri et al. reported of PVDF nanofibers 

electrospun directly onto vertically grown ZnO nanorods (NRs), outputting Vpp of ~800 

mV; they attributed the enhancement of the piezoelectric response compared to the 

individual components to the alignment of the dipole orientation of ZnO nanorods and 

PVDF nanofibers, which led to positive addition of piezopotential drop generated from the 

two components.70 Furthermore, the semiconducting properties of the ZnO NRs can 
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enhance the deformation of the nanofibers they are embedded within, leading to more 

separation of ionic charges and thus an increase in the electric potential generated by the 

piezoelectric effect.71 

Other methods include cell-based72, doping73,74, and decoration with conductive 

carbon nanomaterials75,76 to enhance the biocompatibility, crystallinity, and electrical 

conductivity, respectively, which are important features to increase the potential for 

application in wearable, self-powered electronics, or even incorporation of magnetic 

nanomaterials to demonstrate piezoelectric energy harvesting from non-mechanical source, 

i.e. magnetic field-induced microscopic motion.77 

2.2.2.3 Understanding and optimization of piezoelectric properties in polymeric nanofibers 

 Many properties that are critical to enhancing the piezoelectric properties have to 

do with the morphology of electrospun nanofibers, such as the nanofiber diameter, grain 

size, crystallinity, and the presence of the electroactive phase. This section describes a few 

methods to not only control these morphological properties but also investigate their effect 

on the piezoelectric properties of the resulting nanofibers. 

One of the most popular approach is to increase the amount of the electroactive 

phase of the polymer nanofiber. As discussed above, PVDF can exist in three crystalline 

forms: α, β, and γ, where the polar β-phase is the only one that exhibits piezoelectric 

properties. Various composite materials are mixed with polymer solutions prior to 

electrospinning to act as “nanofillers” which apparently interact with the polymer matrix 

and increase the electroactive phases, especially if the composite material with higher 
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dipole is incorporated.78 Some of these materials include carbonaceous nanomaterials like 

MWNT79–81 and graphene oxide78,82, nanoclay templates and other nanoparticles83–86. 

Thermal treatment can also increase the piezoelectric constant by allowing the material to 

change its crystal phase to more thermodynamically stable one as it is heated. In fact, Mao 

et al. reported that annealing of P(VDF-TrFE) thin films at or slightly above its Curie 

temperature, above which materials lose their ferroelectric and piezoelectric behavior, 

achieved maximum polarization, high crystallinity of β-phase, and low leakage current.87 

More recently, Baniasadi et al. reported of ~70% increase in crystallinity of P(VDF-TrFE) 

nanofibers when annealed at temperature between Curie and melting temperature, which 

translated to an approximately 3-fold increase in the Young’s modulus and ~55% increase 

in the piezoelectric constant.32 Much effort has been focused on improving the crystallinity 

and the amount of the electroactive phase present in the nanofibers by annealing.32,88–90 

Even though nanofiber diameter is considered one of the main morphological 

properties of electrospun nanofibers, it was not until 2010 that the effect of fiber 

dimensions on piezoelectric properties was demonstrated.91 PVDF nanofiber produced by 

near-field electrospinning exhibited higher energy conversion efficiency via piezoelectric 

effect compared to thin film counterparts, which was attributed to several possible reasons 

including reduction of domain wall motion, increase in degree of crystallinity and chain 

orientation, and size-dependent flexoelectricity.91 Since then, several attempts have been 

made to understand the effect of various working parameters involved in the 

electrospinning process on the fiber morphology and the piezoelectric properties as a result. 

Shao et al. varied PVDF concentration, applied voltage, and tip-to-collector distance and 



 52 

observed a trend of increase in β-phase PVDF with decreasing fiber diameter while the 

polymer concentration was high enough to produce smooth, uniform fibers.92 A. Gheibi et. 

al varied tip-to-collector distance, feed rate, and applied voltage at various PVDF 

concentration and solvent composition to optimize the electrospinning conditions to 

fabricate smooth, defect-free PVDF nanofibers for nanogenerator applications.93 While 

their work was able to suggest possible mechanism for the formation of the electroactive 

-phase PVDF during electrospinning, the optimization could have been done more 

efficiently. The variation of the electrospinning condition was not only a one-factor-at-a-

time approach, but also inconsistent for each solution condition. Though some conclusion 

could be drawn from the trend observed in this case, some might be premature as this 

approach did not elucidate the effect of each condition. On the other hand, Ico et al. used a 

systematic variation of factors via a method called a design of experiment (DOE) to 

quantitatively determine the effect of solution conditions on P(VDF-TrFE) nanofiber 

dimensions and morphology, which were proven to affect its piezoelectric properties.94 

Optimization of nanofiber diameter based on the DOE showed exponential increase in 

peak-to-peak output voltage (Vpp) with decrease in nanofiber diameter, which also 

exhibited higher d33 coefficient and Young’s modulus. Similar approach was used in 

fabrication of BaTiO3 nanofibers to control the dimension and crystal grain size based on 

DOE of solution, electrospinning, environmental and annealing conditions.95 This work 

reported an increase of d33 coefficient as a function of fiber diameter and annealing 

conditions, exhibiting up to 76 pm/V, while a nanogenerator fabricated with the BaTiO3 

nanofiber embedded in PDMS produced maximum power density of 1.95 W/cm2. 
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2.2.3 Nanofibers for fuel cells 

Nanofibers are a favorable structure for applications such as supercapacitors, 

batteries, and fuel cells due to their high specific surface area, which allows for enhanced 

charge transport as well as high catalyst loading compared to its bulk counterparts. 

Furthermore, facile control of morphology, composition and crystal structure of the 

nanofibers allow for fine tuning of physical, electrical and electrochemical properties for 

enhanced performance in these applications. For fuel cells, in particular, nanofibers have 

been used as a means to push for higher power density and stability, taking advantage of 

the ultra-high specific surface are to increase catalyst loading, various materials that exhibit 

high electrical conductivity for low IR drop, and functional materials or post-

electrospinning processes to enhance properties that affect the fuel cell performance such 

as proton conductivity, ion permittivity and electron transfer rate. 

2.2.3.1 Nanofiber mat electrodes 

 Fuel cell is a device that converts chemical energy from a fuel into electricity 

through a chemical reaction. A fuel is catalytically oxidized at the anode to release a 

number of electrons, which transfer to the electrode surface and travel through the circuit 

to be consumed at the cathode during a reduction reaction. Meanwhile, in some fuel cell 

types, positively charged ions travel to the cathode through a membrane to also be 

consumed in a reduction reaction, typically to produce water as byproduct. During this 

process, the electrodes and the membrane play a critical role in determining the fuel cell 

performance. The activity, loading, and stability of the catalyst at the anode and/or the 
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cathode, as well as the electron transport could be affected by the morphology, 

composition, and porosity of the nanofiber mat electrodes; the ability of the membrane to 

provide facile pathways for protons while effectively blocking other ions would improve 

the power density of the fuel cell. 

  High specific surface area is one of the intrinsic benefits nanofibers offer as 

electrode material.96,97 Activated carbon nanofibers (ACNFs) were suggested as one of the 

promising materials for fuel cell electrodes. The porous interconnected structure as well as 

high specific surface area reduced transport limitations while increasing available surface 

area to catalysts, even in microbial fuel cell applications for biofilm growth.98,99 

Furthermore, ACNFs showed great potential as an alternative to platinum-based cathodes; 

a study by Santoro et al found that although ACNF electrode showed slightly lower activity 

than platinum-carbon (Pt/C) electrode, it maintained its performance under conditions that 

would typically lead to poisoning of platinum catalysts, especially in real wastewater 

environment.100 Conditions for post-electrospinning processes such as sintering could be 

controlled to further increase specific surface area and enhance catalytic activity.101 

 Nanofiber mat electrodes are also used as catalyst supports. Non-precious metal-

based catalysts such as silver102, nickel/cadmium103 and cobalt/cerium oxide104 decorated 

on electrically conductive nanofibers have been reported as potential alternative to 

overcome the high cost and poisoning susceptibility of Pt. Multiple materials have been 

incorporated at once to combine their various functionalities, such as high catalytic activity 

and durability to harsher conditions, while the 1D nanofiber structure provided stable 

support and high electrical conductivity.105 The nanofiber skeleton typically derived from 
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polymer could also be chemically modified to generate pores across the nanofibers for 

enhanced gas and/or charge transport.106–108 Recently, such methods have been combined 

with coaxial electrospinning to fabricate heterostructured composite nanofibers with 

excellent oxygen reduction reaction activity and stability in a push for commercial use of 

solid oxide fuel cells.109 

2.2.3.2 Nanofibers as proton exchange membranes 

As a popularly used type of fuel cell, proton exchange membrane fuel cell 

(PEMFC) typically output kilo-Watt range power and have been commercialized for 

transport applications. In research, there has also been a push to enhance its performance, 

typically by employing a proton exchange membrane that exhibits superior properties to 

that of commercial ones like Nafion. Functional groups in various materials were taken 

advantage of to increase the proton conductivity, water retention, oxygen permittivity and 

ion barrier properties.110 Much of these enhanced properties were attributed to the 

functional groups providing facile proton-conducting pathways.111,112 Furthermore, the 

high electrical field applied during the electrospinning aligned the polymer chains, 

enhancing thermal and hydrolytic stability.113 Electrospun nanofibers are typically 

impregnated with commercial Nafion to fabricate a dense membrane, producing a 

synergistic effect in which the aggregation of Nafion chains on the nanofiber leads to 

providing the proton-conducting pathways, while the nanofibers alter the crystalline 

domain of the Nafion to reduce fuel permeability.114,115 Post-electrospinning process such 

as crosslinking with functional materials can even enhance mechanical properties and 
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solvent resistance, expanding the range of conditions the nanofiber membranes can be used 

in fuel cells.116,117 

 Electrospinning, though a simple process, is a method that allows for a wide range 

of modifications via control of composition, operating conditions, and post-electrospinning 

processes for fine tuning of nanofiber properties for specific applications. Herein, 

electrospun nanofibers derived from polyacrylonitrile (PAN) and other composite 

materials were fabricated with systematic variation of conditions based on a series of 

design of experiments, and their effects on morphology, electrical, piezoelectric and 

electrochemical properties were elucidated. 

2.3 Materials and Methods 

2.3.1   Materials 

 Polyacrylonitrile (PAN, MW=150,000 g/mol) and pyridinium formate (PF, 1% v/v) 

were purchased from Sigma-Aldrich. N,N-dimethylformamide (DMF), hydrochloric acid 

(HCl, 36.5-38.0% w/w) were purchased from Fisher. Zinc acetate (ZnAc) was purchased 

from Baker & Adamson. BYK®-377 (hereafter referred to as BYK) surfactant was 

obtained from BYK Additives and Instrumentation. Short COOH functionalized multi-

walled carbon nanotubes (MWNT-COOH, hereafter referred to as MWNT, OD 8-15 nm, 

length 0.5-2.0 m) were purchased from Cheap Tubes. All materials were used without 

further treatment. 
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2.3.2   Methods 

2.3.2.1   Solution preparation 

 Electrospinning solutions were prepared by mixing various amounts of PAN, 

MWNT, ZnAc, BYK, and PF in DMF. For solutions containing MWNT, MWNT was first 

dispersed in DMF with BYK in a chilled water bath by probe sonicator (Branson) at 30% 

amplitude for 2 h with 15 minutes of cooling between each hour. Solid PAN powder was 

added directly to the MWNT dispersion, while ZnAc was first dissolved in small amount 

of DMF before mixing into the solution. After mixing in all components, the solution was 

vigorously stirred at 45 oC overnight to achieve homogeneity. All solutions were allowed 

to reach room temperature before the next step. 

2.3.2.2   Solution characterization 

 The solution viscosity, surface tension, and electrical conductivity were measured 

using a viscometer (Brookfield DV-I Prime), automatic surface tensiometer (Shanghai 

Fangrui Instrument, QBZY-1), and a glass-body electrical conductivity probe (K=0.1, 

Oakton) paired with an embedded conductivity circuit (Atlas Scientific, EZO-EC™) and 

an Arduino Uno Rev3 board, respectively. All solution properties measurements were 

taken at room temperature immediately before or after electrospinning to most closely 

correlate them to resulting nanofiber properties. 
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2.3.2.3   Electrospinning 

 The prepared solution was drawn into a 5-mL BD Luer Lok syringe with a 25- or 

20-gauge needle, which was loaded onto a syringe pump (New Era, NE-100). As the 

solution was ejected, negative voltage was applied to the needle tip, and the resulting 

nanofibers were collected at a grounded drum collector wrapped with aluminum foil 

rotating at 400 RPM. Applied voltage and feed rate were varied from 15-25 kV and 0.5-

1.0 mL/h, respectively, while temperature and absolute humidity were varied from 23-40 

oC and 0.0105-0.0140 kg H2O/kg dry air (DA), respectively. Hereafter, nanofiber samples 

were referred to as “xPAN”, “xPAN/yMWNT” or “xPAN/yMWNT/zZnAc”, where x, y, z 

denoted PAN, MWNT, ZnAc loadings by wt.% with respect to the total mass of the 

solution, respectively. BYK loadings were assumed as 0.1 wt.% unless otherwise specified. 

 To prepare nanofibers for piezoelectric properties characterization, various PAN 

and PAN/MWNT solutions were prepared and electrospun according to the same protocol 

mentioned above, with slight modifications. Briefly, a thin strip of aluminum foil was 

wrapped tightly around a disc with diameter and width of 13 and 2.5 cm, respectively. The 

disc was immobilized onto a metal rod at its center and then loaded onto a mechanical lathe 

(Central Machinery 93799). During electrospinning, the rotation of the lathe was set at 

approximately 2000 rpm to align the nanofibers collecting on the foil. A New Era single-

channel syringe pump was used to eject 5 mL of prepared solution, and the needle was 

placed 8-9 cm from the bottom of the disc to minimize the amount of nanofibers lost due 

to air turbulence. Negative 16 kV voltage was applied to the needle tip, while positive 1 
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kV voltage was applied to the tip of a banana plug, which was placed behind the grounded 

disc collector. 

2.3.2.4   Post-electrospinning processes 

 Heat treatment of as-spun nanofiber samples involved 2 steps: stabilization and 

carbonization. Stabilization was conducted using a box furnace (Thermo Scientific 

Thermolyne F47925-80 Muffle Furnace) at 280 oC for 1 h at a ramp rate of 5 oC/min in air, 

while carbonization was conducted using a tube furnace (Thermo Scientific Lindberg/Blue 

M and Carbolite Gero EHA12/150) at 1000 oC for 1 h at a ramp rate of 5 oC/min in ultra-

high purity nitrogen (UHP N2, 99.999%). In the case of PAN/MWNT/ZnAc nanofibers, 

stabilization step was slightly modified to a two-step stabilization: the first step of 

stabilization was kept consistent (280 oC, 5 oC/min, 1 h in air), and then the temperature 

was increased again to 400 oC with the same ramp rate and held for 1 h in air before natural 

cooling to room temperature. 

