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Abstract  

Novel materials and techniques for renewable energy and biosensing applications  

by  

Yongki Choi  

 

Advisor: Professor Siu-Tung Yau and Professor Ramzi R. Khuri  

 

Ultrasmall (1 nm and 2.8 nm) colloidal silicon nanoparticles behave as 

electrocatalysts for the electrooxidation of the renewable energy sources such as 

ethanol, methanol and glucose.  Particle-immobilized electrodes show an onset of 

electrocatalysis occurring at potentials between -0.4 V and 0.05 V vs. Ag/AgCl at 

neutral pH.  Both the onset potential and the strength of electrocatalysis are dependent 

on particle size.  Tafel measurements show that electrooxidation of the fuels is a first 

order reaction with the transfer of one electron.  The electrocatalytic activity of the 

particles to the fuels undergoes at least a 50-fold increase under alkaline condition 

compared to under acidic condition.  A significant increase in the electrocatalytic 

current is obtained when the electrocatalysis is performed in darkness.  Prototype 

single-compartment and double-compartment hybrid fuel cells have been constructed 

and tested, using the particles as the anode electrocatalyst, in order to demonstrate the 

potential of the particles in fuel cell applications.  

Voltage-controlled amplification of the output current of an enzymatic transistor has 

been demonstrated.  By applying external voltage between the gating and the working 

 iv



 v

electrode on which the enzyme glucose oxidase was immobilized, the biocatalytic 

output current was increased significantly, allowing the detection limit of glucose to 

be lowered from the milli-molar to the zepto-molar level.  The current amplification 

was reversibly controlled by the applied voltage.  Applying this technique to the 

ethanol-alcohol dehydrogenase system showed similar results.  The enzyme’s bio-

specificity was preserved in the presence of the field.  The detector, with its output 

current controlled by the voltage applied at a third electrode, behaves as a field-effect 

transistor, whose current-generating mechanism is the conversion of analytes to 

products using an enzyme as catalyst.  In addition, voltage-controlled reaction 

kinetics of biological catalysis is achieved using the microperoxidase-11 and 

hydrogen peroxide system.  The interfacial electron transfer of the system was 

manipulated by applying the voltage to the electrode.  The manipulated electron 

transfer causes kinetic parameters of the catalysis to acquire nonlinear dependences 

on the voltage.  The nonlinearity indicates the feasibility of effectively controlling the 

efficiency of a bio-catalytic reaction or a conversion process using the voltage 
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Chapter 1 Introduction 

 

1.1 Overview 

 

Studies of novel nanoscale materials have been one of the most important and 

challenging areas in modern technology.  Compared to conventional bulk materials, 

nanoscale materials show unique physical and chemical properties due to their sizes 

on the nanometer scale [1,2].  Recent advances of nanotechnology have made it 

possible to utilize nanoscale materials in functional applications and to construct 

nanoscale devices [2].  It is generally accepted that the solutions to some of the most 

pressing technological problems exist in nanoscale materials.  On the other hand, 

using conventional means to alter the properties of conventional materials on the 

nanoscale is an alternative to using nanoscale materials in solving important problems.  

 

In the 21st century, one of the formidable problems facing the world is the impending 

shortage of petroleum.  Presently, renewable energy resources are being investigated 

for possible complete or partial substitution of petroleum.  To utilize renewable 

energy resources such as organic fuels (ethanol, methanol, etc), new electrocatalysts, 

especially those with novel properties due to their nanoscale characteristic dimensions, 

need to be discovered for energy-harvesting applications [3].  The most obvious 

application of nanoscale electrocatalysts is in the construction of fuel cells.  Fuel cells 

convert chemical energy stored in organic fuels to electrical energy with little harmful 

emission.  Research on improved conventional electrocatalysts and nanoscale 
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electrocatalysts is one of the focused areas in the development of both high-power 

generation fuel cells for energy source and low-power generation fuel cells for 

implantable power supply. 

 

The 21st century is the time when people are expected to have a longer life with 

improved quality.  Many diseases that were considered untreatable or could be treated 

only marginally previously will experience unprecedented development using new 

approaches.  A critical step in the treatment of the diseases is detection of them at 

their early stage of development.  Thus, techniques for detecting small ensembles of 

molecules will find a spectrum of biomedical applications.  In fact, ultrasensitive 

detection techniques have already been applied to the detection of proteins, the study 

of Alzheimer’s disease [4], bioassay of antibodies [5], the detection of glucose [6], 

and early detection of many diseases [7].  The ultimate application of the techniques 

will be in the single-molecule regime.  An important requirement for the detection 

techniques is, in addition to being ultrasensitive, substance selectivity.  In this regard, 

bio-electrochemical sensing appears as a suitable approach.  Electrochemical 

detection using enzymes as sensing elements provides substance selectivity due to the 

enzyme-analyte interaction.  However, the inherent low level of interfacial charge 

transfer of this detection approach due to the embedment of enzymes’ active sites by 

protein environment creates fundamental limit to the sensitivity of this approach. 
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1.2 Review of the state-of-the-art of materials and techniques related to dissertation  

 

Pure platinum has been widely used as an electrocatalyst for electrooxidation of 

renewable energy sources such as methanol, ethanol and glucose in fuel cells.  

Electrooxidation of ethanol and methanol on the Pt electrode is known to proceed by 

initial adsorption of fuel fragments on the electrode [8,9].  The peak observed in the 

anodic current of the cyclic voltammogram is caused by initial electrode poisoning 

(permanent adsorption) due to adsorption of CO in the low potential range and 

subsequent oxidation of the Pt electrode at a higher potential [10].  The oxidation of 

the two fuels on the Pt electrode starts at a high potential of 0.6 V vs. RHE [10-12] in 

acidic electrolytes.  Electrode poisoning makes the catalytic activity of pure platinum 

inefficient to be useful in fuel cells so that there has been an intensive search for more 

active materials.   