 During the acid treatment, carbonized nanofiber samples were submerged in HCl 

diluted at 10% v/v in DI water for 60 s. The sample was gently shaken under the HCl 

solution to allow for uniform acid treatment, then submerged in 2 separate DI water baths 

to rinse and then air-dried overnight. 
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2.3.2.5   Nanofiber characterization 

2.3.2.5.1   Physical properties 

 Morphology of the nanofiber samples was observed with a scanning electron 

microscope (SEM, Tescan Vega3) and field-emission scanning electron microscope 

(FESEM, FEI Nova NanoSEM450) with energy dispersive spectroscopy detector (EDS, 

Aztec, Oxford Instruments) attached for elemental detection. A thin layer of gold was 

sputtered (Electron Microscopy Sciences 575X) over the nanofiber samples at 20 mA for 

30 seconds to minimize the charging before SEM. The obtained SEM image was imported 

to ImageJ software to measure the nanofiber diameter, which was calculated by averaging 

thirty unique measurements. The molecular and crystal structure were observed with a 

Thermo Scientific Nicolet iS10 FT-IR spectrometer and a PANalytical Empyrean X-ray 

diffractometer, respectively. Electrical conductivity of nanofiber mats was measured using 

a 4-point probe method with a Hewlett Packard 34401A multimeter to first measure the 

resistance (R in Ω). Four gold contact pads were sputtered onto a flat piece of nanofiber 

mat using a shadow mask. The sheet resistance, Rs, in Ω/sq, and electrical conductivity, σ, 

in S/cm, were then calculated using the following equations: 

R = 𝑅𝑠
𝐿

𝑊
= 𝜌

𝐿

𝑊𝑡
                                                                                                (Equation 1) 

σ =
1

𝜌
                                                                                                                  (Equation 2) 

Where ρ is the resistivity in Ωm; L is the length between two adjacent contact pads in m; 

W is the width of the entire nanofiber mat in m; and t is the thickness of the nanofiber mat 
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in m. The L, W, and t of the nanofiber mat was measured using a digital caliper (General 

Tools 1433). 

Specific surface area of pure PAN-derived carbon nanofibers was measured by 

BET method (Micromeritics ASAP 2020 Plus). Samples were degassed for 120 min at 200 

oC to remove excess water, and nitrogen adsorption was used to determine the BET surface 

area. 

2.3.2.5.2   Piezoelectric properties 

 Nanofiber samples were prepared similarly to work by Ico et al.94 Briefly, As-spun 

PAN-derived pristine and composite nanofibers were cut from 35-µm nanofiber mat into 

4 x 1.2 cm2 strip. Two electrodes were made for each nanofiber sample to measure the 

voltage vertical to the direction of fiber length (V33) and one parallel (V13). A 7.2 x 1.6 x 

0.01 cm3 brass substrate covered on both sides with polyimide tape was prepared as the 

cantilever. For electrodes to measure V33, nanofiber sample was fixed to the center of the 

cantilever with double-sided copper tape, which served as the bottom-contact electrode, 

while the other side of the nanofiber was insulated with polyimide tape. For V13 samples, 

the nanofiber strip was fixed to the center of the cantilever, and the top and bottom edge of 

the nanofiber sample was electrically connected to two separate brass substrates with silver 

paste. A pair of 24-gauge wires were fixed to the contact, sealed with polyimide tape, then 

connected to a breadboard with inputs to a Picoscope 2204A™ (Pico Technology Ltd) to 

measure the absolute output voltage from the nanofiber mats. 
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The d33 coefficient was calculated using piezoelectric response from piezoelectric force 

microscopy (PFM) using the following equation: 

𝑑33 =
𝐴

𝑉𝑄
𝑓                                                                                                          (Equation 3) 

Where A is the amplitude of the response; V is the applied voltage in V; Q is the quality 

factor of the AFM cantilever; and f is the correctional factor taken from the standard. 

2.3.2.5.3   Electrochemical properties 

All PAN-derived carbon nanofiber mats were cut into approximately 2 x 2 cm, onto 

which a Kapton washer tape with a 4-mm inner diameter was placed to reveal a working 

electrode area of 0.126 cm2. Double-sided copper tape and conductive silver paste were 

used to extend the electrical contact from the nanofiber mat, and the entire electrode except 

for the working electrode area was covered with waterproof tape and microshield. 

Platinum-coated titanium strip was used as the counter electrode, Ag/AgCl (1 M KCl) as 

the reference electrode, and 0.1 M phosphate buffer saline (pH7.4) as the electrolyte. Multi-

channel potentiostat (BioLogic/Princeton Applied Research VMP2) was used for all 

electroanalytical methods. UHP N2 and air were supplied at 250 sccm into the electrolyte 

for deaeration and aeration, respectively. Each gas was bubbled into the electrolyte for at 

least 30 minutes before conducting the experiment, and a dissolved oxygen (DO) meter 

(Oakton WD-35643-12) was used to confirm the deaeration/aeration by measuring the 

concentration of DO in the electrolyte. 
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2.4 Results and Discussion 

2.4.1   PAN nanofibers 

2.4.1.1   Effect of DOE parameters on physical properties of nanofibers 

2.4.1.1.1   Effect of solution conditions on solution and nanofiber properties 

The solution conditions laid out by the 3-factor DOE are shown in Table 2.3. The 

small variation in the PAN wt.% stemmed from an established theory that viscosity of the 

solution majorly affects the nanofiber diameter. 

The SEM images of collected PAN nanofibers shown in Figure 2.3 visually 

confirmed that sample 1, with 3.25 wt.% PAN and 0.1 wt.% BYK, was electrospun into 

the most consistent, smoothest nanofibers out of the 8 samples. 

Table 2.3 Design of experiment varying solution parameters and their effects on solution 

and fiber properties. Electrospinning and environmental conditions were fixed at 15 kV, 1 

mL/h, 23 oC, and 0.0105 kg H2O/kg DA. 
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Figure 2.3 SEM images of electrospun PAN nanofibers from solutions in Table 2.3. 

Solutions that did not produce any quantifiable nanofibers are omitted. Scale bar 2 μm. 

The measured solution properties, as well as fiber properties after electrospinning 

are shown in Table 2.3. Based on these properties, the effect of each parameter on the 

outcoming nanofiber dimensions and morphology were identified. DOE analyses shown in 

Figure 2.4 concluded that the three solution properties, viscosity, surface tension and 

electrical conductivity, were predominantly controlled by the PAN type – including 

concentration and molecular weight –, BYK concentration, and PF buffer concentration, 

respectively. This allowed for easy manipulation of the solution properties to study their 

effect on fiber properties. 
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Figure 2.4 DOE analysis of (a) viscosity (b) surface tension (c) electrical conductivity as a 

function of various solution conditions. 

DOE analysis on the effect of solution conditions on the average fiber diameter 

(Figure 2.5(a)) suggested that the choice of the PAN precursor, both concentration and 

molecular weight, was critical to the outcoming nanofiber diameter, while the surfactant 

concentration had negligible effect. Even the small 8% increase in PAN concentration 

would increase the viscosity of the solution, thereby resulting in a larger fiber diameter. 

The bead density, on the other hand, were shown to be mostly affected by the BYK 

concentration. (Figure 2.5(b)) The reduced surface tension by the presence of the surfactant 
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allowed for smoother and more stable stretching under the electric field, which produced 

less beads or other defects. 

 
Figure 2.5 DOE analysis of (a) average fiber diameter and (b) bead density as a function 

of various solution parameters laid out in Table 2.3. Electrospinning conditions were fixed 

at 15 kV and 1 mL/h, and environmental conditions were fixed at 23 oC and 0.0105 kg 

H2O/kg DA. 

However, there seemed to be a certain threshold of PAN concentration in terms of 

stable formation of nanofibers. Even though 3 wt.% PAN solution had a lower viscosity 

than 3.25 wt.% PAN solution, it did not exhibit smaller fiber diameter. The nanofibers 

produced from sample 5 and 6 not only had high bead density, but also had clumping 

phenomenon. Furthermore, sample 7 and 8 did not produce any quantifiable nanofibers, 

suggesting that working parameters other than the solution conditions could affect the 

nanofiber formation process. 

From the 3-factor solution condition DOE, it was concluded that 3.25 wt.% PAN, 

0.1 wt.% BYK solution was the optimal recipe for producing smooth, bead-less nanofibers 

with minimum diameter. 2- factor electrospinning condition DOE was then employed 
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(Table 2.4) on this solution to further investigate the effect of working parameters on the 

electrospinning process. 

2.4.1.1.2   Effect of electrospinning conditions on nanofiber properties 

Table 2.4 Design of experiment varying electrospinning conditions and their effects on 

fiber properties. Solution conditions were fixed at 3.25 wt.% PAN (MW 150 kg/mol) and 

0.1 wt.% BYK in DMF, and environmental conditions were fixed at 23 oC, 0.0105 kg 

H2O/kg DA. 

 

From the SEM images shown in Figure 2.6, it was not clear which electrospinning 

condition was optimal, since all four samples showed moderate beading effect, even though 

sample 3 exhibited significantly smaller fiber diameter compared to other three samples. 

DOE analyses of average fiber diameter and bead density (Figure 2.7) as a function of the 

electrospinning conditions showed that both applied voltage and feed rate had comparable 

effect on the fiber dimensions and morphology. 
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Figure 2.6 SEM images of electrospun PAN nanofibers from solutions shown in Table 2.4. 

Solution conditions were fixed on 3.25 wt.% PAN (MW 150,000) and 0.1 wt.% BYK in 

DMF, and environmental conditions were fixed at 23 oC, 0.0105 kg H2O/kg DA. Scale bar 

2 μm. 

 
Figure 2.7 DOE analysis of (a) average fiber diameter and (b) bead density as a function 

of electrospinning conditions laid out in Table 2.4. Solution conditions were fixed at 3.25 

wt.% PAN (MW 150,000) and 0.1 wt.% BYK in DMF, and environmental conditions were 

fixed at 23 oC and0.0105 kg H2O/kg DA. 

2.4.1.1.3   Effect of applied voltage on nanofiber properties via Taylor cone formation 

The applied voltage was varied in smaller increments to monitor its effect more 

closely. The strength of the electrical field created by the applied voltage controlled the 

degree of stretching of the solution into nanofibers. This phenomenon is described by the 

formation of a Taylor cone, which can only be achieved at a voltage slightly higher than 

the threshold voltage required to shape the round droplet at the end of the needle to a cone, 
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emitting a stable jet of nanofibers. If the applied voltage was too low (Figure 2.8(a)), the 

rate at which the solution is ejected exceeded the rate at which it was pulled into nanofibers, 

causing the solution to drip. If the voltage was too high (Figure 2.8(c)), the force by which 

the solution was stretched was too strong, which led to either unstable formation of Taylor 

cone, causing a high bead density, or drying up of the solution, clogging the needles. At an 

applied voltage of 15 kV and feed rate of 1 mL/h, the ejecting and stretching of the solution 

were at a stable equilibrium, forming smooth and consistent fibers. (Figure 2.8(b)) 

 
Figure 2.8 Images of PAN solution droplets under varying applied voltage. Inset: SEM 

image of nanofiber electrospun under the following applied voltage: (a) 5 kV; (b) 15 kV; 

(c) 25 kV. Shown in the image is of solution containing 3.25 wt.% PAN, 0.1 wt.% BYK in 

DMF, electrospun at 23 oC, 0.0105 kg H2O/kg DA. Inset scale bar 2 μm. 

2.4.1.1.4   Effect of environmental conditions on nanofiber properties 

Another 2-factor DOE varying the environmental conditions was utilized for finer 

tuning of the working parameters. (Table 2.5) SEM images of the nanofibers collected at 

different temperatures and moisture content are shown in Figure 2.9. 
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Table 2.5 Design of experiment varying environmental conditions and their effects on fiber 

properties. Solution conditions were fixed on 3.25 wt.% PAN (MW 150,000), 0.1 wt.% 

BYK, and electrospinning conditions were fixed at 15 kV and 1 mL/h. 

 
 

 
Figure 2.9 SEM images of electrospun PAN nanofibers from solutions shown in Table 2.5. 

DOE code (a) ++ (b) +- (c) -+ (d) --. Solution conditions were fixed on 3.25 wt.% PAN, 

0.1 wt.% BYK, and electrospinning conditions were fixed at 1 5kV and 1 mL/h. Scale bar 

2μm. 

While the fiber diameter did not change significantly from 427 nm to 518 nm with 

increase in temperature, the bead density increased substantially. The high temperature 

possibly dried up the solution at the needle too quickly, resulting in unstable cone-jet 

formation. Also, lack of moisture at higher temperature accelerated the solvent 

evaporation, preventing sufficient stretching of the solution into smooth nanofibers. At 40 

oC, the degree of bead formation subsided at higher moisture content of 0.0140 kg H2O/kg 

DA, but the temperature was still too high for completely smooth nanofibers to form. DOE 

analysis in Figure 2.10 showed that both temperature and absolute humidity had a 

competing effect on the fiber diameter and bead density. Even though higher temperature 
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would lead to lower average fiber diameter, the dramatic increase in bead density as a 

function of temperature suggested that optimal environmental conditions were in between 

the upper and lower limits set by the DOE. 

 
Figure 2.10 DOE analysis of (a) average fiber diameter and (b) bead density as a function 

of environmental conditions laid out in Table 2.5. Solution conditions were fixed on 3.25 

wt.% PAN (MW 150,000), 0.1 wt.% BYK, and electrospinning conditions were fixed at 

15 kV and 1 mL/h. 

2.4.1.1.5   Electrical conductivity and BET surface area of PAN-based carbon nanofibers 

Electrospun PAN nanofibers of various fiber diameters were heat treated in a two- 

step process: stabilization in air followed by carbonization in ultra-high purity nitrogen. 

Completion of each step was easily monitored by the color change of the nanofiber 

samples: white as-spun nanofibers turned to brown then black after each step of the heat 

treatment process. 

Assuming that the nanofibers are solid cylinders, a simple inversely proportional 

relationship between the BET surface area and the nanofiber diameter can be established.118 

Despite the initial hypothesis based on this relationship, the BET surface area shown in 
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Figure 2.11 revealed that it increased as a function of diameter instead. Compared to the 

literature values obtained for further insight, the data from this work followed the general 

trend.118–120 

 
Figure 2.11 BET surface area as a function of average fiber diameter. 

After the resistance was measured by the 4-point probe method, electrical 

conductivity was first calculated assuming no porosity using Equation 1 and 2. In order to 

account for the voids within the nanofiber mats, average void fraction was calculated. 

Based on the average void fraction of several unique samples, it was determined that the 

value ranged from 0.733 to 0.790 with less than 3% standard deviation for all average fiber 

diameters. Therefore, it was assumed that the average void fraction for all of the carbon 

nanofiber mats was 0.760 ± 003, which was applied to all electrical conductivity values. 

As shown in Figure 2.12, the adjusted electrical conductivity of carbon nanofibers 

decreased with increasing fiber diameter. This trend was expected as the electrical 
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conductivity is inversely proportional to the cross-sectional area of the material, which 

increased as a function of average fiber diameter. Under the assumption that the resistivity 

and temperature were consistent for all carbonaceous samples, geometry would be the only 

factor affecting the electrical conductivity. 

 
Figure 2.12 Electrical conductivity adjusted with nanofiber mat porosity as a function of 

average fiber diameter. 

2.4.1.2   Electrochemical characterization of carbonized nanofibers 

Carbonaceous nanofibers exhibit electrical conductivity orders of magnitude higher 

than that of polymeric nanofibers. Electrochemical performance of these nanofiber mats 

was characterized to further investigate their potential for electrode applications. 
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2.4.1.2.1   Cyclic voltammetry 

Carbonized nanofibers were cut to create a circular working electrode (WE) with 

an exposed surface area of 0.13 cm2 (diameter=0.2 cm). Cyclic voltammograms of 

prepared WEs in Figure 2.13 showed that the maximum value of both cathodic and anodic 

current increased as a function of scan rate, as expected. This phenomenon can be explained 

by the increase in diffusion layer thickness at the electrode-electrolyte with lower scan rate. 

The flux to the electrode surface is smaller when the size of the diffusion layer grows larger 

with slower scan rate. As current is proportional to flux, maximum current is thus the 

smallest at 1 mV/s, and largest at 100 mV/s. Furthermore, the voltammograms approached 

a rectangular shape at lower scan rates, suggesting an ideally capacitive behavior of the 

nanofiber mats. 
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Figure 2.13 Cyclic voltammogram of carbonized nanofiber-based WE in pH 7.4 PBS at 

various scan rates. Average fiber diameter was 126 nm. 