 

The alloys of platinum with different metals such as Pt/Ru, Pt/Sn and Pt/Ir are used to 

enhance oxidative activity.  To date, Pt/Ru showed the largest effect on the catalysis 

of the energy sources [12].  The Pt/Ru alloy system provides a bi-functional 

mechanism, in which the fuel fragments adsorbe on Pt and Ru provides oxygen-

containing adsorbates such as OH, which gives rise to oxidative removal of CO at 

nearby Pt sites at a lower potential ( ~ 0.4 V vs. RHE), therefore lowering the onset of 

oxidation [13-15].  It was found that the activity of Pt and Pt/Ru for ethanol and 

methanol oxidation at room temperature is stronger under alkaline condition than 

under acid condition [10,11]. 
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Although rare-metal-based fuel cells are commercially available, the high cost of rare 

metals and their limited supply make this kind of fuel cells economically unviable 

[16].    One of the frontiers in fuel cell research is to find non-precious-metal catalysts 

for both anode and cathode catalytic reactions.  Two types of catalytic reactions, 

oxidation reaction of fuels at the anode and reduction reaction of oxygen at the 

cathode, take place in proton exchange membrane fuel cells.  However, Pt as a 

cathode catalyst shows low catalytic activity of oxygen reduction reaction (ORR), 

which makes energy conversion inefficient [17].  Substitution of Pt cathodes by  

alternative non-precious-metal electrocatalysts will not only reduce the cost of fuel 

cells but will also improve the kinetics of ORR at the cathode to match the fast fuel 

oxidation at the anode [18].  Therefore, searching alternative materials to replace Pt 

has been studied to reduce cost and to improve fuel cell efficiency, performance and 

durability.  Pure metal (copper and nickel), metal oxide (TiO2) and metal alloy 

(tungsten carbide/tantalum) have been studied for their catalytic activities of ORR 

[19].  Organo-metallic complexes such as porphyrin complexes are known to catalyze 

oxygen reduction reaction under physiological conditions.  Cobalt, iron or zinc 

porphyrin complex showed high catalytic activities for reduction of oxygen to water 

[20].  In addition, a cobalt-polypyrrole-carbon composite synthesized via a simple 

chemical method is reported as a new class of non-precious-metal composite catalysts 

showing good activity and remarkable stability of ORR in polymer electrolyte fuel 

cell [17].  
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Nanoscale materials with their novel properties such as large specific surface area 

provide feasibility for catalysis, sensing, and fuel cells.  Metal nanoparticles, 

especially gold and platinum nanoparticles, have been studied for electrocatalytic 

activity to methanol and carbon monoxide [21].  One of the advantages of the 

composite nanoscale materials is multi-properties corresponding to each one.  A 

composite electrode consisting of platinum nanoparticles and Nafion polymer has 

been studied for the catalysis of the oxidation of dopamine [22,23], which is 

neurotransmitter and has many functions in the brain.  In addition, the carbon 

nanotubes which have remarkable electrical, chemical, and physical properties are 

used for supporting nanoparticles to make a non-enzyme sensor [24].   

 

Bioelectrochemical detection of substances is usually performed using enzyme-based 

biosensors, which utilize redox enzymes as electrocatalysts (sensing elements).  The 

enzymes catalyze the electrooxidation of the analytes while providing selectivity for 

the detection.  In a traditional electrochemical glucose sensor, the enzyme glucose 

oxidase (GOx) is immobilized on an electrode to catalyze the oxidation of glucose 

with oxygen so that gluconolactone and hydrogen peroxide are produced in this 

reaction.  Then, hydrogen peroxide is oxidized using a platinum electrode to generate 

an electric current, whose magnitude is proportional to the glucose concentration.  

This is an indirect glucose-detection method.  The sensor shows glucose detection 

range of 0 ~ 30 mM with a detection limit of 0.4 mM [25] .   
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Several methods for achieving enhanced detection limit of glucose have been 

attempted.  These methods are based on introducing foreign materials into the 

enzyme in order to increase the rate of electron transfer.  Research efforts have been 

made in “bridging” the active site to the sensing electrode using foreign materials.  A 

noted example is the insertion of electron relays within an enzyme.  By attaching 

electron relays such as ferrocene to the three dimensional protein structure of the 

enzyme, a glucose oxidase (GOx), direct transfer of electrons from the active site 

through the relays to the electrode was observed at glucose detection range of 0 ~ 100  

μM with a detection limit of 5 μM [26].  The linear range of glucose detection from 

0.01 mM to 1 mM with 5 μM detection limit was obtained in a glassy carbon 

electrode on which GOx was co-immobilized with a layer of poly p-

pherrylenediamine [27].  Also, metal nanoparticles as a mediator were used to 

connect the active site of GOx and an electrode to enhance electron transfer. The 

metal nanoparticles assembled electrode showed a glucose detection range of 0.5 ~ 16 

mM with a detection limit of 7.0 μM [28].  A 1.4-nm gold nanoparticle was inserted 

between GOx and a gold electrode. The gold nanoparticle acted as an electron relay 

or “electrical nanoplug” for the electrical wiring of the active site of the enzyme with 

wide glucose detection range of 0 ~ 120 mM [29].  An extremely high electron 

transfer turnover rate of 5000 (electrons generated by one enzyme per second) was 

obtained.  

 

Since nanoparticles have large specific surface area and compatibility to biomaterials, 

they are widely used in constructing biosensors.  GOx adsorbed on a CdS 
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nanoparticles modified graphite electrode was investigated, where the GOx 

demonstrated significantly enhanced electron-transfer activity.  The detection range 

of glucose concentration was from 0 to 33.3 mM and a detection limit was 0.05 mM 

[30].  GOx attached covalently to a gold nanoparticle monolayer modified electrode 

was fabricated as a glucose sensor and the sensor provide a linear response to glucose 

the range of 20 μM ~ 5.7 mM and a detection limit of 8.2 μM [31].  An ethanol 

sensor based on partial sulfonation of sol-gel network with gold nanoparticles and 

alcohol dehydrogenase showed a linear ethanol concentration range of 5 μM to 5.2 

mM with a detection limit of 12 nM [32].  