Gravimetric double-layer capacitance (Cg) of the WEs with different fiber 

diameters were calculated using the following equation: 

𝐶𝑔 =
𝐴

𝜈∙𝑚
                                                                                                               (Equation 4) 

Where A is the area under the CV in A·V, υ is the scan rate in V/s, and m is the mass of 

the nanofiber mat WE in g. 

The potential range of -0.05 to 0.05 V vs. Ag/AgCl was chosen after testing several 

different potential windows to find a suitable range for studying the capacitive behavior of 

the nanofiber mat WEs without any faradaic processes. Furthermore, this potential window 
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avoided hydrogen and oxygen gas evolution reactions, which would cause bubbling of 

these gases that interfere with the electrolyte-electrode interface. 

2.4.1.2.2   Electrochemical impedance spectroscopy and double-layer capacitance of 

carbonaceous nanofiber mat electrodes 

Electrochemical impedance spectra were obtained with the same three-electrode 

setup as the CV. (Figure 2.14) The solution resistance indicated by the x-intercept of the 

spectra was consistent at approximately 109 Ω for all three carbonaceous nanofiber mat 

WEs. All three of the carbonized nanofiber mat electrodes exhibited no semicircle, which 

suggested negligible charge transfer resistance.121 The slope of the spectra increased as a 

function of average fiber diameter, which could be attributed to the increasing BET surface 

area of larger nanofibers, resulting in higher double-layer capacitance effect. As ideal 

capacitor would exhibit a vertical line in an EIS, it can be concluded precise control of the 

nanofiber diameter could yield a suitable nanofiber mat for electrode applications. 
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Figure 2.14 Electrochemical impedance spectra of carbonized nanofiber-based WE in pH 

7.4 PBS. 

At a fixed scan rate of 10 mV/s, Cg of the carbonaceous nanofiber mat WE increased 

by four orders of magnitude as the average nanofiber diameter decreased from 610 to 126 

nm, as shown in Figure 2.14. While the BET data has shown that the specific surface area 

decreased with lower nanofiber diameter, it is possible that there was a larger void in 

between the nanofibers available for 126-nm nanofiber WE than for 610-nm nanofiber WE, 

which would increase the access for the electrode-electrolyte interaction and thus allow for 

larger capacity to hold charges. 

Cg of the same carbonaceous nanofiber mat electrodes was calculated using EIS 

method. By fitting the Nyquist plot of each spectrum to a simple circuit consisting of 

capacitor (electrode) and resistor (solution resistance), parameters required to calculate the 
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capacitance were obtained. The gravimetric capacitance calculated by both methods were 

comparable, and the trend in which the capacitance increased as the nanofiber diameter 

was reduced was consistent, as shown in Figure 2.15. However, multiple use of the same 

WE in aqueous systems resulted in disintegration of the nanofiber mat, suggesting the 

durability and other mechanical properties of the carbonaceous nanofiber mats would 

require further modification for optimal application in real life. 

 
Figure 2.15 Gravimetric double-layer capacitance of carbonized nanofiber mats as a 

function of their fiber diameter. 

2.4.1.3   Piezoelectric characterization of PAN nanofibers 

 Since the discovery of polyvinylidene fluoride (PVDF) in the 1960s, piezoelectric 

polymers have gained much research interest as a lead-free, flexible alternative to ceramics 
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such as lead zirconate titanate (PZT).20 Piezoelectric properties of polyacrylonitrile (PAN) 

was also studied122, but its research effort lacked heavily compared to PVDF and PVDF-

TrFE due to difficulty of poling, which was proposed to be related to the strong dipole-

dipole interaction of the nitrile groups between the same molecule.123 However, it was 

shown that stretching the PAN polymer to multiple times its length could enhance the 

polarization by facilitating the polymer chains to pack via the intermolecular dipole.124 

With the help of electrospinning, polymer solutions can be stretched into nanofibers, which 

are known to have ultra-high aspect ratios. In addition, the high electric field applied during 

the electrospinning process eliminates the need for post-poling. Even so, there has yet been 

a study elucidating the piezoelectric properties of PAN nor its enhancement, and only a 

handful of publications were found showcasing the feasibility of piezoelectric energy 

harvesting with PAN.29,30,52,125 Though these works have shown some type of voltage 

output by applying pressure to randomly oriented PAN nanofiber mats, no clear correlation 

between the piezoelectric properties of PAN to the voltage was made. 

Table 2.6 Solution and nanofiber properties of various electrospun samples. 0.1 wt.% BYK 

was added to every solution. All electrospinning and environmental conditions were fixed. 

 

Solution and nanofiber properties of as-spun, aligned PAN nanofibers are listed in 

Table 2.6. For proper characterization of the piezoelectric properties of PAN nanofibers, 
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the rotational speed of the ground collector was increased from the typical 400 to 2000 rpm 

to align the nanofibers. Higher rotational speed of the ground collector elongated the 

nanofibers more before the solvent evaporated, leading to slightly lower nanofiber diameter 

in most cases when compared to PAN nanofibers electrospun at 400 rpm. Nevertheless, 

the average nanofiber diameter increased linearly as a function of viscosity with R2 value 

of approximately 0.98 (Figure not included). As shown in Figure 2.16, nanofibers 

electrospun from solutions with the two lowest viscosities (i.e. 3.25 and 4 wt.% PAN) 

exhibited some beading as well as fiber fraction lower than 0.95, which was considered as 

the threshold for defect-free nanofibers in this work. Furthermore, these two samples had 

the lowest alignment fraction (i.e. 40%), which represented the percentage of nanofibers at 

0 to 10 o from the vertical axis. This was attributed to the fact that thin nanofibers such as 

36 and 61 nm in diameter could not withstand the high tangential velocity (i.e. 

approximately 13 m/s) as they approached the disc collector rotating at high speed. In fact, 

as the average nanofiber diameter increased from 200 to 521 nm, higher alignment fraction 

up to 64% was observed. 

 
Figure 2.16 SEM images of (a) 3.25 wt.% (b) 4 wt.% (c) 6 wt.% (d) 8 wt.% (e) 10 wt.% 

PAN nanofibers electrospun at 2000 RPM. 

 A couple of hypotheses were set up prior to the piezoelectric properties 

characterization: (i) the high electric field applied during electrospinning would polarize 
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the polymer chain by aligning the CN triple bond to one side, forming an “electrospun 

phase”, which would exhibit enhanced piezoelectric properties compared to bulk or other 

nanomaterial counterparts; (ii) fine tuning of conditions to control the size and crystallinity 

of PAN nanofibers would further enhance the piezoelectric properties. 

 
Figure 2.17 V33 of as-spun PAN nanofibers with various diameters. All measurements were 

taken at room temperature. 

Typical piezoelectric response of various PAN nanofibers measured in V33 at room 

temperature is shown in Figure 2.17. As expected, significant increase in the voltage output 

was observed as the nanofiber diameter decreased from 298 to 61 nm. Though 36-nm 

nanofiber did not exhibit the largest voltage output, this could be described by the low fiber 

fraction, as approximately 14% of the sample was occupied by clumps and beads, which 

hindered uniform charge separation. Similarly, it could explain the fact that the nanofiber 
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with the highest diameter (i.e. 521 nm) output slightly higher V33 than 298 nm because of 

its high alignment fraction in addition to smooth, defect-free morphology. To further 

explain the size- and morphology-dependent piezoresponse, structural characterization 

such as FT-IR and XRD would be required to correlate with the molecular structure and 

change in degree of crystallinity as a function of nanofiber dimensions. Borrowing from 

previous works on other piezoelectric polymers such as P(VDF-TrFE), systematic 

variation of the solution conditions to control the resulting nanofiber diameter showed 

exponential increase in the piezoresponse as a function of decreasing nanofiber diameter.94 

This work by G. Ico et al. attributed this to the higher amount of electroactive phase in 

electrospun P(VDF-TrFE) compared to thin films, which further increased with smaller 

nanofiber dimensions. Furthermore, the increase in degree of crystallinity with decreasing 

nanofiber diameter was suggested to contribute to enhanced piezoelectric properties with 

higher ordered microstructure of the polymer chains. Similar observations are expected for 

PAN nanofibers to describe the size-dependent increase in piezoresponse. 

 
Figure 2.18. Effect of annealing temperature on (a) V33 and (b) d33 of PAN-derived 

nanofibers of various sizes. Five unique Vpp measurements were taken to calculate the 

average V33. The red dashed line indicates literature value. 
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The as-spun aligned PAN nanofibers were annealed at various temperatures for one 

hour to induce change in crystallinity and eventually the molecular structure, which would 

correlate with change in piezoelectric properties. As shown in Figure 2.18(a), V33 of PAN 

nanofibers of all sizes decreased as a function of temperature, with a dramatic reduction in 

the voltage output at 50 oC followed by a steady decline. For the 61-nm nanofiber sample 

which exhibited the largest reduction in V33 response, it was clearer that the piezoresponse 

decreased dramatically again at 105 oC followed by another steady decline up to 205 oC. 

While the degradation of piezoelectric properties of PAN was expected with temperature 

due to the loss of the polar CN triple bond, it was initially hypothesized that the 

piezoelectric properties would be enhanced up to the glass transition temperature (Tg) of 

95 oC, at which the polymer would transition to a “rubbery” state, leading to higher 

dielectric permittivity.126 Unfortunately, it was not clear why the voltage output did not 

follow this trend, especially since the piezoelectric charge constant (d33) did enhance until 

95 oC, after which it decreased to a value below those measured at room temperature for 

all nanofiber diameters. (Figure 2.18(b)) However, it is important to note these values still 

exceeded that of literature value.52 Typically, at around 290 oC, PAN undergoes a 

cyclization process, during which one of the bonds in the nitrile group is broken to form a 

cyclical structure along the polymer chain. This structural change was observed by FT-IR; 

in Figure 2.19, three peaks and a shoulder at 1450, 2253, 2942, and 2864 cm-1 were detected 

for as-spun PAN nanofibers, whereas 2 different peaks at 1396 and 1609 cm-1 were 

observed for cyclized (or stabilized) PAN. 
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Figure 2.19 FT-IR spectra of as-spun and annealed (cyclized) PAN-derived nanofibers. 

Cyclization was conducted at 280 oC. 

Peak assignment to functional groups is summarized in Table 2.7, which shows the 

peaks detected for as-spun PAN nanofibers represented the characteristic groups such as 

nitriles and CH2 bending and stretching, while those for stabilized PAN represented C=C 

and C=N stretching as well as C-H stretching, indicating the loss of one of the CN triple 

bonds and one of the CH2 bonds. Further investigation into the change at the molecular and 

crystal level over the temperature range with finer increments could help to provide more 

insight.  
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Table 2.7 Peak assignment from FT-IR for as-spun and stabilized PAN-derived nanofibers. 

 

Piezoelectric response in the form of V13, on the other hand, showed a slightly 

different trend, in which the 200-nm nanofibers exhibited the highest voltage output. This 

could be because the two smaller nanofibers (i.e. 36 and 61 in diameter) were simply too 

fragile to withstand the stretching motion. In fact, the samples were brittle and difficult to 

handle, and showed degradation faster than those with larger diameters. Combined with 

lower fiber and alignment fraction, 36- and 61-nm nanofiber samples might require further 

testing to consider the data at this time. For the three larger nanofibers (i.e. 200, 298 and 

521 nm in diameter), typical trend of increase in piezoresponse as a function of decreasing 

nanofiber diameter was observed. 
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Figure 2.20. (a) V13 of as-spun PAN nanofibers with various diameters. (b) Effect of 

annealing temperature on V13 of PAN-derived nanofibers of various sizes. Five unique Vpp 

measurements were taken to calculate the average V13. 

2.4.2   PAN/MWNT nanofibers 

2.4.2.1   DOE analysis on solution properties and morphology of as-spun PAN/MWNT 

nanofibers 

Table 2.8. Solution and nanofiber properties of various PAN/MWNT samples. 0.1 wt.% 

BYK was added to every solution. All electrospinning and environmental conditions were 

fixed.  

 

PAN/MWNT composite nanofibers were fabricated according to the design of 

experiment factors laid out in Table 2.8, where the solution and nanofiber properties of 

each sample are also laid out. As seen in Table 2.9, nanofibers with 7 wt.% PAN were 
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much smoother and uniform in diameter compared to those with 4.5 wt.% PAN, with less 

beading or clumps caused by some MWNT aggregates. The inset images shown in Table 

2.9 visually confirms the increase in absolute MWNT loading with darker color of the as-

spun nanofiber mat. 

Table 2.9. SEM images of PAN/MWNT/BYK nanofibers fabricated according to DOE. 

Inset shows optical image of the nanofiber mat. Scale bar 5 m. 

 

DOE analysis on the effect of the DOE factors on the solution properties shown in 

Figure 2.21 showed that while the PAN wt.% was still the predominant factor affecting the 

solution viscosity, as explained in section 2.4.1.1.1, the MWNT loading also had a positive 

effect in increasing viscosity. 
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Figure 2.21. DOE analyses of (a) viscosity; (b) surface tension; and (c) solution electrical 

conductivity as a function of DOE factors laid out in Table 2.8. 

Surface tension, as expected, was not significantly affected by either of the factors 

or their interactions. Figure 2.21(c) seemed to suggest that the PAN wt.% had a significant 

impact on increasing the solution electrical conductivity. However, it is important to note 

that as PAN wt.% was increased according to the DOE, so did the absolute amount of 

MWNT in the solution, as the regulated factor was the ratio between MWNT wt.% and 

PAN wt.%. Therefore, it was drawn from this analysis that the overall loading of MWNT 

in the solution predominantly affected the solution electrical conductivity due to its 

metallic properties. As the average response of the nanofiber diameter to the DOE factors 

coincide with that of the solution viscosity (Figure 2.22(a)), that the trend of the solution 

viscosity mainly affecting the nanofiber diameter was consistent even when a composite 

material (i.e. MWNT) was added to the polymer. 
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Figure 2.22. DOE analyses of (a) average nanofiber diameter; (b) bead density; and (c) 

fiber fraction as a function of DOE factors laid out in Table 2.8. Electrospinning conditions 

were fixed at 15 kV, 1 mL/h, and environmental conditions were fixed at 23 oC, 0.0105 kg 

H2O/kg DA. 

Though the bead density nor the fiber fraction was significantly controlled by either 

of the DOE factors, it can be seen in Figure 2.22(b) that the bead density was slightly 

decreased as a function of both DOE factors, agreeing with the optical observations shown 

in the SEM images. Furthermore, when the real experimental data were compiled for PAN 

and PAN/MWNT composites to plot nanofiber diameter as a function of solution 

conditions (Figure 2.23(a)) and solution properties (Figure 2.23(c)), nanofiber diameter 

generally followed a linear increase as a function of both PAN wt.% and solution viscosity 

in both absence and presence of MWNT. The strong correlation between the solution 

viscosity, controlled by the polymer concentration, and the nanofiber diameter was clear 

in the contour plots (Figure 2.23(b) and (d)), where the color gradation indicating the 

nanofiber diameter was almost vertical to the x-axis (i.e. PAN wt.% in Figure 2.23(b) and 

solution viscosity in Figure 2.23(d)). 
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Figure 2.23. (a) 3D scatter plot and (b) contour plot of average diameter of PAN/MWNT 

nanofibers as a function of PAN wt.% and MWNT-to-PAN ratio by wt.% (c) 3D scatter 

plot and (d) contour plot of average diameter of PAN/MWNT nanofibers as a function of 

solution viscosity and electrical conductivity. 
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2.4.2.2   Piezoelectric properties of as-spun PAN/MWNT nanofibers 

 Voltage output of PAN/MWNT composite nanofibers in 3 (V33) and 1 (V13) 

direction in response to strain in 3 direction was measured similar to PAN nanofibers in 

Section 2.4.1.3. In Figure 2.24, V33 of as-spun PAN nanofibers at room temperature was 

5-7 times higher than that of either PAN/MWNT nanofibers. 

 
Figure 2.24 Effect of annealing temperature on V33 of PAN- and PAN/MWNT-derived 

nanofibers of various sizes. Five unique Vpp measurements were taken to calculate the 

average V33. 

While V33 of PAN nanofibers decreased significantly to ~17% of that measured as-

spun upon annealing at 50 oC followed by consistent reduction down to 0.24 V at 205 oC, 

neither samples with MWNT loading of 0.20 nor 0.33 showed discernable trend as a 

function of temperature. It might be worth noting that V33 value of 5PAN/1.67MWNT 
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nanofibers annealed at 205 oC was approximately 34% of as-spun, as expected by the loss 

of the polar CN group in PAN polymer chain. Though the degree of reduction in the V33 

value was not as significant as PAN nanofiber of similar diameter, this could be explained 

by the presence of metallic MWNT interfering with uniform charge separation across the 

piezoelectric PAN. For 5PAN/1MWNT nanofibers, on the other hand, the V33 at 205 oC 

turned out to be higher than that measured as spun; this might be attributed to low fiber or 

alignment fraction, which need to be confirmed. 

 
Figure 2.25 Effect of annealing temperature on V13 of PAN- and PAN/MWNT-derived 

nanofibers of various sizes. Five unique Vpp measurements were taken to calculate the 

average V13. 
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In the case of V13 as a function of annealing temperature (Figure 2.26), all three 

nanofiber samples seemed to follow a similar trend, in which V13 exhibited an increase 

towards the glass transition temperature (Tg) of PAN (95 oC), followed by a dip at 

temperatures slightly above Tg; then an increase up to 125 oC; finally a decrease as a 

function of temperature all the way to 205 oC. Again, the degree of change in V13 values 

were not as significant for either PAN/MWNT nanofibers compared to purely PAN-

derived nanofibers, as the piezoelectric effect might have been hindered by the metallic 

MWNT. However, between MWNT loading of 0.20 and 0.33, both V33 and V13 values 

were higher for the PAN/MWNT nanofibers with larger MWNT loading. This might be 

due to the metallic properties of MWNT contributing to the electrical conductivity of the 

nanofiber mat, allowing for more efficient charge transfer across the sample. Similar to the 

Section 2.4.1.3, additional experiments such as FTIR and XRD would be required to 

provide further insight on the change in the piezoelectric properties of PAN/MWNT 

nanofibers as a function of MWNT loading. 

2.4.2.3   Characterization of carbonized PAN/MWNT-derived nanofibers 

 In order to study the effect of the addition of MWNT to the physical and 

electrochemical properties of carbonaceous PAN-derived nanofibers, PAN/MWNT 

composite nanofibers were put through a two-step heat treatment: stabilization in air at 280 

oC followed by carbonization in an inert environment, i.e. ultra-high purity nitrogen (UHP 

N2), at 1000 oC. Nanofiber diameter decreased after each step of heat treatment, reaching 

~70% lower than that before heat treatment. 
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 Similar to how the electrical conductivity of carbonaceous PAN-derived nanofibers 

was calculated, averaged void fraction of 0.76 was accounted for when calculating the 

electrical conductivity of MWNT-embedded carbonaceous nanofibers via 4-point probe 

measurement of nanofiber mat resistance. When plotted as a function of nanofiber diameter 

and MWNT-to-PAN weight ratio for both PAN-and PAN/MWNT-derived carbon 

nanofibers, electrical conductivity showed to be predominantly controlled by the nanofiber 

diameter, indicated by the significant increase as the diameter is reduced from 200 nm to 

sub-100 nm range. (Figure 2.26) 

 
Figure 2.26 Electrical conductivity of carbonized PAN- and PAN/MWNT-derived 

nanofibers as a function of nanofiber diameter and MWNT-to-PAN ratio by wt.%. 
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The electrical conductivity of PAN/MWNT-derived carbon nanofibers as a 

function of MWNT loading generally followed a percolative behavior, in which the 

electrical conductivity sharply increased after a certain critical concentration of the 

conductive MWNT in the nanofibers.127 Though the exact percolation threshold was not 

determined, the drastic increase in electrical conductivity was observed at ~2 vol.% 

MWNT. This value was slightly higher than literature values,128–130 which could be 

explained by the aggregation of the MWNT. 

 MWNT-embedded carbonaceous nanofibers (CNF) with fixed amount of PAN 

were fabricated into working electrodes for electrochemical characterization of the 

nanofiber mats. The electrodes were submerged in pH7.4 phosphate buffer saline (PBS) 

electrolyte for various electroanalytical methods to characterize the electrochemical 

properties of the nanofibers. 
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Figure 2.27 Cyclic voltammogram of working electrodes based on carbonized PAN- and 

PAN/MWNT-derived nanofibers of various MWNT loading. CV was conducted at room 

temperature. 

Cyclic voltammograms (CV, Figure 2.27) of MWNT-embedded CNF showed that, 

compared to carbonaceous PAN-derived nanofibers with no MWNT loading, 

PAN/MWNT-derived CNF mat electrodes exhibited significantly higher capacitive current 

indicated by the height of cyclic voltammograms. Scan-rate dependent CV revealed both 

MWNT-embedded CNF mat retained nearly rectangular shape up to 25 mV/s, speaking to 

a good pseudocapacitive behavior and high reversibility due to fast ion kinetics.131 At 

higher scan rates, the voltammograms gradually lost the box-like shape and ended up with 

sharper ends, which were attributed to the porous structure of the MWNT-embedded CNFs, 

where inner pores were not easily accessible to ions at fast scan rates. Double-layer 

capacitance of the MWNT-embedded CNF mats were calculated by taking the slope of the 
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first linear region of the i-υ curve (1-50 mV/s), where i was the current measured at a fixed 

potential where no faradaic reactions occurred. Double-layer capacitance were calculated 

to be 3386 and 2715 F for MWNT-embedded CNF mat with MWNT loading of 0.20 and 

0.33 (MWNT/PAN by wt.%), respectively. Contrary to the initial hypothesis that CNF with 

higher MWNT loading would exhibit larger double-layer capacitance, there seemed to be 

an optimum amount of MWNT. 

The results from the electrochemical impedance spectroscopy on MWNT-

embedded CNF mat electrodes were plotted as Nyquist and Bode plots. (Figure 2.28) While 

Nyquist plots can give parametric information such as solution and charge transfer 

resistance, Bode plots provide frequency-dependent response to describe the equivalent 

circuit in the electrode-electrolyte interface. 

 
Figure 2.28 (a) Nyquist (b) Bode magnitude (c) Bode phase plots of MWNT-embedded 

CNF mat electrodes in deaerated PBS, pH7.4, at room temperature. 

Nyquist plots of the MWNT-embedded CNF mat electrodes compared to that of 

PAN-derived CNF mat electrode were much more vertical, supporting the enhanced 

capacitive behavior shown in CV. Also, a semicircle from the high-frequency range that is 

typically visible in nanofiber mat electrodes was not observed with any MWNT loading, 
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which were attributed to the low contact resistance between the current collector and the 

electroactive nanofibers132 as well as small charge transfer resistance, indicating favorable 

charge transfer across the nanofiber electrode.133 The x-intercept of the Nyquist plot, 

denoted as R1 in Table 2.10, was used to determine the nanofiber mat electrical 

conductivity. R1 of the CNF with MWNT/PAN loading of 0.33 showed the lowest R1, 

which could be due to the high concentration of the metallic MWNT, but R1 value was 

consistently low for all CNF samples, measuring only up to 112 Ω. As suggested earlier in 

this section, the effect of MWNT on the electrical conductivity of the nanofibers was 

probably not significant until the loading was as high as 0.5 MWNT/PAN by wt.%.  

Table 2.10 Parameters calculated from various electroanalytical methods for PAN- and 

PAN/MWNT-derived carbon nanofiber mat electrodes. All experiments were conducted 

in deaerated PBS, pH7.4, at room temperature. 

 

Towards the lower frequency region, all three Nyquist plots trailed off with an 

approximately 45o incline, suggesting the presence of Warburg impedance, which was 

indicative of diffusive transport limitation. In the Bode plot (Figure 2.28(b)), the magnitude 

remained at its lowest in the high-frequency region for all three samples. As the frequency 

was decreased, impedance contributed from the capacitive component of the equivalent 

circuit increased the magnitude. The slope at which the magnitude increased was higher as 
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a function of concentration of MWNT, which added to the double layer capacitance. At the 

very low-frequency region, impedance on the capacitor was so high that the current would 

start to flow only to the resistive component, which is typically denoted as Rp (polarization 

resistance). The Bode phase plot (Figure 2.28(c)) for both 5PAN/1MWNT- and 

5PAN/1.67MWNT-based CNF mat electrodes showed the phase angle reached up to 

approximately -70o, which was correlated with their highly capacitive behavior. 

Comparing to the CNF mat derived from purely PAN nanofibers that only reached a phase 

angle of -10o at the lowest frequency, it could be deduced that the addition of MWNT 

greatly improved the capacitance of the CNF mat electrodes by increasing the specific 

surface area and pore volume, which in turn enhanced the ion accessibility at the electrode-

electrolyte interface. The Nyquist and Bode plots were thus fitted with a RRQW equivalent 

circuit and parameters calculated from the fitting are summarized in Table 2.10. To better 

investigate the effect of MWNT loading on the electrochemical properties and EIS 

parameters, the effect of nanofiber dimensions were taken out of account by estimating the 

values for pure PAN-derived CNF with 200-nm diameter, similar to that of MWNT-

embedded CNFs, based on findings of previous literature.134 The polarization resistance 

deduced from the EIS fitting (R2) of MWNT-embedded CNFs was 2 orders of magnitude 

higher than that of PAN-derived CNFs, describing a more favorable material as an inert 

electrode. The Q2 value, which represents the constant phase element, was highest for 

5PAN/1MWNT-based CNF; this, combined with the double-layer capacitance calculated 

from CV, strongly suggested there was an optimum loading of MWNT when considering 

MWNT-embedded CNF as an electrode material. As Q2 corresponds to the electroactive 
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area, that 5PAN/1MWNT-based CNFs showed higher Q2 while exhibiting similar 

nanofiber dimensions and electrical conductivity indicated the MWNT-embedded CNFs 

were mesoporous. Brunauer–Emmett–Teller (BET) analysis would be beneficial in 

quantifying the porosity and specific surface area of the samples to better correlate the 

results from the electroanalytical methods to the effect of MWNT loading on 

electrochemical properties. 

2.4.3   PAN/MWNT/ZnAc nanofibers 

 In order to further increase the mesoporous volume while retaining high electrical 

conductivity and mechanical integrity of carbonaceous nanofibers, zinc acetate (ZnAc) salt 

was added to the electrospinning solution to be oxidized to zinc oxide (ZnO) upon heat 

treatment, which could then be removed via simple acid treatment to create pores along the 

nanofibers. As more complexity in not only fabrication but also characterization and 

analysis of these so-called tri-composite nanofibers were expected, the effect of the 

addition of the ZnAc salt on the PAN nanofibers was first studied via design of experiment. 

2.4.3.1 Fabrication and characterization of PAN/ZnAc nanofibers by DOE 

 Solution conditions according to the 2-factor DOE and the resulting solution and 

nanofiber properties are summarized in Table 2.11. This 2-factor DOE, containing upper 

and lower limit of two design factors creating a 4-corner “window” and a center point, was 

the minimum number of experiments needed to characterize any trends and effects of 

solution conditions varying the salt content on the PAN/ZnAc solution and nanofiber 

properties. 
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Table 2.11. Solution and nanofiber properties of various PAN/ZnAc samples. 0.1 wt.% 

BYK was added to every solution. All electrospinning and environmental conditions were 

fixed. 

 

SEM images of the as-spun PAN/ZnAc nanofibers showed a clear increase in 

nanofiber dimensions as PAN wt.% was increased from 3.25 to 7 wt.%, while an increase 

in the overall salt content slightly affected the nanofiber dimensions as well. (Table 2.12) 

DOE analysis drawn on the effect of design factors on the solution properties in Figure 

2.29 confirmed the polymer concentration was still the predominant factor for viscosity, 

which was a consistent result from PAN-only and PAN/MWNT data. 

 
Figure 2.29 DOE analyses of (a) viscosity; (b) surface tension; and (c) solution electrical 

conductivity as a function of DOE factors laid out in Table 2.11. 

While neither design factors exhibited significant impact on the surface tension, 

ZnAc concentration denoted as the weight ratio of ZnAc to PAN induced a positive 

response for the solution electrical conductivity, as expected. Based on these findings, it 
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was unsurprising to find PAN wt.% had the largest impact on the nanofiber diameter, which 

was known to be controlled by solution viscosity. (Figure 2.30(a)) 

 

Figure 2.30 DOE analyses of (a) average nanofiber diameter; (b) bead density; and (c) fiber 

fraction as a function of DOE factors laid out in Table 2.8. 

 

Table 2.12. SEM images of PAN/ZnAc/BYK nanofibers fabricated according to DOE 

conditions laid out in Table 2.11. 
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Similar to the DOE analysis of design factors on the bead density of PAN/MWNT 

nanofibers, increasing the polymer concentration decreased the bead density of PAN/ZnAc 

nanofibers; this might simply be due to the fact that higher-viscosity solutions tend to 

produce smoother, defect-free nanofibers, and the larger dimensions of the nanofibers 

allowed more room for composite materials. (Figure 2.30(b)) Regardless of the design 

factor variations, however, all solutions produced nanofibers with fiber fraction of 0.95 or 

higher, which was considered to be defect-free. 

2.4.3.2 DOE analysis on solution properties and morphology of as-spun 

PAN/MWNT/ZnAc nanofibers 

 Tri-composite solutions containing various amounts of PAN, MWNT and ZnAc 

(all containing 0.1 wt.% BYK surfactant) according to a 2-factor DOE with a center point 

were electrospun to fabricate nanofibers. Solution conditions and the resulting solution and 

nanofiber properties of the five samples are summarized in Table 2.13. 

Table 2.13. Solution and nanofiber properties of various PAN/MWNT/ZnAc samples. 0.1 

wt.% BYK was added to every solution. All electrospinning and environmental conditions 

were fixed.  

 

DOE analysis of design factors on solution properties (Figure 2.31) showed that as 

the amount of composite materials (i.e. MWNT and ZnAc) increased with fixed amount of 
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PAN, solution viscosity increased. The positive viscosity response to the increase in the 

amount of ZnAc relative to MWNT was not expected, however; even though the DOE 

analysis for the PAN/ZnAc nanofibers in section 2.4.3.1 showed that increase in ZnAc 

concentration induced an increase in solution viscosity, the effect of MWNT concentration 

on the solution viscosity was expected to be more significant and thus a negative viscosity 

response was hypothesized when all three components were mixed together.

 

Figure 2.31. DOE analysis of solution properties of PAN/MWNT/ZnAc: (a) viscosity (b) 

surface tension (c) electrical conductivity as a function of DOE factors. 

However, as the interaction between the two design factors in this DOE exhibited 

the highest impact on the solution viscosity, which showed a competing effect to the two 

individual design factors, further rheological characterization of the solutions might be 

needed to elucidate this phenomenon. Surface tension (Figure 2.31(b)) still confirmed to 

be unaffected by polymer or other composite material concentration, as it was known to be 

independently controlled by the absence or presence of a surfactant. The solution electrical 

conductivity (Figure 2.31(c)) showed positive response to the increase in overall amount 

of composite materials as well as that of ZnAc relative to MWNT, which were both 

expected trends since the upper limit of both design factors indicated a higher concentration 

of ZnAc salt, which was responsible for increasing the solution electrical conductivity. 
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Figure 2.32 DOE analysis of nanofiber properties of PAN/MWNT/ZnAc: (a) nanofiber 

diameter (b) bead density (c) fiber fraction as a function of DOE factors. 