 

When the nanotubes were inserted into sensing layer, the biosensor performance was 

enhanced significantly.  Single welled carbon nanotubes (CNT) are used as bridge 

between self assembled monolayer and GOx.  This aligned nanotube-enzyme 

electrode showed the electron transfer turnover rate of 4100 and a glucose detection 

limit of 5 mM [33].  A glucose biosensor assembled a nano electrode with GOx and 

CNT detected glucose up to 30 mM with a detection limit of 0.08 mM [15].  An 

alcohol biosensor based on carbon nanotube/Teflon composite electrodes showed 

amperometic response to alcohol up to 5 mM with a detection limit of 0.1 mM [34].   

 

1.3 Outline of dissertation 

 

The work presented in this dissertation will discuss nanoscale materials and 

techniques for renewable energy and biosensing applications. 
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In chapter 1, we address an introduction and a review of nanoscale materials and 

techniques for their applications.  

Chapter 2 discusses basic theory of electron transfer in biological systems and 

fundamental background of biosensors and biofuel cells with their characteristics. 

Chapter 3 presents that ultrasmall colloidal silicon nanoparticles behave as 

electrocatalysts for the electro-oxidation of renewable energy sources such as glucose, 

ethanol and methanol and demonstrates a prototype hybrid fuel cell, using the 

particles as the anode catalyst, the potentiality of the particles in low-power 

generation for the biomedical applications.  In addition, we discuss an intriguing 

feature of the particle induced catalysis, which is an unexpected light dependence that 

a significant increase in the catalytic current is obtained when the catalysis is 

performed in darkness. 

 In chapter 4, we present a simple approach to modulate the electron transfer between 

an active site of enzyme and an electrode without using foreign materials.  

Additionally, we discuss an enzymatic amplifying bio-detection system with pico 

molar detection limit and a field induced modulation of electron transfer in relation to 

the operation of an enzymatic transistor.  

In chapter 5, we summarize this dissertation and suggest future studies. 

 

 

 

 



Chapter 2 Electron transfer at electrodes and related applications 

 

2.1 Electrochemistry and electrochemical characterization of electrodes  

 

Since electrochemistry is the technique that has been used in all the experimental 

work of this dissertation, its principle and application to the characterization of 

electrodes are briefly outlined. 

  

2.1.1 Voltammetry and amperometry 

The conventional electrochemical system consists of an external power supply and 

three electrodes: the working, the reference and the counter (auxiliary) electrodes.  

The electrodes are contained in a glass cell, which also contains an ionic solution. 

When performing voltammetry, the potential of the working electrode versus the 

reference electrode is varied by external power supply, and the current flowing 

between the working electrode and the counter electrode is recorded [35]. 

 

In linear sweep voltammetry (LSV), the potential E is changed linearly with time 

(scan rate v = dE / dt) meanwhile the current is recorded as a function of potential as 

shown by the red part of Figure 2.1(a).  The red part of Figure 2.1(b) shows a typical 

current vs. potential curve (i-E) of LSV for adsorbed (immobilized) redox 

biomolecules system (O + e-  R).  Figure 2.1(c) shows the energy levels of the 

electrode and the active site for the adsorbed biomolecules at equilibrium (EF = Eredox) 

where EF, Eox, Ered and Eredox are Fermi energy of electrode, most probable energies 
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for the occupied and unoccupied quantum states of the active site, and the standard 

redox Fermi level defined as Eredox = ½ (Eox - Ered) = E0.  When the electrode potential 

energy approaches the occupied electronic states of the biomolecules (Ered) as shown 

in Figure 2.1(d), electrons can flow from the biomolecules to the electrode, which is 

the oxidation current (red curve in Figures 2.1(a) and 2.1(b)).  The oxidation current 

is maximized at the EF = Ered.  After the electrode potential passes Ered, the oxidation 

current decreases because of less probable energy states of the biomolecules.          

 

Scanning the potential in opposite directions is called cyclic voltammetry (CV).  The 

red and blue parts of Figures 2.1 (a) and (b) describe this technique.  The CV is one of 

the most widely used methods in the study of electrochemical reactions.  When the 

electrode potential is reversed after reaching Emax, a maximum potential applied, a 

reduction current flows as shown by the blue parts in Figure 2.1(a) and (b) because 

the energy level of the electrode is high enough to transfer the electrons to the vacant 

electronic states of the biomolecules as described in Figure 2.1(e).  In the CV, the 

redox peak current of adsorbed biomolecules system is,  

2 2

4p
n Fi

RT
= vAΓ  (2.1) 

where n, F, R, T, A and Γ is number of electron transferred, Faraday number, 

temperature, gas constant, working electrode area and surface concentration of 

adsorbed biomolecules, respectably [35].  Instead of sweeping the electrode potential, 

chronoamperometry (i-t) technique records the current as a function of time at a 
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constant electrode potential.  This technique is useful for catalyst and biosensors 

studies.  

 

 

 

 
Figure 2.1 Cyclic voltammetry and its corresponding electron transfer (a) Cyclic 
potential sweep from Ei to Emax then to Ef  as function of time with constant scan rate, 
v = dE/dt. Ei, Ef and Emax are initial, final and maximum potential. (b) Cyclic 
voltammograms of (a). Red curve is oxidation current generated by oxidation reaction 
during Ei ~ Emax and blue curve is reduction current generated by reduction reaction 
during Emax ~ Ef.  i p

a and i p
r are oxidation and reduction peak current. (c) Energy 

level of the electrode and the most probable energies for the occupied and unoccupied 
states of active site for the biomolecules at equilibrium (d) Oxidation reaction 
(current) occurs when the electrode energy is lower than the occupied energy states of 
the biomolecules. (e) Reduction reaction occurs when the electrode energy is higher 
than the unoccupied energy state of the biomolecules. 
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2.1.2 The electrical double layer and charging current 

The contribution of the electrode-solution interface to the measured electrochemical 

current should be described for the characterization of an electrode.  The electrical 

double layer is formed at the interface between the electrode and electrolyte (ionic) 

solution due to distribution of charge (segregation of positive and negative charges) 

and electrical potential [35].  Figure 2.2 is a schematic model of the double layer 

showing the ions, charge and potential distribution [36].  When a negative potential is 

applied to the metal electrode, the negative charges and positive ions or molecules 

will be accumulated at the metal side and the solution side, respectively.  On the 

solution side of the electrical double layer, there are several layers.  The inner 

Helmholtz plane (IHP) consists of the ions or molecules that are specifically adsorbed.  