 DOE analyses of nanofiber properties as a function of DOE factors for the tri-

composite nanofibers showed similar trends compared to PAN, PAN/MWNT and 

PAN/ZnAc nanofibers. (Figure 2.32) For example, an increase in overall composite 

materials increased the nanofiber diameter, as it was one of the contributing factors to the 

solution viscosity. No significant effect of DOE factors on the bead density nor fiber 

fraction was observed; all 5 samples fabricated from this DOE produced essentially bead-

free nanofibers. 

2.4.3.3 Morphological and elemental characterization of carbonized and acid-treated 

PAN/MWNT/ZnAc-derived nanofibers 

 In order to achieve highly mesoporous carbonaceous nanofibers (CNFs) while 

retaining high electrical conductivity, electrospun PAN/MWNT/ZnAc nanofibers were 

heat and then acid treated. The heat treatment, including stabilization and carbonization, 

would convert PAN to carbon and oxidize ZnAc to ZnO, while the acid treatment would 

remove the ZnO and other Zn residues to finally produce porous CNFs. Unlike PAN and 

PAN/MWNT nanofibers from previous sections, stabilization step was conducted at 280 

oC then at 400 oC so that not only PAN went through its cyclization process, but also ZnAc 
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converted to ZnO. As 400 oC is typically the maximum temperature for PAN stabilization, 

past which PAN would start to burn off in the presence of oxygen, some brittleness and 

loss in nanofibrous structure were expected after the two-step stabilization. According to 

the SEM images shown in Figure 2.33, the surface of the nanofibers after two-step 

stabilization (Figure 2.33(c)) appeared rougher with some lamellar-like dimples compared 

to that after one-step stabilization (Figure 2.33(b)), indicating the conversion from ZnAc 

to ZnO might not have been complete after 280 oC. When both samples were carbonized 

under the same conditions (Figure 2.33(d) and (e)), those carbonized after two-step 

stabilization showed much rougher surface with the lamellar-like dimples more densely 

populated across the surface of the nanofibers. When these nanofibers were acid treated in 

20 vol.% HCl, the lamellar-like dimples widened and deepened by 2-3 times, and some 

larger mesopores with diameters measuring up to 45 nm were observed randomly across 

the nanofiber surface. 
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Figure 2.33. SEM images of 8 wt.% PAN, 3.33 wt.% MWNT, 0.67 wt.% ZnAc, 0.1 wt.% 

BYK nanofibers at various processing steps. (a) as-spun; (b) one-step stabilized; (c) two-

step stabilized; (d) carbonized after one-step stabilization; (e) carbonized after two-step 

stabilization; (f) acid treated in 20 vol.% HCl in DI water for 60 s. 

 Elemental mapping via energy dispersive x-ray spectroscopy (EDS) confirmed that 

only after the two-step stabilization, carbonization followed by acid treatment was Zn 

removed. (Figure 2.34) Nanofibers treated with the same carbonization and acid conditions 

but with one-step stabilization showed residues of zinc, confirming that the second 

stabilization at 400 oC was necessary to fully convert ZnAc to ZnO. 
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Figure 2.34. EDS mapping for Zn in PAN/MWNT/ZnAc-derived nanofibers at the 

following processing steps: (a) as-spun; (b) one-step stabilized; (c) carbonized after one-

step stabilization; (d) carbonized after two-step stabilization; (e) acid treated after step (c); 

and (f) acid treated after step (d). 

2.4.3.4 Electrochemical characterization of acid-treated PAN/MWNT/ZnAc-derived 

nanofibers 

 All five samples of tri-composite nanofibers were thus treated with two-step 

stabilization, carbonization, then acid treatment to produce porous MWNT-embedded 

CNFs, which were fabricated into electrodes for characterization via electroanalytical 
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methods such as cyclic voltammetry, linear polarization and electrochemical impedance 

spectroscopy. 

 
Figure 2.35. Cyclic voltammetry at 200, 150, 100, 50, 25, 10, 1 mV/s for 

PAN/MWNT/ZnAc-derived porous C/MWNT nanofibers with DOE code (a) ++ (b) +- (c) 

00 (d) -+ (e) – in pH7.4 PBS at room temperature. Potential was swept with respected to 

the open circuit potential. 

 Cyclic voltammograms of the five porous CNF mat electrodes showed that sample 

with DOE code +- (i.e. 8PAN/3.33MWNT/0.67ZnAc) most closely resembled the box-like 

shape, which was representative of pseudocapacitive behavior. (Figure 2.35(b)) This 

rectangular geometry of the voltammogram was retained up to scan rates as high as 50 

mV/s, which could be due to the mesoporous structure of the nanofibers. While the 

voltammograms of all five samples exhibited scan rate-dependent increase in current 

density and thus voltammogram height, electrodes fabricated from other 4 DOE codes did 

not show a box-like shape even at a scan rate as low as 1 mV/s, which was attributed to 



 110 

that even though pores were observed on all four of the nanofibers, they were not easily 

accessible to ions. 

 
Figure 2.36 Tafel plots of carbonized PAN/MWNT/ZnAc-derived nanofiber mat 

electrodes in deaerated PBS, pH7.4, at room temperature. Scan rate was 1 mV/s. 

Polarization resistance, Rp was calculated according to the following equation: 

𝑅𝑝 =
𝐵

𝑖𝑚𝑖𝑥
 𝑤ℎ𝑒𝑟𝑒 𝐵 =

𝛽𝑎𝛽𝑐

2.3(𝛽𝑎+𝛽𝑐)
                                                                        (Equation 5) 

The mixed current density, imix, was calculated based on the x-axis value of Tafel plot 

(Figure 2.36) at which the linear extrapolation of anodic and cathodic branches of the Tafel 

plot intersect. Slope of these extrapolated lines was also calculated to obtain βa and βc. All 

four parameters (i.e. imix, βa, βc, and Rp) for the five electrodes are summarized in Table 

2.14. While the polarization resistance of all five nanofibers were relatively high, Rp of the 

tri-composite nanofibers of DOE code +- was the highest at 16091 Ω, which could also be 

attributed to the high density of mesopores on the nanofiber surface, allowing for more 

charge accumulation. 
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Table 2.14 Parameters calculated from Tafel plots of carbonized PAN/MWNT/ZnAc-

derived nanofiber mat electrodes. 

 

 Electrochemical impedance spectroscopy results were analyzed with Nyquist and 

Bode plots. All five curves in the Nyquist plot (Figure 2.37(a)) could be construed as a part 

of large, imperfect semicircle, supporting the high Rp calculated via LP since the diameter 

of the semicircle correlates with the polarization resistance. Zooming in on the Nyquist 

plot, however, a nearly vertical curves were observed in the very high-frequency region 

(inset of Figure 2.37(a)), indicating these porous CNF mats exhibited pseudocapacitive 

behavior. The x-intercept of the Nyquist plot and the Bode magnitude at the over the high-

frequency region both represented the combination of electrolyte and electrode resistance, 

which was denoted as R1. With a known solution resistance of the electrolyte (20 Ω)(ref), 

the nanofiber mat resistance could be deduced. In the Bode magnitude plot (Figure 

2.37(b)), electrode with DOE code +- reached the highest magnitude at the low frequency 

region, which was attributed to good pseudocapacitive behavior due to highly mesoporous 

structure. 
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Figure 2.37 (a) Nyquist plot and (b,c) Bode plots of porous C/MWNT nanofibers derived 

from PAN/MWNT/ZnAc nanofibers. 

In fact, the Bode phase plot (Figure 2.37(c)) of the same electrode reached up to -

65o, which was close to the phase shift of -90o (i.e. phase shift of ideal capacitor). 

Furthermore, compared to the Bode phase plots of PAN/MWNT-derived CNF mats (Figure 

2.37(c)), which showed a single peak at the low-frequency region, the presence of two 

peaks near the low-frequency range potentially indicated an additional RC component, 

which was likely attributed to the dimples across the surface of the nanofibers, as the single 

peak in the phase plot of MWNT-embedded CNFs was correlated with the capacitive 

behavior of MWNT. Therefore, the Nyquist and Bode plots were fitted according to 

RRQRQW equivalent circuit, which consisted of the additional RC component to the 

previously determined equivalent circuit of RRQW from the EIS of PAN/MWNT-derived 

CNF mat electrodes (See Section 2.4.2.3). Parameters calculated from this fitting are 

summarized in Table 2.15. 
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Table 2.15 Parameters calculated from various electroanalytical methods conducted with 

porous C/MWNT nanofiber mat electrodes derived from PAN/MWNT/ZnAc nanofibers. 

 

 DOE analyses were performed on some parameters determined by EIS fitting in the 

EC-Lab software as a function of the DOE factors. (Figure 2.38) The weight ratio between 

ZnAc and MWNT showed the highest impact on R1, which was correlated with the 

nanofiber mat electrical conductivity. (Figure 2.38(a)) Increasing MWNT:ZnAc ratio by 

wt.% from 5:1 to 1:5 increased the nanofiber mat resistance, as more mesopores created 

not only on the surface of the nanofibers but also throughout the nanofibers would interfere 

with the current flow across the nanofiber mat electrode. This was compensated by the 

decrease in mat electrode with increase in the overall content of composite materials, likely 

attributed to the metallic properties of MWNT slightly contributing to the enhanced 

electrical conductivity of the nanofiber mat. R2, on the other hand, was affected in the 

opposite direction by the same DOE factors. (Figure 2.38(b)) The polarization resistance 

increased with overall composite materials, and ZnAc in particular. This trend explained 

that while the increase in mesopores across the nanofiber mats decreased the overall 

electrical conductivity of the electrode, it increased the polarization resistance due to 

accumulation of charge in the mesopores.135 
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Figure 2.38 DOE analyses of (a) R1 and (b) R2 as a function of DOE factors for tri-

composite nanofibers. R1 and R2 refer to the parameters calculated from EIS fitting. 

2.5 Conclusion 

Polyacrylonitrile-derived nanofibers with various amounts of composite materials 

such as multi-walled carbon nanotubes and zinc acetate were fabricated via electrospinning 

based on design of experiment as a systematic way to elucidate the effect of solution, 

electrospinning, and environmental conditions on the resulting nanofiber properties. 

Regardless of the composite material, the concentration of PAN in the electrospinning 

solution was the predominant factor in the solution viscosity, which had the highest impact 

on the nanofiber dimensions.  

As-spun, aligned PAN nanofibers were fabricated for detailed study of size-

dependent piezoelectric properties for the first time. Similar to other popularly known 

piezoelectric polymers like PVDF-TrFE, voltage output (V33) increased significantly with 

nanofiber diameter. Decrease in piezoelectric properties with temperature was observed as 

the polar nitrile group in PAN was removed via cyclization with annealing. Addition of 
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MWNT significantly reduced the piezoelectric output along the 3 direction due to the 

metallic MWNT interfering with uniform charge distribution along the nanofibers. Further 

material characterization such as FT-IR and XRD would be required to correlate the change 

in molecular structure and crystallinity as a function of nanofiber diameter and annealing 

temperature with the resulting piezoelectric properties. 

Precise control of loading of MWNT and ZnAc contributed to control of the 

solution properties as well as nanofiber properties, including electrical conductivity, 

double-layer capacitance, and polarization resistance, and the degree of this contribution 

was characterized by a series of DOE analyses. Various electroanalytical methods such as 

cyclic voltammetry, linear polarization and electrochemical impedance spectroscopy were 

used to characterize the PAN-derived carbonaceous nanofibers as a working electrode, 

which was fabricated by applying heat and/or acid treatment to the as-spun PAN-derived 

nanofibers.  
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3 DNA-Guided Assembly of a Five-Component 

Enzyme Cascade for Enhanced Conversion of Cellulose to 

Gluconic Acid and Hydrogen Peroxide 

This chapter is based on: Chen, Q., Yu, S., Myung, N. & Chen, W. DNA-guided assembly 

of a five-component enzyme cascade for enhanced conversion of cellulose to gluconic acid 

and H2O2. J. Biotechnol. 263, 30–35 (2017). 

3.1 Abstract 

Enzymatic fuel cells have received considerable attention because of their potential for 

direct conversion of abundant raw materials such as cellulose to electricity. The use of 

multi-enzyme cascades is particularly attractive as they offer the possibility of achieving a 

series of complex reactions at higher efficiencies. Here we reported the use of a DNA-

guided approach to assemble a five-component enzyme cascade for direct conversion of 

cellulose to gluconic acid and H2O2. Site-specific co-localization of β-glucosidase and 

glucose oxidase resulted in over 11-fold improvement in H2O2 production from cellobiose, 

highlighting the benefit of substrate channeling. Although a more modest 1.5-fold 

improvement in H2O2 production was observed using a five-enzyme cascade, due to H2O2 

inhibition on enzyme activity, these results demonstrated the possibility to enhance the 

production of gluconic acid and H2O2 directly from cellulose by DNA-guided enzyme 

assembly. 
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3.2 Introduction 

Fuel cells are potential alternative to thermo-mechanical power generation 

processes by directly converting chemical fuels into electricity. Even though the 

technology has been around for decades, fuel cells are still not economically competitive 

because expensive and nonrenewable noble metals are typically used as catalysts. In 

addition, metallic catalysts must be used at high temperatures and can be deactivated by 

trace amounts of impurities such as CO and sulfur in the fuels.1 On the other hand, biofuel 

cells2,3 that utilize enzymes can effectively catalyze redox reactions of abundant raw 

materials (e.g. glucose) to electrical energy under ambient conditions and neutral pH. In 

contrast to noble metals, enzymes are renewable and the cost of production can be very 

low, as enzymes can be economically produced easily by large-scale fermentation. 

Past efforts on enzyme fuel cells have been focusing on the use of an individual 

enzyme to oxidize the substrate.4 Unfortunately, the use of a single enzyme often limits the 

number of released electrons due to incomplete fuel oxidation. For instance, the conversion 

of methanol to formaldehyde by alcohol dehydrogenase releases only two of the six 

available electrons, while the complete oxidation of methanol to CO2 using a sequential 

three-enzyme oxidation system generates six electrons for fuel-cell applications.5 In an 

effort to address this shortcoming, many researchers have incorporated multi-enzyme 

cascades for more complete oxidization of fuels that are both abundant and renewable.6–8 

Cellulose, one of the most abundant natural resources on earth, has been the focus 

of considerable interest as a renewable energy source.9 Although extensive research efforts 
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have been made toward the development of glucose oxidase (GOx)-based fuel cells using 

glucose as the fuel,10–12 progress toward the use of cellulose as a substrate has been lagging. 

Recently, cellulose has been used as the fuel in a microbial fuel cell (MFC) for the direct 

electricity generation13,14 using both cellulolytic and exoelectrogenic microorganisms. 

More importantly, it has been shown that addition of cellulases to increase the hydrolysis 

of cellulose can substantially improve the overall power output to a level achieved using 

the same amount of glucose.15 This result clearly indicates the importance of cellulose 

hydrolysis on the overall fuel cell performance. 

Cellulosomes are multi-enzyme systems found in many anaerobic bacteria for 

efficient degradation of cellulose to glucose.16 Endoglucanases, excoglucanases, and β-

glucosidases are organized in close proximity on a scaffold via the high-affinity 

cohesindockerin interaction for synergistic digestion of cellulose.17 Inspired by 

cellulosome systems, synthetic protein scaffolds based on cohesin-dockerin interaction 

have been developed for efficient enzymatic reaction.18–20 However, truncation of protein 

scaffold becomes significant when scaffold sizes increase, which limits the complexity of 

synthetic enzymatic systems.21 

DNA is a promising scaffold for immobilization of enzymes based on its 

programmable hybridization rule and predictable hybridized structures.22 More 

importantly, DNA scaffolds provide the unique benefit of site-specific enzyme 

organization, which could have a significant effect when the diffusion of intermediates is 

the determining factor for cascade enzymatic reactions.18,23,24 Recently, a DNA-guided 

approach for enzyme fuel cell applications has been reported in which the mediator 
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ferrocene and glucose oxidase (GOx) were coupled to a gold electrode based on DNA 

hybridization.24,25 By simply switching the positioning of ferrocene on the DNA scaffold, 

a strong effect on the rate of glucose oxidation was observed. This example demonstrates 

the importance of using DNA to control the order of assembly for enzyme fuel cell 

applications. 

Motivated by these examples, our goal is to demonstrate the possibility of using 

site-specific organization of cellulases and GOx onto a synthetic DNA template for the 

efficient conversion of cellulose to gluconic acid and H2O2 (Figure 3.1). 

 
Figure 3.1 Schematic of a DNA-guided five-enzyme cascade for direct conversion of 

cellulose to gluconic acid and H2O2. 

In our design, three cellulosomal components, CelA (endoglucanase), CelE 

(exoglucanase), and CBM (cellulose binding module), were used to first convert cellulose 

to the disaccharide, cellobiose, which was subsequently converted to glucose by the last 

cellulosomal component, BglA (β-glucosidase) and finally to gluconic acid and H2O2 by 

glucose oxidase (GOx). Although the synergistic effect of synthetic cellulosome on 
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cellulose hydrolysis has been well documented,26,27 it was not clear whether a similar 

beneficial effect could be obtained by channeling glucose between BglA and GOx by 

DNA-guided assembly. As the current generated by GOx -based fuel cells depends on how 

fast H2O2 is generated,24 we focused our investigation on the effect of enzyme assembly 

on enhancing H2O2 generation. 

3.3 Materials and methods 

3.3.1 Protein expression and conjugation with DNA linkers 

The four cellulosomal components (CelA-ELP-Halo, CBM-ELP-Halo, CelE-ELP- 

Halo, BglA-ELP-Halo) were constructed as reported.18 All four proteins were expressed in 

E. coli BLR in TB medium supplemented with 50 μg/mL kanamycin at 37 °C. The cultures 

were transferred to 25 °C shaker for overnight leaky expression when the OD600 reached 

1. Cells were harvested and resuspended in PBS for sonication. The cell debris was 

removed by centrifugation for 10 min at 4 °C. Two cycles of ELP purification were 

conducted to purify the proteins from cell lysis. 1 M Na2SO4 was added to protein samples 

to induce inverse-phase transition of ELP. The proteins samples were incubated at 37 °C 

for 10 min and centrifuged for 10 min in 37 °C. The supernatants were removed and the 

pellets containing ELP proteins were resuspended in PBS and incubated on ice for 

resolubilization. Centrifugation at 4 °C was used to remove insoluble proteins in the pellet 

and the supernatant containing ELP proteins were collected for DNA conjugation. 
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The DNA linkers were ordered with a 5′ amine group. They were first modified 

with a chlorohexane (CH) ligand (Promega P675A) for HaloTag attachment by mixing the 

CH ligand and DNA linkers at a molar ratio of 30:1. The mixture was incubated at room 

temperature for 4 h. To purify CH-conjugated DNA and remove excessive CH ligands, a 

3000 DA ultrafiltration column (Vivaspin 500, Sartorius Stedim Biotech) was used for 

purification. The purified DNA linkers were then mixed with ELP purified cellulase 

components for conjugation via HaloTag at a molar ratio of 3:1 overnight at 4 °C. The 

excessive DNA linkers were removed by ELP purification. 10% SDS-PAGE was used to 

check the conjugation efficiency. 

Glucose oxidase (GOx) from Aspergillus niger was purchase from Sigma-Aldrich 

(G2133). The DNA linker for GOx was modified with a 5′ thiol group. Sulfo-EMCS 

(Sigma-Aldrich 803235) was used as the cross linker for conjugation. Thiolated DNA 

linkers at 25 μM were incubated with 25 mM DTT for 2 h at room temperature to reduce 

possible disulfide linkage between DNA linkers. A 3000 DA ultrafiltration column was 

used to purify DNA linkers. GOx at 50 μM was mixed with 5 mM sulfo-EMCS in PBS 

buffer (pH 7.4) at room temperature for 6 h. 

A 50 kDa centrifugal column (EMD Millipore, Amicon UltraUFC505096) was 

used to remove the excessive sulfo-EMCS. The treated DNA linkers and purified GOx 

were mixed at 1:1 molar ratio for 2 h at room temperature. The conjugation efficiency of 

DNA linker to GOx was evaluated by 8% native gel running at 100 V for 1 h. 
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3.3.2 Proteins assembly onto the DNA template 

The sequences of DNA template and linkers are listed in Table 3.1 with the 

corresponding regions in same color coding. 

Table 3.1 List of DNA sequences used in this study. 

 

To assemble DNA-conjugated proteins onto the DNA template, the proteins and 

DNA template were mixed at 1:1 molar ratio for 1 h at room temperature. Binding was 

detected by electromobility shift assays by running the samples on a 0.8% agarose gel at 

90 V for 30 min. 

3.3.3 Measurements of enzyme activities 

To evaluate the H2O2 production rate from BglA and GOx, 50 nM enzymes were 

incubated with 20 mM cellobiose (equivalent to 40 mM glucose) and the H2O2 produced 

was detected kinetically at OD570 nm using the glucose oxidase activity assay kit (Sigma 

MAK097). 
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To evaluate the glucose production rate from the four cellulosomal components, 1 

μM enzymes were incubated with 8 g/L phosphoric acid swollen cellulose (PASC, 

equivalent to 40 mM glucose). PASC was prepared from Avicel PH101 (Sigma) as 

previously described (Tsai et al., 2009). The glucose concentration was measured using a 

glucose (HK) assay kit (Sigma GAHK20) at various time points. The pH of the reaction 

buffer was adjusted using 100 mM citric acid-sodium citrate buffer. 

To measure H2O2 production rate from the 5-enzyme system, 1 μM enzymes were 

incubated with 8 g/L PASC. The H2O2 concentration samples were collected periodically 

measured using the glucose oxidase activity assay kit. 

3.4 Results and discussion 

3.4.1 Protein conjugation with DNA linkers 

We have previously demonstrated that CelA (endoglucanase from Clostridium 

Thermocellum), CBM (the carbohydrate binding module from Clostridium Thermocellum), 

CelE (exoglucanase from Clostridium Cellulolyticum), and BglA (β-glucosidase from 

Clostridium Thermocellum) can be assembled on the same DNA template via their 

corresponding conjugated DNA linkers (Figure 3.1) to achieve enhanced hydrolysis of 

cellulose.18 In all cases, a self-labeling HaloTag28 was used for covalent attachment of 

chlorohexane (CH)-modified DNA linkers in order to minimize enzyme deactivation. 

Based on protein sizes,29,30 DNA linkers of 21 base pairs in length were used to assemble 

the cellulosomal components and GOx onto a 105 bp template. 
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Figure 3.2 Protein conjugation with DNA linkers. (A) Conjugation of a DNA linker onto 

each cellulosomal component using the N-terminus HaloTag. (B) Expression and 

purification of each cellulosomal component. CL: cell lysate, P: purified protein. (C) 

Confirmation of DNA conjugation onto the cellulosomal components by 10% SDS-PAGE. 

Presence of a slower mobility band confirmed the successful conjugation. (D) Conjugation 

of a DNA linker to GOx using the well-known EDC chemistry. (E) Confirmation of GOx 

conjugation with a DNA linker by 10% native acrylamide gel. 

As reported previously, the four cellulosomal components were fused to an elastin 

like polypeptides (ELP) tag at the N-terminus for easy purification, and a HaloTag at the 

C-terminus for specific conjugation to DNA linkers (Figure 3.2(a)).18,31 The presence of 

ELP enabled the easy purification of proteins and protein-DNA conjugates using two 

cycles of thermal precipitation and resolubilization.32 After expression and purification of 

the cellulosomal components via ELP purification (Figure 3.2(b)), 3-fold molar excess of 

chlorohexane-modified DNA linkers were incubated with the corresponding purified 

proteins. Two more cycles of thermal precipitation and resolubilization were used to 

remove excessive DNA linkers. Based on SDS-PAGE analysis (Figure 3.2(c)), the 
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conjugation efficiency was close to 100% in all cases as indicated by the slower migrating 

DNA-protein conjugates as compared to unconjugated proteins. 

Since GOx from Aspergillus niger cannot be produced in large quantities in E. coli 

without refolding,33 commercial GOx was conjugated with a DNA linker via the well-

known sulfo-EMCS chemistry (Figure 3.2(d)).34,35 Size-exclusion centrifugal column was 

used to remove excessive DNA linkers after conjugation. Again, successful conjugation 

was confirmed by native gel and the conjugation efficiency was about 100% (Figure 

3.2(e)). 

 
Figure 3.3 (a) Production of gluconic acid and H2O2 by BglA and GOx. (b) Confirmation 

of BglA and GOx assembly on agarose gel. (c) H2O2 production for either assembled or 

unassembled BglA and GOx. (d) The rate of H2O2 production for either assembled or 

unassembled BglA and GOx. 
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3.4.2 Enhanced H2O2 production by assembled BglA and GOx 

Since the synergistic effect of cellulosome on cellulose hydrolysis has been 

demonstrated before,20,36 we first investigated the impact of enzyme assembly on the 

conversion of cellobiose to gluconic acid and H2O2 by BglA and GOx. In this cascade 

reaction, cellobiose is first converted to glucose, which is sequentially converted to 

gluconic acid and H2O2 by GOx (Figure 3.3(a)). Since the reported Km for GOx is 10 

mM,37 this very low affinity toward glucose may significantly limit the cascade reaction 

due to the very low local concentration of glucose. It is possible that the direct channeling 

of glucose between BglA and GOx may partially overcome this limitation. 

To assess this possibility, the rate of H2O2 production was monitored for both 

assembled and unassembled BglA and GOx. The assembly of DNA-conjugated GOx and 

BglA onto the same DNA template were first evaluated by agarose gel (Figure 3.3(b)). Due 

to the co-assembly of BglA and GOx, the resulting complex migrated slower than the single 

assembly complexes formed by hybridizing with either BglA or GOx alone. For the control 

experiment where BglA and GOx were not assembled on the same DNA template, a DNA 

blocker that is complimentary to the corresponding DNA linker was added to prevent 

unspecific association of the two proteins and to avoid any potential stabilization effect by 

hybridization. The rate of H2O2 production from cellobiose was monitored using a glucose 

oxidase activity assay kit (Figure 3.3(c)). Under this condition, barely any H2O2 production 

was detected for the unassembled enzyme mixture, while the production rate was almost 

11-fold higher for the assembled BglA/GOx complex (Figure 3.3(d)). This observation 
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highlights the importance of site-specific assembly in controlling enzyme proximity and in 

enhancing glucose transfer between BglA and GOx for better H2O2 production. 

3.4.3 Conversion of cellulose to H2O2 by the five-enzyme assembly 

After confirming the benefit of enzyme proximity on the conversion of cellobiose, 

we further investigated the effect of enzyme assembly on the overall conversion of 

cellulose to gluconic acid and H2O2. The optimum reaction conditions for the five-enzyme 

system were first explored. GOx has a reported reaction rate that is 1000-fold faster than 

the cellulases used with an optimum reaction condition at pH 5 and 37 °C.38,39 As GOx is 

not the limiting step in converting cellulose to H2O2, the reaction conditions of the 

cellulosomal components were compared at room temperature and 37 °C and at pH values 

from 4 to 7. 

 
Figure 3.4 Effect of temperature (a) and pH (b) on glucose production by either 

unassembled (blue) or assembled (red) CelA, CBM, CelE and BglA. (For interpretation 

of the references to color in this figure legend, the reader is referred to the web version of 

this article.) 
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Cellulose was supplied as the substrate and the glucose concentration was measured 

periodically to determine the glucose production rate. While a 2-fold faster glucose 

production rate was observed for the assembled enzymes at room temperature (Figure 

3.4(a)), a result consistent with that reported previously, the enhancement was only 1.5-

fold at 37 °C. This result is not surprising as the benefit of substrate channeling is the more 

prominent at lower temperatures with less random diffusion.40 The effect of pH was further 

investigated with the assembled enzymes and the optimum condition was identified at pH 

5 (Figure 3.4(b)). 

Using the optimized conditions, we proceeded to evaluate the conversion of 

cellulose to gluconic acid and H2O2 using the five-enzyme assembly. Assembly of the five 

proteins onto a single DNA template was evaluated by agarose gel and as expected, the 

complex migrated much slower when more proteins were assembled on the DNA template 

(Figure 3.5(a)). After incubating with cellulose, the H2O2 concentrations were measured 

periodically. Consistent with the increase in glucose production, the overall H2O2 

production rate was improved by 1.5-fold with the assembled enzymes. This improvement 

is significantly lower than the 11-fold enhancement observed using cellobiose as the 

substrate for the BglA and GOx bi-enzyme system. One plausible reason is the well-known 

H2O2 inhibition on enzyme activity, which can play a role in reducing the overall reaction 

rate and activity enhancement by enzyme assembly.41 This inhibition effect is further 

supported by a significantly lower level of glucose produced in 3 h using the five- nzyme 

cascade (58.4 μM) vs the four-enzyme cascade (233.3 μM). Nevertheless, our results 

demonstrated the possibility of enhanced production of gluconic acid and H2O2 directly 
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from cellulose using a five-enzyme cascade assembled onto a single DNA template. Further 

optimization is necessary to improve the overall enhancement for more practical 

applications. 

 

Figure 3.5 Enhanced H2O2 production from cellulose using an assembled five-enzyme 

cascade. (A) Confirmation of five-enzyme assembly by agarose gel. (B) Comparison of 

H2O2 production using either the assembled or unassembled five-enzyme system. 

3.5 Conclusion 

In conclusion, we demonstrated the direct conversion of cellulose to gluconic acid 

and H2O2 using a five-enzyme cascade. Site-specific colocalization of BglA and GOx using 

DNA-guided assembly resulted in over 11-fold improvement in H2O2 production, 

highlighting the benefit of substrate channeling. However, the level of enhancement is 

substantially less using the five-enzyme cascade, likely the result of activity imbalance and 

H2O2 inhibition. It is expected that the removal of H2O2 can reduce the toxic effect on 

enzyme activities, which can be accomplished by incorporating both an anode (GOx 

producing electron) and a cathode in the cellulosic fuel cell system.42,43 To match the higher 
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reaction rate of GOx, longer DNA templates can be generated to varying the ratio of 

cellulases and GOx in order to further fine-tune the overall reaction rate.18
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4 Development of Bienzymatic Electrode as Concept 

Demonstration for Cellulolytic Anode with Multienzyme 

Cascade on DNA Scaffold 

4.1 Abstract 

Cellulose is one of the naturally abundant resources that can be used for various green 

sources of energy. To employ this raw material as fuel for enzymatic fuel cells, multiple 

cellulases and an oxidoreductase for its single block of sugar (i.e. glucose) could be 

combined in a bioanode. Previously, 3 cellulases, a cellulose-binding domain, and glucose 

oxidase (GOx) were site-specifically immobilized on a DNA scaffold to achieve the 

cascade reaction consisting of cellulose hydrolysis to glucose followed by glucose 

oxidation in aqueous solution. As a concept demonstration of implementing the five-

enzyme cascade system for EFC application, a bienzymatic bioanode consisting of BglA 

(i.e. β-glucosidase) and commercial GOx was fabricated. Each enzyme was combined with 

a single-stranded DNA linker and then immobilized on a thiolated DNA template via 

hybridization. The DNA-immobilized bienzyme system was then reacted with gold 

nanoparticles, which acted as anchors to hold down the system on a multi-walled carbon 

nanotube-functionalized screen-printed carbon electrode surface. Once the electroactivity 

of GOx in the bienzymatic system was confirmed and compared to a GOx-only electrode, 

a concentration dependent current response was measured using cellobiose. Both the 

concentration-dependent current density profile and GOx activity assay suggested that 

cellobiose hydrolysis by BglA was the rate-limiting step. Preliminary results showed that 
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up to 87% of current density was retained after 7 days. Successful demonstration of the 

bienzymatic cascade-based electrode could readily lead to bioanodes and biocathodes 

functionalized with multienzyme cascade biocatalyst system for cellulolytic enzymatic fuel 

cell and more. 