The freely moveable ions or molecules can approach to the electrode by long range 

electrostatic force out of the inner layer, forming the outer Helmholtz plane (OHP) 

[35].  Diffusion layer is defined from OHP to the bulk solution where the 

nonspecifically adsorbed ions are distributed in the solution.  The electrical double 

layer behaves like a capacitor with capacitance Cd which is generally a function of 

potential [37].  The charging current ic of the double layer capacitor initiated by the 

potential step E is,  

)/exp( ds
s

c CRt
R
Ei −=   (2.2) 

where E is the potential step width and Rs is the solution resistance.  Therefore, the 

total current measured is made up of the charging current and the faradaic current.  

The faradaic current is the current generated by the electron transfer of oxidation or 
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reduction reaction of reactants at the working electrode.  The electrode reaction to 

reactants is faster than the supply by diffusion of the reactants from bulk solution.  

For one dimensional linear diffusion case at a planar electrode, the faradaic current is,  

2/12/1

2/1

t
CnFADi oo

f π
=  (2.3) 

where n, F, A, Co and Do are number of electron transferred, Faraday number, 

working electrode area, bulk concentration and diffusion constant, respectably [37].  

From Equations 2.2 and 2.3, the charging current decreases exponentially while the 

faradaic current decreases according to t-1/2.  Thus, the contribution of charging 

current effect in the measured current is neglected by measuring the current at a 

sufficiently long time after the potential step, where the charging current has largely 

decayed, whereas the faradaic current is still significant [37,38]. 
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Figure 2.2 Charge and ion distribution at the interface of an electrode and an 
electrolyte (a) Electrical double layer formed by IHP on which ions and molecules are 
adsorbed and OHP in which freely movable ions and molecules are distributed. (b) 
Potential profile across the electrical double layer of (a) where φM, φ2 and φsol are 
potential at a metal electrode, potential at IHP and potential in bulk solution after IHP, 
respectively.   
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2.2 Electron tunneling between two electrodes (FN theory) 

 

Electron tunneling between two metal electrodes through an insulator (tunnel/energy 

barrier) is described by the Fowler-Nordheim theory (FN theory)  [39].  In the context 

of tunneling in biomolecules (see section 2.3), the two electrodes can be considered 

as a donor and acceptor pair in the biomolecular system.  At the interface between an 

electrode and a biomolecule, one electrode corresponds to the redox center of the 

molecule.  Electronic tunnel current can flow through the insulating region between 

the two electrodes if the barrier is thin enough to permit the penetration of electron 

wavefunctions [40].  Figures 2.3(a) and 2.3(b) show the energy band diagrams of the 

FN tunneling for two different energy barriers.  The first barrier is a trapezoidal 

formed at intermediate voltage range (0 < V < ΦB/e) as shown Figure 2.3(a) and the 

second is a triangular formed at high biasing voltage range (V > ΦB/e) as shown 

Figure 2.3(b).  The tunnel current density for the triangular shape tunnel barrier is,  

33 2 8 2
exp

8 3
B

B

me Fj
h he

π
π F

⎡ ⎤Φ
⎢ ⎥= −

Φ ⎢ ⎥⎣ ⎦
 (2.4) 

where e, m, ΦB and F are the electron charge, the electron effective mass, effective 

tunnel barrier height and the electric field, respectively [41].  Equation 2.4 shows that 

when the barrier height is high, the tunneling current decreases based on the relation   

j ∝ ΦB
-1×exp(-ΦB

3/2) [42].  For the trapezoidal tunnel barrier as shown Figure 2.3(a), 

the current density is  
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  (2.5) 

where V is voltage across barrier, d is distance between two electrodes, and              

Φ+
B = (ΦB + eV/2) and Φ-

B = (ΦB – eV/2), respectively [43].  In addition, the current 

density at very low voltage range (V ≈ 0) is  

2

2

3 2 4 2
exp

2
B Bm e V d m

j
dh h

π⎡ ⎤Φ Φ
⎢ ⎥= −
⎢ ⎥⎣ ⎦

  (2.6). 

Thus, electron tunneling between two metal electrodes through thin insulating tunnel 

barrier takes place at any energy levels of electrodes [43].  

 

The metal/insulator tunnel junction transistor (MITT), a novel tunneling device, is 

one example of real physical devices utilizing FN tunneling [44].  A cross sectional 

view of the MITT is schematically shown in Figure 2.3(c).  In the MITT, the source 

and drain are metals instead of doped semiconductors. A nanometer scale insulating 

region, the tunnel barrier, is formed between metal source and drain electrodes.  On 

the top of tunnel barrier, a metal gate electrode is formed over a gate insulating film.  

A gate voltage (VG) is applied between the gate and the source electrode. In the 

absence of a gate electrode, the MITT is just a simple metal/insulator/metal diode.  

The tunnel current between source and drain through the tunnel barrier in the absence 

of gate voltage (VG = 0) follows FN theory, j ∝ ΦB
-1×exp(-ΦB

3/2).  However, when the 

gate voltage is applied, the electric field generated by gate voltage lowers (or raises) 

the effective tunnel barrier height between source and drain, so that the tunnel current 

is modulated by the gate voltage as shown Figure 2.3(d) [45].   
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Figure 2.3 Schematic diagram of energy barrier. (a) Trapezoidal shape tunnel barrier 
when the metal electrodes are at intermediate voltage range (0 < V < ΦB/e). (b) 
Triangular shape tunnel barrier when the metal electrodes are at high voltage range (V 
> ΦB/e). (c) Schematic diagram of metal/insulator/metal tunneling transistor. (d) 
Electric field generated by the gate voltage lowers (or raises) the tunnel barrier height 
(ΦB) between the source and the drain, so that the tunnel current is modulated by the 
gate voltage.  
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The potential profile of MITT can be calculated by solving Laplace’s equation 

(∂2φ/∂x2 + ∂2φ/∂y2) due to the absence of space change.  With appropriate boundary 

conditions, the potential profile is shown in Figure 2.3(d), where ΦB and EF refer to 

the barrier height and the Fermi level energy, respectively [45].  When a positive or 

negative voltage is applied to the gate electrode, the potential profile should be 

distorted by the electric field from the gate electrode as shown in Figure 2.3(d).  The 

band profile inside the insulator is changed as shown by the dashed curve by the 

applied gate voltage.  Thus, the variation in the band profile near the source electrode 

changes the tunneling probability for electrons through the potential barrier.  

 

2.3 Electron tunneling in biological system (Marcus theory) 

 

One of the most important aspects of biology and biochemistry is electron transfer 

reactions.  Biological phenomena such as respiration, photosynthesis and metabolism 

depend on electron transfer reactions between donors and acceptors pair through 

insulating protein networks [46].  Electron transfer in biological systems is described 

by the formalism of long-range electron transfer (LRET), which occurs over a 

distance on the order of 10 Å [47].  Recently, it was proposed that, by controlling the 

rate of LRET in metabolic systems using certain chemical reactions, metabolism can 

be regulated to avoid detrimental effects [48].  In bioelectronics, fast direct transfer of 

electrons between active centers of enzymes and electrodes is required for effective 

operation of biosensors and biofuel cells [49].   
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The rate constant of electron tunneling in weakly coupled donors and acceptors pair is,  

22 (et dk V Fπ= )C  (2.7) 

where Vd is electronic coupling factor, FC is Frank-Condon nuclear factor associated 

with the activated nuclear process, and ← is Plank’s constant [50].  The Vd falls off 

with the term exp(-βd), where d is the distance through the insulating barrier between 

a donor and an acceptor and β is the attenuation coefficient which is proportional to 

the square root of  the tunnel barrier height (β ∝ (ФB)1/2) [50,51].  The rates reach 

their maximum values when FC is optimized so that the rate constant depends only 

on Vd  [46].  Thus, the overall rate of electron tunneling falls off exponentially with d 

and β (ket ∝ exp(-βd)).  The rate is significantly modulated by the intervening medium 

such as electron tunneling between covalently bridged redox centers in synthetic 

systems [52] and electron tunneling through vacuum [47].  In particular, the pathway 

model in the protein medium describes that the rate constant is proportional to the 

coupling strength along the dominant through-bond and through-space coupling routs 

for electrons from donor to acceptor [53].  

 

Figure 2.4(a) represents classical view of free energy changes during reaction 

described by Marcus theory [51], showing overlap of harmonic oscillator, where ΔG0 

is the free energy change between the reactants on the left and the products on the 

right, ΔG* is the activation energy and λ is reorganization energy.  A key aspect of 

Marcus theory is ΔG* and its parabolic dependence on ΔG0 and λ.  In the Figure 

2.4(a), two parabolas represent the energy of the reactant as the nuclei moved around 
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and the energy of the product as the nuclei moved around.  Due to the harmonic 

oscillator wavefunctions (a parabola), the energy is proportional to the square of the 

distance from their equilibrium positions.  The reactant and the product have different 

equilibrium nuclear positions because the charge on the atoms or molecules changes 

in electron transfer reaction.  The change of free energy, ΔG0, is the energy it would 

take to force the reactants (on the left) to have the same nuclear configuration as the 

products (on the right) without the electron transfer.  Thus, Equation 2.7 can be 

rewritten as,  

)]4/()(exp[
4

12 202 RTG
RT

Vk Ret λλ
πλ

π +Δ−⋅=  (2.8) 

where R and T are gas constant and temperature, respectively [51].  As mentioned 

above, Vd decreases exponentially with distance, so Equation 2.8 can be rewritten as,  

)]4/()(exp[)exp( 20
0 RTGdkket λλβ +Δ−⋅−=  (2.9) 

where k0 is a reassigned constant, and d is distance between the molecule or group 

that donates the electron and the one that accepts it.  From Equation 2.9, the overlap 

of the reactant and the product will be maximal when -ΔG0 equals λ.  Experiments 

show Gaussian dependence of electron transfer rates on -ΔG0 [51].  The rate constant 

reaches a maximum when -ΔG0 = λ and falls with -ΔG0 values greater than λ.  

Therefore, the overall rate constant of electron tunneling falls off exponentially with a 

electron tunneling distance and a tunneling barrier height (ket ∝ exp(-βd)) when the 

free energy is optimized.  When the quantum mechanics is used to an idealized 

potential barrier between two metal electrodes separated by tunneling barrier with a 

biased voltage, β equals (2/Ñ)(2mФB)1/2 in relation to electron tunneling through 
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vacuum,  where m is the mass of the electron, ФB is the height of the potential barrier 

[51,54].  Since the electrode and the enzyme redox center can be considered as donors 

and acceptors pair, in Figure 2.4(b), the protein shell between enzyme redox center 

and electrode corresponds to tunnel barrier.   

 

 

Figure 2.4 Electron transfer reaction. (a) ΔG0 is the free energy change between the 
reactants on the left and the products on the right. ΔG* is the activation energy and λ 
is reorganization energy. The change of free energy, ΔG0, is the energy that would 
take to force the reactants to have the same nuclear configuration as the products 
without the electron transfer. (b) Electron transfer in biomolecular system, an 
enzymatic biosensor. An electrode and the active center of an enzyme are considered 
as a donor and acceptor pair in this enzymatic biosensor. The red color structure 
(FAD) in the yellow color enzyme (GOx) is the active center.  
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2.4 Principles of Biosensors   

 

2.4.1 Structures of Biosensors  

A biosensor, a device used to detect substances, consists of biological sensing 

elements, a transducer and associated electronics.  The sensing elements are 

immobilized on the transducer to convert a biological response to a measurable signal, 

which is sent to the electronics for processing.  Enzymatic electrochemical biosensors 

detect chemical and biological substances (analytes) using biological sensing 

elements such as enzymes to produce an electric signal as shown in Figure 2.4(b).  

There are critical performance factors  for biosensors such as selectivity, sensitivity, 

and time factor [55].  The selectivity to only the analyte is the most essential one and 

the sensitivity is important in relation to concentration range of detection and 

detection limit.  The response, recovering and life time of the biosensors are also 

desirable for reliable biosensors. 