4.2 Introduction 

 Fuel cells are studied as one of the greener alternatives to the conventional energy 

production such as combustion of fossil fuels since they utilize renewable sources of energy 

like biomass and typically produce water as the only byproduct. Enzymatic fuel cells 

(EFCs), in particular, offer high specificity toward fuel and oxidant at anode and cathode, 

respectively, by employing isolated enzymes as biocatalysts, eliminating the need for 

separation membrane or compartmentalization of each electrode. 

 Early works on enzymatic fuel cells involved a single enzyme as biocatalyst, which 

led to a relatively low power density due to incomplete oxidation of fuel. Additionally, 

bulk electrodes exhibit low specific surface area that could lead to low enzyme loading as 

well as inefficient electron transfer. Furthermore, simple enzyme immobilization methods 

such as physisorption allowed for the biocatalysts to leach off the electrode surface over 

time, which reduces the stability of the EFCs. To enhance the performance of the EFCs, 

three main aspects can be engineered: the enzyme catalyst, the electron transfer from the 

enzyme redox center to the electrode, and the electrodes. 
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 More recently, various methods have been studied to increase the power density 

and stability of EFCs. For example, instead of a typical two-step oxidation to gluconic acid, 

glucose was oxidized all the way to carbon dioxide by a cascade reaction driven by six 

enzymes combined on the anode, producing almost 47 times the power density than when 

a single enzyme was used.1 Up to six electrons per one molecule of fuel were generated by 

an artificial enzyme cascade pathway consisting of four dehydrogenases, exhibiting 4.2-

fold increase in current density than when one enzyme was used.2 Similar studies were 

conducted by employing multiple enzymes for sequential oxidation reactions to increase 

the coulombic efficiency, imitating a naturally available multienzyme complex called 

cellulosome.3–7 Another method to enhance the EFC performance is to increase the specific 

surface area of the electrode, which poses a few advantages: (i) increased enzyme loading8; 

(ii) reduction of enzyme-to-electrode distance, thereby facilitating higher direct electron 

transfer rate9; and (iii) increased stability of enzyme immobilization10. Lastly, engineering 

of enzyme immobilization method could further enhance the electron transfer and stability 

of bioelectrodes. 

 Combining such methods widens the range of fuels to be used to more complex 

molecules like the naturally abundant cellulose. As it already presents uses as an 

environmentally friendly energy sources such as production of biofuels as well as fuel for 

microbial fuel cells, cellulose contains much potential to be used in EFCs as well. To 

achieve this, multiple cellulosomal enzymes – enzymes that hydrolyze cellulose; also 

referred to as cellulases – must be employed at once to break down the long chain to a 

single molecule of glucose, which has already been proven a popular choice of fuel in 
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EFCs. Following our previous work that clearly showed the synergistic effect of site-

specific immobilization of cellulases and a commercial glucose oxidase (GOx) on a 

customized DNA scaffold for a sequential hydrolysis of cellulose followed by glucose 

oxidation,11 this work presents a first step of concept demonstration of implementing the 

same five-enzyme cascade system on a bioanode.  

4.3 Materials and Methods 

4.3.1   Materials 

 Glucose oxidase (GOx, Aspergillus Niger) was purchased from Sigma Aldrich. 

Cellobiose (99%), D-glucose (anhydrous), N,N-dimethylformamide (DMF), sodium 

chloride (NaCl), potassium chloride (KCl), disodium phosphate (Na2HPO4), 

monopotassium phosphate (KH2PO4) were purchased from Fisher. Short COOH-

functionalized multi-walled carbon nanotubes (MWNT-COOH, hereafter referred to as 

MWNT, OD 8-15 nm, length 0.5-2.0 m) were purchased from Cheap Tubes. Carbon 

screen-printed electrodes, containing carbon as working and counter electrodes and silver 

as pseudo-reference electrode, were purchased from Metrohm USA. Gold nanoparticles 

with diameters 10 and 100 nm were graciously provided by Yadong Yin group at the 

Department of Chemistry in University of California Riverside. 

4.3.2 Methods 

 Various concentrations of GOx and MWNT were dispersed in autoclaved Milli-Q 

water and DMF, respectively. MWNT dispersion in MWNT was achieved ultrasonically 
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for 2 hours. GOx solutions were stored in -20 oC until use. Phosphate buffer saline (PBS) 

was prepared by first dissolving 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.245 g KH2PO4 in 

autoclaved Milli-Q water, followed by pH adjustment to 7.4 with either 1 M hydrochloric 

acid (HCl) or 1 M sodium hydroxide (NaOH). Glucose and cellobiose were each dissolved 

in autoclaved Milli-Q water and stored at room temperature until use. 

4.3.2.1 Protein expression and conjugation with DNA linkers 

BglA-ELP-Halo, a cellulosomal component that cleaves cellobiose in half to 

produce glucose, was constructed as reported. BglA was expressed in E. coli BLR in TB 

medium supplemented with 50 μg/mL kanamycin at 37 °C. The cultures were transferred 

to 25 °C shaker for overnight leaky expression when the OD600 reached 1. Cells were 

harvested and resuspended in PBS for sonication. The cell debris was removed by 

centrifugation for 10 min at 4 °C. Two cycles of elastin-like polypeptide (ELP) purification 

were conducted to purify the proteins from cell lysis. 1 M Na2SO4 was added to protein 

samples to induce inverse-phase transition of ELP. The protein samples were then 

incubated at 37 °C for 10 min and centrifuged at 37 °C for 10 min. The supernatants were 

removed and the pellets containing ELP proteins were resuspended in PBS and incubated 

on ice for resolubilization. Then the sample was centrifuged at 4 °C to remove the insoluble 

proteins in the pellet, while the supernatant containing ELP proteins was collected for DNA 

conjugation. 

The DNA linkers for BglA were ordered with a 5′ amine group. They were first 

modified with a chlorohexane (CH) ligand (Promega P675A) for HaloTag attachment by 
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mixing the CH ligand and DNA linkers at a molar ratio of 30:1. The mixture was incubated 

at room temperature for 4 h. To purify CH-conjugated DNA and remove excessive CH 

ligands, a 3000 DA ultrafiltration column (Vivaspin 500, Sartorius Stedim Biotech) was 

used for purification. The purified DNA linkers were then mixed with ELP purified 

cellulase components for conjugation via HaloTag at a molar ratio of 3:1 overnight at 4 °C. 

The excessive DNA linkers were removed by ELP purification. 10% SDS-PAGE was used 

to check the conjugation efficiency. 

The DNA linker for GOx was modified with a 5′ thiol group. Sulfo-EMCS (Sigma-

Aldrich 803235) was used as the cross linker for conjugation. Thiolated DNA linkers at 25 

μM were incubated with 25 mM DTT for 2 h at room temperature to reduce possible 

disulfide linkage between DNA linkers. A 3000 DA ultrafiltration column was used to 

purify DNA linkers. GOx at 50 μM was mixed with 5 mM sulfo-EMCS in PBS buffer (pH 

7.4) at room temperature for 6 h. A 50 kDa centrifugal column (EMD Millipore, Amicon 

UltraUFC505096) was used to remove the excessive sulfo-EMCS. The treated DNA 

linkers and purified GOx were mixed at 1:1 molar ratio for 2 h at room temperature. 

4.3.2.2 Protein assembly onto DNA scaffold 

The sequences of DNA template and linkers are listed in Table 4.1 with the 

corresponding regions color-coded. Thiolated DNA template was first reacted with gold 

nanoparticles at room temperature for 1 h. The DNA-conjugated proteins were then mixed 

with the template DNA-AuNP mixture at 1:1 molar ratio (protein-to-template DNA) for 1 

h at room temperature. 
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Table 4.1 Sequence of DNA template and linkers used. 

Sequence 

Name Sequence 

Seq 1 AAAAAACCTCAGCAATACTAACTGACGATGCATAAA 

Main 
GAGAGTCAGTCAGGAATTTTTAAAGGAGGGAGGGGAATTTT

TACAGCGAGCGTCTACATTTTTACACCAGCCAGCCAACTTTT

TTTTATGCATCGTCAGTTAG 

BglA Linker AAAAAGTTGGCTGGCTGGTGT 

GOx Linker AAAAAAAAAATATTGCTGAGGT 
 

4.3.2.3 Enzymatic electrode fabrication and electroanalytical methods 

 Two types of enzymatic electrodes were fabricated in this work: i) proteins 

physisorbed onto MWNT dispersion; ii) DNA-conjugated proteins immobilized on gold 

nanoparticles dropcasted with MWNT dispersion. Both types of electrodes were fabricated 

by dropcasting of MWNT dispersion followed by protein solution, but the protein solution 

used for type (i) electrodes had the enzymes flowing freely in solution, while those used 

for type (ii) electrodes were site-specifically immobilized onto DNA scaffold according to 

the protocol laid out in sections 4.3.2.1 and 4.3.2.2. After each electrode was allowed to air 

dry, Nafion solution was dropcasted to prevent leaching. Electroanalytical methods were 

conducted in pH7.4 PBS, which was either deaerated with ultra-high purity nitrogen (UHP 

N2, 99.999%) or aerated with compressed air. Gas was bubbled into the electrolyte at 250 

sccm for at least 30 minutes before conducting experiments. Concentration of dissolved 

oxygen (DO) was measured with a DO meter (Oakton WD-35643-12) to confirm the 

deaeration/aeration. Cyclic voltammetry (CV) was conducted for 5 cycles sweeping the 
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potential ranging from 0.24 to -0.9 V vs. RE. Scan rate-dependent CV was carried out by 

varying scan rate from 10 to 200 mV/s, while it was fixed at 50 mV/s for concentration-

dependent CV. Glucose oxidase activity assay (Sigma Aldrich, MAK097) was used 

according to the user guide to confirm the enzyme activity by monitoring the production 

of hydrogen peroxide as the byproduct of glucose oxidation. 

 Electroactive surface area, A, was estimated according to the Randles-Sevcik 

equation: 

𝐼𝑝 = 26800𝑛3/2𝐴𝐷1/2𝐶𝜐1/2                                                                              (Equation 1) 

Where Ip is the peak current, n is the number of electrons transferred, D is the diffusion 

coefficient, C is the concentration, and υ is the scan rate. Peak current as a function of 

square root of scan rate was plotted for each electrode, and the slope of this curve was used 

as a means to correlate with the electroactive surface area, as A was the only variable. 

4.4 Results and Discussion 

4.4.1   Design of experiment (DOE) for enzymatic electrode fabrication 

4.4.1.1 Confirmation of GOx activity on electrodes 

Before determining any factors and their upper and lower limits for a DOE, GOx 

activity after electrode fabrication had to be confirmed. Simple physisorption of free GOx 

in solution with MWNT dispersion to facilitate electron transfer to the electrode surface 

was used, and the as-fabricated electrode was coated with a layer of Nafion to prevent 
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leaching. Cyclic voltammetry in deaerated PBS electrolyte (pH 7.4) in Figure 4.1 revealed 

several features. First, the height of the voltammogram measured by the difference between 

the maximum and minimum current density in the non-faradaic region increased more than 

26 times after modification of GOx/MWNT mixture. This dramatic increase in 

voltammogram height was likely due to the high number of active site and double-layer 

capacitance, which were attributed to the presence of MWNT. Second, a pair of redox 

peaks at Epa=-0.41 and Epc=-0.49 V vs. Ag appeared after GOx/MWNT modification. 

 

Figure 4.1 Cyclic voltammogram of electrode before and after modification with GOx and 

MWNT. CV was conducted in deaerated PBS, pH7.4, at 50 mV/s. 
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This was indicative of the redox of the FAD cofactor in the GOx, as Eo calculated 

as the average of the anodic and the cathodic peaks was -0.44 V, which was very close to 

literature value of the redox potential of GOx.12 Thus, the anodic and cathodic peak was 

each assigned to the following electrochemical equation: 

𝐺𝑂𝑥(𝐹𝐴𝐷) + 2𝑒− + 2𝐻+ ⇋ 𝐺𝑂𝑥(𝐹𝐴𝐷𝐻2)                                                      (Equation 2) 

𝐺𝑂𝑥(𝐹𝐴𝐷𝐻2) ⇋ 𝐺𝑂𝑥(𝐹𝐴𝐷) + 2𝑒− + 2𝐻+                                                      (Equation 3) 

The peak potential separation, ΔEp, was 0.08/n V. Since the theoretical threshold 

for a reversible process is ΔEp=0.059/n V, this process was characterized as quasi-

reversible. In fact, scan-rate dependent CV (Figure 4.2) showed that both anodic and 

cathodic peaks shifted in less negative and more negative directions, respectively, with 

increasing scan rate, supporting the quasi-reversibility of the redox of GOx(FAD). As the 

peak current density was linearly correlated with the square root of the scan rate, Randles-

Sevcik eqution (Equation 1) could be used to estimate the electroactive surface area. 
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Figure 4.2 Scan rate-dependent cyclic voltammogram of electrode modified with GOx and 

MWNT. CV was conducted in deaerated PBS, pH7.4, at scan rates ranging from 10 to 350 

mV/s. Inset shows linear correlation between peak current densities and square root of scan 

rate. 

To further confirm the faradaic response was due to the redox of cofactor of GOx, 

CV was also conducted in an aerated electrolyte. This was because oxygen is a co-substrate 
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with GOx cofactor was expected. As shown in Figure 4.3, the cathodic current density 
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required to drive the redox reaction of GOx as some of the cofactor had reacted with oxygen 

at lower potentials. 

 

Figure 4.3 Cyclic voltammogram of electrode modified with GOx and MWNT in deaerated 

and aearated PBS, pH7.4. CV was conducted at 50 mV/s. 
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electron transfer with larger specific surface area and better electrical contact. Additionally, 

the effect of increasing the enzyme loading on the electroactivity of the enzyme was of 

interest. It was hypothesized that there would be a certain point after which increasing the 

enzyme loading would not have any effect; once all of the MWNT on the electrode was 

covered with GOx, any additional amount of enzyme would not be electroactive as it is not 

close enough to the MWNT for an efficient electron transfer to the electrode. 

Table 4.2 Summary of resulting parameters from cyclic voltammetry using working 

electrodes fabricated with conditions laid out by design of experiment 1 (DOE1). The 

anodic and cathodic peak densities were measured from CV conducted in deaerated PBS, 

pH7.4, at 50 mV/s. Slope of ipc vs. 1/2 curve is the absolute value. 

 

Anodic and cathodic peak current density as well as the slope of ip vs. υ1/2 curve were 

chosen as the resulting electrode properties to investigate the effect of the DOE factors. 

(Table 4.2) DOE analysis of the cathodic peak current density as a function of DOE1 

factors showed that the concentration of GOx had a slightly higher impact than the MWNT 

loading. (Figure 4.4(a)) As increase in [GOx] would lead to higher peak cathodic current 

density, this could first indicate that the maximum amount of GOx allowed on the electrode 

surface was not reached within the range of GOx concentration chosen for DOE1 and 

increasing amount of GOx was electroactive. Contrary to the other hypothesis, however, 
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MWNT loading had a competing effect on the cathodic peak current density. This could 

be attributed to higher amount of aggregates of the carbon nanotube with increasing 

MWNT concentration, which would not be an effective medium through which electron 

transfer could occur. The slope of the ip vs. υ1/2 curve could be a better indication of the 

electroactivity of the electrode based on the Randles-Sevcik equation. (Figure 4.4(b)) The 

slope showed a positive trend as a function of both DOE factors, which suggested that both 

GOx and MWNT concentration should be increased for higher electroactive surface area. 