 

In order to make a practical biosensor, the biological sensing elements such as 

enzymes have to be properly attached to an electrode by means of immobilization.  

Many physical and chemical approaches have been used to immobilize biomolecules 

onto electrodes.  As one of the simplest approaches, adsorption is used via the 

formation of van der Walls interaction, hydrodynamic interaction, electrostatic 

interaction, hydrogen bond, or chemical adsorption [56].  Adsorbed biomolecules are 

very sensitive to pH, temperature, and ionic strength.  The biomolecules can also be 

entrapped and then polymerized to a gel by being mixed with conducting polymers 
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such as polyacrylamide, polypyrroles and polyaniline [56].  Covalent bonding 

between a function group in the biomolecules and the modified electrode is designed 

as alternative method [57].  

 

2.4.2 Biological recognition and enzyme kinetics 

The major advantage of the biosensor is the biological recognition of a particular 

analyte.  Basically, an enzyme interacts with (recognizes) only one substance (its 

substrate).  The enzyme is used as the sensing element, the main biological 

component, of a biosensor.  Thus, the enzyme provides the sensor’s selectivity.  The 

enzymes used in electrochemical enzymatic biosensors are redox enzymes, which 

give rise to reduction and oxidation chemical reactions when immobilized on 

electrodes.  Redox enzymes contain prosthetic molecular complexes, called cofactors, 

which are responsible for the catalytic activities of the enzymes [58].  Cofactors are 

simple inorganic metal ions such as Mg2+ and Fe2+ or complex organic molecules 

such as coenzyme flavin adenine dinucleotide (FAD) and nicotinamide adenine 

dinucleotide (NAD).  

 

The kinetics of a typical enzymatic catalysis mechanism is, 

1 2

1

k k
k

S E SE E P
−

+ ⎯⎯→ +   (2.10) 

where S is the substrate (or the analyte), E is the enzyme (or the catalyst), ES is the 

enzyme-substrate complex, and P is the product [59].  Assuming that the 

concentration of SE remains constant during the steady state while the concentrations 

of S and P change substantially, the rate of the formation of the complex (k1[S][E]) is 
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balanced by the rate of its breakdown back to enzyme and product (-k-1[SE] + k2[SE]) 

[59].  From Equation 2.10, the velocity of the formation of E and P from SE is           

v = d[P]/dt  =  k2[SE].  By setting Km = (k-1 + k2) / k1, where Km is the Michaelis 

constant, we obtain following equation 

max max

1 1
[ ]

mK
v V S V

= + 1   (2.11). 

where Vmax is the maximum value of v.  This is known as a Lineweaver-Burk equation 

(plot) [59,60], i.e. when 1 / v is plotted versus 1 / [S], a straight line is obtained with a 

slope of Km   / Vmax and an intercept of 1 / Vmax.  Hence, both Km and Vmax can be 

determined from the plot.  The Km has the dimensions of a concentration (M) and is 

the substrate concentration at which the velocity is half maximum (v = Vmax / 2).  In 

addition, the Km value also implies the concentration of [S] required for significant 

catalysis to take place.  The turnover number of constant, kcat = Vmax / [E0], is the 

maximum number of molecules of substrate that could be converted to the product 

each second per active site where [E0] is total concentration of enzyme.  The kcat 

implies the enzyme activity when all active sites of enzymes are occupied with 

substrate because the maximum rate is obtained at high substrate concentrations.  In 

addition, the ratio kcat/KM is called as the specificity constant providing a measure of 

how rapidly an enzyme can work at low [S]. 

 24



2.5 Fuel cells and biofuel cells 

 

2.5.1 Fuel (biofuel) cell principles, systems and applications 

A fuel cell is a device that converts chemical energy stored in fuels to electrical 

energy.  In a conventional two-compartment fuel cell, the anode compartment is 

separated from the cathode compartment by a permeable membrane, through which 

ions can pass through.  The oxidation of the fuel occurs at the anode and the reduction 

of an oxidant such as oxygen occurs at the cathode [61].  The anode and the cathode 

are connected through an external wire.  The electrons by the oxidation of fuels at the 

anode flow to the cathode through external circuit, as shown Figure 2.5(a).  

 

Inorganic and organic electrocatalysts are used for the anode and cathode reactions. 

In direct alcohol fuel cells, the anode oxidizes methanol or ethanol using platinum 

based alloys according to  

CH3OH + H2O + (Pt or Pt/Ru as anode) ⎯⎯→  CO2 + 6H+ + 6e-  (2.12) 

3/2O2 + 6H+ + 6e- + (Pt or Pt/Ru as cathode) ⎯⎯→  3H2O  (2.13) 

For biofuel cells, enzymes are used as electrocatalysts based on their redox reactions.  

For example, the reaction of a biofuel cell consisted of a GOx/PQQ immobilized 

anode and a COx/Cytc immobilized cathode with glucose and oxygen as the fuel and 

the reducing agent, respectively, is 

Glucose + (GOx/PQQ at anode) ⎯⎯→  Gluconic acid + 2H+ 2e-  (2.14) 

1/2O2 + 2H+ + 2e- + (COx/Cytc at cathode) ⎯⎯→  H2O   (2.15) 
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where PQQ, COx and Cytc are pyrroloquinoline quinone, cytochrome c oxidase and 

cytochrome c, respectively [62].  There are several advantages for the biofuel cells to 

be developed.  One is that the biofuel cells operate at room temperature and near 

neutral pH.  The biological electrocatalysts, enzymes, lower the cost of the biofuel 

cells to less than that of precious-metal electrocatalysts.  In addition, due to enzymes’ 

excellent selectivity to the specific substrates, the fuel and the oxidant can be 

contained in a single compartment without using membrane to separate them.  These 

features allow us to miniaturize the biofuel cells for implantable power source and 

biomedical applications [63]. 

 

2.5.2 Characteristics of biofuel cells 

The overall chemical reactions in the biofuel cells are described thermodynamically 

by Gibbs free energy [64].  In general, the cell voltage of biofuel cells is simply 

described as, 

Ecell = OCV - IRint  (2.17) 

where IRint is the sum of all internal losses of the biofuel cell, which is proportional to 

the generated current and internal resistance of the system (Rint) [64].  An open circuit 

voltage (OCV) is a maximum cell voltage that can be measured without flowing 

current through the external circuit as shown in Figure 2.5.   

   

 



 

 
Figure 2.5 Characteristics of (bio) fuel cell (a) Double compartments fuel cell. 
Ethanol is oxidized to acetaldehyde at silicon nanoparticle-carbon anode and oxygen 
is reduced to water at platinum-carbon electrode where hydrogen ions are freely 
passing through membrane. (b) Polarization curve (I-V) showing activation, ohmic 
and mass transport loss region. The open circuit voltage (OCV) is the maximum cell 
voltage that can be measured without flowing current through the external circuit. (c) 
Power curve as a function of cell voltage or cell current. After OCV, power reaches 
its maximum which is defined as the maximum extractable power of the biofuel cell. 
Then, power decreases to zero due to ohmic losses and electrode overpotentials. 
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The polarization curves of biofuel cells, which represent the cell voltage as a function 

of the cell current, can be obtained by measuring the cell voltage using multi-meter 

with variable external resistances (IRext).  The voltage is converted to the current by 

Ohm’s law (I = Ecell / Rext).  A typical polarization curve is presented in Figure 2.5(b) 

with various potential loss factors such as activation, concentration, and ohmic 

overpotentials [63,65].  Due to lack of electrocatalysis at below activation energy, the 

activation losses occur during oxidation and reduction reaction at the electrode 

surface in the region (I).  The linear potential drop due to ohmic losses in the fuel cell 

involves the resistance in solution or electrolytes between anode and cathode as 

shown in the region (II).  Concentration losses take place in the region (III) due to 

mass transport limitation caused by the diffusion limitation of fuels, which is slower 

than catalytic reaction.  In addition, other factors such as slow electron transfer rate 

and coupling of mediators can lead to less cell potential as well.  With all losses the 

overall polarization curves are generally of linear shape.  

 

The overall performance of biofuel cells is estimated by power, 

P = IEcell = E2
cell / Rext   (2.18). 

The power curve shows the power as a function of the current or the cell voltage as 

shown in Figure 2.5(c).  Power is zero at the OCV condition because no current flows.  

After OCV, power reaches its maximum with current, which is defined as the 

maximum extractable power of the biofuel cell [64].  Then, power decreases to zero 

due to ohmic losses and electrode overpotentials at the short circuit condition [65].  
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2.6 Importance of electrocatalysts in relation to electron transfer 

 

Study of improved electrocatalysts and new electrocatalysts is one of the key areas in 

the development of bioelectronic devices and their applications.  The basic 

requirements for bioelectrocatalysts, in addition to selectivity and life time, also 

include effective electron transfer between electrocatalysts and electrodes for efficient 

energy conversion [55].  Enzymes, most widely used as electrocatalysts, provide high 

selectivity for their substrates.  However, the disadvantages of enzymes as 

electrocatalysts are as follows [63].  First of all, the active site of enzymes is buried in 

the insulating protein matrixes so that electron transfer between the active site and 

electrodes is ineffective.  Foreign materials are used as intrinsic electron relays or 

extrinsic mediators in the protein to overcome the barrier of electron tunneling at the 

interface [66].  These techniques rely on foreign materials whose selection is limited 

by the redox potential of enzymes and by other important factors such as stability, 

toxicity and biocompatibility.  Second, enzymes tend to denature (to lose their bio-

activities) under non-native conditions such as high temperature and acidic or alkaline 

pH values due to their inherent instability.  Therefore, long-term applications using 

enzymes as electrocatalysts are unrealistic [67].  Third, enzymes are still expensive 

due to the fact that they need to be extracted from nature.  So, new electrocatalysts 

with better electron transfer ability, much longer life-time and low production cost are 

urgently needed in the area of biomedical and energy-harvesting applications. 

 



Chapter 3 Ultrasmall silicon nanoparticles as electrocatalysts 

 

3.1 Introduction  

 

Discovering novel nanoscale electrocatalysts is presently a frontier in material 

research.  Nanoscale electrocatalysts with novel properties provide improved device 

performance for sensing and fuel cell applications.  Nanoparticles of noble metals 

such as gold have been studied and showed high electrocatalytic activity for oxidation 

of methanol and carbon monoxide [21].  Copper nanoparticles used with carbon 

nanotubes exhibited electrocatalytic activity to various carbohydrates including 

glucose [68].  A nanocomposite composed of carbon nanotubes and platinum-lead 

alloy nanoparticles is used as a sensing element for glucose sensor [69].  A Nafion 

and nanostructured platinum composite coated on a carbon electrode showed 

electrocatalytic activities to dopamine [23].   

  

An important area of application for nanoscale electrocatalysts is the construction of 

low-power micro-direct alcohol fuel cells that have recently gained significant 

attention due to the explosive growth of portable and wireless consumer electronics 

over the past few years [70].  Micro-fuel cells are expected to deliver power from 

milli-watt level to a few watts [71].  An area with great potential that exists at the 

low-end of micro-fuel cells is the implantable power supply for biomedical 

applications [72].  For implantable applications, the enzyme-based biofuel cell is 

envisaged to use physiologically ambient glucose as fuel to power implanted 
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biomedical devices such as cardiac pacemakers [73] and artificial hearing [74] and 

vision devices [75].  A typical power level of ~ 1 μW is required for the operation of 

the cardiac pacemaker [76].  An important requirement for implantable fuel cells is 

the adaptation of the single-compartment (membrane-less) configuration, which relies 

on the selectivity of the electrocatalysts used as the anode and the cathode.  For this 

reason, enzymes are used as electrocatalysts for implantable fuel cells due to their 

selectivities for their substrates.  However, enzymes become unstable under the non-

native conditions of the fuel cell environment, making long-term implanted 

applications unattainable [77].  In a recent study, we have demonstrated that 

ultrasmall silicon nanoparticles behave as an electrocatalyst for the oxidation of 

glucose [78,79].  The particles, compared to the enzyme GOx, showed fast substrate 

conversion kinetic characteristics and particle-immobilized electrodes exhibited 

stable long-term current output. 