The opposite trend of cathodic peak current density and ip-υ
1/2 slope as a function of 

MWNT loading might be better explained with further studies with electroanalytical 

methods such as electrochemical impedance spectroscopy to shed light on the equivalent 

circuit on the electrode-electrolyte interface. 

 

Figure 4.4 DOE analysis of (a) cathodic peak current density and (b) slope of ipc vs. 1/2 

curve as a function of DOE1 factors. 

4.4.1.3 DOE 2: variation of enzyme and protective layer 

 In order to better understand the effect of Nafion as well as the synergistic effect 

between MWNT and GOx on the electroactivity of the enzyme electrode, the number of 
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enzyme-MWNT layers and total volume of Nafion coating were varied according to 

another set of DOE (hereafter referred to as DOE2). The upper and lower limit were set 

based on one of the conditions used in DOE1 as the starting point: 5 alternating layers of 

GOx and MWNT, and 5 µL of Nafion. Concentration of GOx and MWNT were fixed at 

10 and 0.4 mg/mL, respectively, and each layer of enzyme and MWNT was achieved by 

dropcasting 1 µL of MWNT dispersion followed by 1 µL of GOx solution. The GOx-

MWNT layer was air dried almost completely before dropcasting the subsequent layer. The 

Nafion was dropcasted on top of the 5- or 1-layer enzyme-MWNT mixture after drying. 

Cyclic voltammetry with 4 samples fabricated according to DOE2 in deaerated PBS 

showed that the height of voltammogram was slightly higher with thinner Nafion coating 

at fixed number of GOx-MWNT layers. (Figure 4.5(a)) This suggested that Nafion could 

have hindered the signal from reaching deeper into the GOx-MWNT layer, overall 

reducing the double-layer characteristics typical of the MWNT.13,14 

 

Figure 4.5 (a) Cyclic voltammogram of electrodes fabricated according to DOE2 (shown 

in inset table). CV was conducted in deaerated PBS, pH7.4, at 50 mV/s. (b) DOE analysis 

of cathodic peak height. 
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Despite the larger nonfaradaic current potentially reducing the sensitivity of the electrode, 

the peak heights of both anodic and cathodic peaks were higher with thinner Nafion 

coatings. However, the effect of Nafion on the peak heights was almost negligible 

compared to that of the number of enzyme-MWNT layers. Regardless of the volume of 

Nafion used, electrodes fabricated with 5 alternating layers of MWNT and GOx exhibited 

cathodic and anodic peak heights in 80’s and 100’s of µA/cm2, respectively, while those 

with one alternating layer of MWNT and GOx showed cathodic and anodic peak heights 

registered at an order of magnitude lower. In fact, DOE analysis of cathodic peak height as 

a function of DOE2 factors showed the number of GOx-MWNT layers was the 

predominant factor, while the Nafion volume had virtually no effect. (Figure 4.5(b)) 

4.4.2   Bienzymatic system on DNA scaffold 

 As a concept demonstration of multienzyme cascade immobilized on DNA scaffold 

as an effective biocatalyst system, two enzymes – glucose oxidase and BglA – were site-

specifically immobilized by DNA conjugation onto a template DNA scaffold. Hybridizing 

the ssDNA linker-conjugated enzymes with template DNA would not only increase the 

stability of the biocatalysts, but also allow for organization of the enzymes in a specific 

sequence to create the cascade effect. As the synergistic effect of site-specific 

immobilization of up to 5 enzymes (3 cellulases, GOx and cellulose-binding module) in 

solution was clearly shown in Chapter 3, the idea was to implement the same multienzyme 

system onto an anode surface to hydrolyze cellulose to glucose, which would then be 

catalytically oxidized by GOx to generate electricity. As a first step towards this goal, 
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electroactivity of bienzymatic electrode was demonstrated in this chapter with GOx-BglA 

immobilized on DNA scaffold. 

 Since the template DNA has been modified with a thiol group, which is well known 

to covalently bind to gold, a concept was drawn to utilize gold nanoparticles (AuNP) as 

anchors to weigh down the enzyme cascade systems onto the electrode surface. Therefore, 

two differently sized gold nanoparticles – 10 and 100 nm in diameter – were used as 

anchors. The enzyme system bound to the 10-nm AuNP is hereafter referred to as enzyme-

DNA-AuNP(10), while that with 100-nm AuNP is enzyme-DNA-AuNP(100). Intuitively, 

larger nanoparticle would be more effective in weighing down the enzyme systems as it is 

heavier; furthermore, it might be possible that multiple strands of template DNA holding 

bienzyme systems could bind to a single nanoparticle, which would increase not only the 

weight of the enzyme-DNA-AuNP cluster but also the enzyme loading. Since the diameter 

of GOx is approximately 10 nm and the total length of the assembled enzyme-DNA system 

would be approximately 40 nm, it might be difficult for a 10-nm AuNP to accommodate 

for more than 1 unit of enzyme-DNA system as it is not rigid. 
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Figure 4.6 Cyclic voltammogram of electrodes with one or two enzymes immobilized by 

either physisorption or DNA conjugation. DNA-conjugated enzyme cascade was anchored 

down onto the electrode by 100-nm gold nanoparticles. CV was conducted in deaerated 

PBS, pH7.4, with scan rate of 50 mV/s. 

The electroactivity of GOx when it was combined with a secondary enzyme (BglA) 

was studied with a cyclic voltammetry in deaerated PBS first. As shown in Figure 4.6, the 

pair of redox peaks indicative of redox of FAD cofactor at E~-0.55 V that was detected 

with GOx-physisorbed electrode was not visible when BglA was also physisorbed onto the 

surface. This, combined with an increase in voltammogram height from approximately 100 

to 250 µA/cm2, suggested that BglA not only contributed to the nonfaradaic processes as 

expected, but also hindered the electroactivity of GOx, possibly by being a physical barrier 

between GOx and electrode surface and interrupted the electron transfer. BglA is a β-
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glucosidase that cleaves a dimer of glucose (cellobiose) in half to produce glucose, and 

thus is not considered an electroactive species. However, when these two enzymes were 

immobilized onto a DNA scaffold, the same redox peaks were exhibited with comparable 

peak heights. This was attributed to the site-specific immobilization of GOx and BglA that 

allowed for GOx to be placed closer to the electrode surface, as it was closest to the heaviest 

part of the enzyme-DNA-AuNP cluster. The electroactivity of GOx in the GOx-BglA-

DNA-AuNP on the screen-printed electrode was further confirmed by the drastic increase 

in cathodic current in the aerated PBS as electrolyte. (Figure 4.7) A highly distinguishable 

peak was observed for electrode functionalized with enzyme-DNA-AuNP(100) at E=-

0.48V, which was likely due to the oxygen reacting with the FAD cofactor. Though the 

redox peak pair of GOx(FAD) was not discernable in either cases, the clear difference in 

the electrodes’ behavior in absence and presence of oxygen was a promising indication that 

the GOx in both enzyme cascade systems was electroactive. 

 

Figure 4.7 Cyclic voltammogram of electrode with GOx-BglA system immobilized by 

DNA conjugation in deaerated and aerated PBS, pH7.4. DNA-immobilized enzyme 

cascade was anchored down onto the electrode with (a) 10-nm and (b) 100-nm gold 

nanoparticles. CV was conducted with scan rate of 50 mV/s. 
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 Concentration-dependent CV was carried out by adding incremental volumes of 

cellobiose into the aerated electrolyte. At a fixed amount of BglA and GOx, higher 

concentration of cellobiose would result in higher supply of glucose, which is the main 

substrate for GOx. As glucose reacts with the GOx cofactor, the concentration of the 

oxidized form of GOx (GOx(FAD)) would decrease, resulting in a reduction in the cathodic 

current. As shown in Figure 4.8(a) and (b), both electrodes utilizing 10- and 100-nm AuNPs 

as anchors for the bienzymatic cascade on DNA scaffold showed a decrease in the cathodic 

current as a function of cellobiose. This not only supported the glucose concentration-

dependent behavior of GOx, but also indicated the cascade reaction of cellobiose 

hydrolysis by BglA followed by oxidation of glucose by GOx. When the degree of cathodic 

current reduction was plotted as a function of glucose equivalent concentration (Figure 

4.8(c)), electrodes utilizing 100-nm AuNPs as anchors for the GOx-BglA cascade system 

only reduced in cathodic current by approximately 20 µA/cm2 at glucose equivalent 

concentration of 0.08 mM, while those with 10-nm AuNP anchors reduced by 40. At 1.12 

mM glucose, however, a huge uptick in the cathodic current reduction was observed for 

100-nm AuNP anchored samples, which could be speaking to the relatively slow cellobiose 

hydrolysis rate of BglA. In fact, when similar glucose concentration range was applied to 

DNA-immobilized GOx with AuNP anchors (open symbols in Figure 4.8(c)), cathodic 

current was reduced immediately upon introduction of glucose (0.1 mM). This could be 

attributed to the fact that the enzymatic activity of GOx was much higher than that of BglA. 
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Figure 4.8 [Cellobiose]-dependent cyclic voltammogram of electrode with GOx-BglA 

system immobilized by DNA conjugation. DNA-immobilized enzyme cascade was 

anchored down onto the electrode with (a) 10-nm and (b) 100-nm gold nanoparticles. CV 

was conducted in aerated PBS, pH7.4, with scan rate of 50 mV/s. Arrows indicate 

increasing cellobiose concentration. (c) Change in cathodic current at E=-0.7 V as a 

function of glucose concentration. Electrodes functionalized with bienzyme cascade 

(closed symbols) were reacted with cellobiose ([𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑒𝑞𝑢𝑖𝑣. ] = 2 × [𝑐𝑒𝑙𝑙𝑜𝑏𝑖𝑜𝑠𝑒]), 
while those with only GOx on DNA scaffold (open symbols) were reacted with glucose. 
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Glucose oxidase activity assay was utilized for a couple of purposes: (i) to rule out 

that cellobiose concentration-dependent behavior in CV of GOx-BglA-DNA-AuNP system 

was not simply due to the oxidation of trace amounts of glucose in the cellobiose solution 

(<1%), and (ii) to roughly compare the activity of GOx and BglA in the DNA-immobilized 

bienzymatic system. As shown in Figure 4.9(a), time-dependent absorbance for monitoring 

concentration of H2O2 for DNA-immobilized bienzyme cascades with either size of the 

AuNP anchor exhibited a comparable production rate of H2O2 with that for DNA-

immobilized GOx with AuNP anchor up to 10 minutes (600 s), after which the production 

rate increased for approximately 6 minutes (up to 1000 s) before it decreased back to its 

initial rate for the remainder of the study. The lagged increase in H2O2 production rate at 

10 minutes was a clear evidence that the cellobiose hydrolysis by BglA was the rate-

limiting step. The specific production rate of each DNA-immobilized enzyme system 

reacted with cellobiose showed that DNA-immobilized bienzyme cascade exhibited twice 

the production rate of DNA-immobilized GOx. (Figure 4.9(b)) Thus, it was confirmed that 

while cellobiose solution used in this work did contain some amount of glucose for the 

enzymatic electrode without BglA to show some activity, the synergistic effect of 

immobilizing both GOx and BglA onto the DNA scaffold was evident. 
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Figure 4.9 (a) Time-dependent absorbance and (b) specific production rate of GOx-BglA 

system immobilized by DNA conjugation over time. DNA-immobilized enzyme cascade 

was anchored down with 10- or 100-nm gold nanoparticles. 

 Stability of the DNA-immobilized bienzyme cascade with AuNP anchors was 

briefly studied by conducting CV under same conditions 7 days after fabrication. Each 

electrode had been stored at 4 oC in pH7.4 PBS without any light. Cathodic current at 

approximately E=-0.7 V, where GOx electroactivity was likely detected, decreased by 15 

and 13% for 10- and 100-nm AuNP anchors, respectively. Before repeating the experiment 

for longer period of time, it would be difficult to determine whether or not the AuNPs were 

effective anchors for long-term applications. 
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Figure 4.10 Cyclic voltammogram of electrode with GOx-BglA system immobilized by 

DNA conjugation over time. DNA-immobilized enzyme cascade was anchored down onto 

the electrode with (a) 10-nm and (b) 100-nm gold nanoparticles. CV was conducted in 

aerated PBS, pH7.4, with scan rate of 50 mV/s. 

4.5 Conclusion 

The concept of multienzyme cascade reaction was applied to enzymatic electrode 

fabrication. Electroactivity of GOx was first studied with a simple physisorbed electrode 

combined with MWNT and Nafion for facilitating electron transfer and preventing 

leaching, respectively. Electrode fabrication conditions such as GOx, MWNT and Nafion 

loading to optimize the electroactivity were systematically studied via two sets of design 

of experiment. As a demonstration of the multienzyme cascade system on an electrode 

surface, two enzymes consisting of one cellulase and one oxidoreductase were 

immobilized on a customized DNA template, which was covalently bound to AuNPs of 

various sizes as an anchor. Synergistic effect of the two enzymes organized for sequential 

hydrolysis followed by oxidation was confirmed by enzyme activity assay and cellobiose 

concentration-dependent cyclic voltammetry. With the successful implementation of the 

2-enzyme system as a biocatalyst, this work could be a potential platform for electrodes 
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or even enzymatic fuel cells functionalized with multienzyme cascade systems, which 

could accommodate for much wider range of molecules to be used as fuels such as the 

naturally abundant cellulose. 
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5 Summary and Perspective 

This work focused on two applications of nanofibers in energy harvesting and 

generation: piezoelectrics and enzymatic fuel cell electrodes.  

In Chapter 2, detailed study on size- and temperature dependent piezoelectric 

properties of polyacrylonitrile (PAN), data of which was limited in the literature possibly 

due to relatively low piezoelectric charge constant, was conducted for the very first time. 

By utilizing the effect of electrospinning, during which the high electric field induced 

further molecular alignment along the nanofiber, as well as controlling the dimensions and 

crystallinity, the piezoelectric properties of PAN nanofibers was significantly enhanced, 

exhibiting voltage response of up to 16 times that of literature values. In addition, design 

of experiment was used to elucidate the effect of operating conditions and precisely control 

the dimensions, morphology, and various properties of PAN-based pristine and composite 

nanofibers, which yielded porous carbonaceous nanofibers with high electroactive area and 

electrical conductivity, showing good potential as enzymatic fuel cell electrode materials. 

The concept of enzymatic fuel cell with multienzyme cascade on a DNA scaffold 

was demonstrated with a two-enzyme system in Chapter 4. The use of gold nanoparticles 

as an effective anchor for the relatively large biocatalyst system was highlighted. For the 

fully cellulolytic enzymatic fuel cell application, up to five-enzyme assembly was 

developed on a DNA scaffold and its synergistic effect during sequential cellulose 

hydrolysis and subsequent glucose oxidation was established (Chapter 3). 
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Overall, the two applications studied in this work were a part of energy generation 

methods that potentially use renewable source of energy such as motion (i.e. vibration, 

kinematics, etc.) and biomass. With further optimizations ahead, the cellulolytic enzymatic 

fuel cell could be a device that generates electricity by consuming pre-treated cellulosic 

waste with power density high enough to power watches or cell phone chargers. The 

investigation of piezoelectric properties of polyacrylonitrile could expand the range of 

piezoelectric polymers to be implemented for real-life applications such as self-powered 

wearable sensors and devices that are typically studied with PVDF or PVDF-TrFE. 

Looking ahead, material characterization of PAN-derived nanofibers would be 

beneficial in correlating with and explaining the change in piezoelectric properties as a 

function of nanofiber dimensions and crystallinity. Optimizations in the enzyme ratio of 

the multienzyme cascade system could account for the rate-limiting components to 

maximize the efficiency. The DNA scaffold could also be engineered to investigate its role 

on providing a stable platform onto which the enzymes are immobilized, such as increasing 

the number of base pairs to increase the melting point. Finally, the porous multiwalled 

carbon nanotube-embedded carbonaceous nanofiber could be employed as the electrode 

for the cellulolytic enzymatic fuel cell once assembled.  