 

In this chapter, we show that colloidal ultrasmall silicon nanoparticles behave as an 

electrocatalyst for the electrooxidation of renewable fuels, namely, ethanol, methanol 

and glucose.  Electrochemical characterization using voltammetric techniques shows 

that the onset of the electrocatalysis occurs between -0.4 V and 0.0 V vs. Ag/AgCl 

(between 0.21 V and 0.61 V vs. RHE) at neutral pH.  Chronoamperometric (i-t) 

measurements were performed to differentiate the oxidation current from charging 

current in the reaction.  Both the onset potential and the strength of electrocatalysis 

are dependent on particle size.  Tafel measurements show that electrooxidation of the 

fuels is a first order reaction with the transfer of one electron.  The nanoparticle-

 31



 32

catalyzed oxidation of the fuels has been studied under acidic and alkaline conditions.  

It was found that the electrocatalytic activity undergoes at least a 50-fold increase 

under alkaline condition compared to under acidic condition.  An intriguing feature of 

the particle-induced electrocatalysis is an unexpected light-dependence of the 

electrocatalytic current.  A significant increase in the electrocatalytic current is 

obtained when the electrocatalysis is performed in darkness.  

 

To demonstrate the potential of the particles in fuel cell applications, we have used 

the particles as the anode catalyst to construct prototype fuel cells.  The first 

prototype fuel cell was a double-compartment direct ethanol fuel cell.  Pt particles 

were used as the cathode catalyst for the reduction of oxygen.  The second prototype 

is a single-compartment hybrid biofuel cell which requires only one fuel (or oxidizer), 

glucose, for both electrodes.  The third is a single-compartment hybrid biofuel cell, 

which operated on two fuels, glucose and hydrogen peroxide (H2O2).  The enzyme 

horseradish peroxidase (HRP) or microperoxidase-11 (MP-11) was used as the 

cathode catalyst.  The long-term stability of the cell was characterized by monitoring 

the cell voltage for 5 days.  A comparison between the hybrid cell and a glucose-

based biofuel cell shows that the hybrid cell provides a much better performance in 

terms of output power density and stability presumably due to fast kinetics and the 

robustness of the silicon nanoparticle. 

 

 



3.2 Experimental 

 

3.2.1 Materials and electrodes  

Silicon nanoparticles 

The silicon nanoparticles were made by electrochemical etching of a (100)-oriented 

p-type (1~10 Ω-cm) silicon wafer in hydrofluoric acid and hydrogen peroxide.  The 

silicon wafer anode, placed at a certain distance from a platinum cathode, was 

anodized with a constant current (150 mA) while being vertically immersed in the 

etchant at a reduced speed of ~1 mm per hour.  The anodized wafer was then 

transferred to an ultrasound bath containing either water or organic solvents such as 

benzene, isopropyl alcohol or tetrahydrofuran (THF) for a brief treatment, which 

resulted in crumbling of particles from the wafer into the solvent to form a colloid 

suspension [80].  This etching technique can be used to prepare 1-nanometer particles 

(Si1) and 2.8-nanometer particles (Si2.8), depending on etching conditions.  The 

hydrogen atoms passivate the silicon so that subsequent oxidation of silicon is 

prevented.  The silicon nanoparticles used in this work were either provided by Prof. 

Munir Nayfeh group at University of Illinois at Urbana-Champaign or purchased 

from NanoSi Advance Technology (Illinois, USA).  Monte Carlo simulation of the 

Si1 particle suggests a filled fullerene structure of Si29H24, in which a central core 

silicon atom and four other silicon atoms are arranged in a tetrahedral coordination 

and the 24 remaining silicon atoms undergo a H-terminated bulk-like (2×1) 

reconstruction of dimer pairs on (001) facets (6 reconstructed surface dimers) [81].  

The particles exhibit interesting optical properties such as luminescence in the visible 
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part of the spectrum [80], second harmonic generation [82] and laser oscillation [83].  

Under UV excitation, the Si1 particle generates blue spontaneous emission with a 

measured band-gap of 3 eV and the Si2.8 particle generates red emission with a 2 eV 

band-gap [81].  Figure 3.1(a) shows the spontaneous emission of the two kinds of 

silicon particles.  Figures 3.1(b) is schematic model of Si1, showing the hydrogen 

passivation of the particle.  Figure 3.1(c) and 3.1(d) are the electron micrographs of 

the particles. 

 

 

 
Figure 3.1 The 1 nm and 2.8 nm silicon colloidal nanoparticles (a) When excited by 
UV radiation, the 1 nm particle emits blue light and the 2.8 nm particle emits red light. 
(b) Schematic description of the 1 nm particle. The purple and blue spheres represent 
the silicon atom and the hydrogen atom, respectively. (c) Electron micrograph of the 
1 nm silicon particles. Each dark region has a size of 1 nm, indicating a single particle. 
(d) Electron micrograph of a single 2.8 nm particle.  
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Glucose oxidase (GOx) 

GOx, an enzyme, catalyzes the oxidation of glucose to glucono lactone.  GOx 

molecule is a dimer consisting of two monomers, each of which contains a flavin 

adenine dinucleotide (FAD), the active site of the molecule as shown in Figure 3.2(a).  

The dimensions of the GOx monomer and dimer are 60 Å × 52 Å × 37 Å and 60 Å × 

52 Å × 77 Å, respectively [84].  GOx, having an isoelectric point (IEP) of 4.2 [85], 

carries a net positive charge at pH 4 due to the lysine residues.  GOx is one of the 

most commonly used redox enzymes in biosensors.  GOx is used in biosensors for 

quantitative determination of glucose in body fluids, food, beverage, and fermentation 

liquors.  GOx is regarded as an ideal model enzyme [86] for use in a biosensor. 

 

Horseradish peroxidase (HRP) 

HRP is a conjugated protein consisting of a single polypeptide chain with a molecular 

weight of 40000 Da.  This globular enzyme has molecular dimension of 62 Å × 43 Å 

× 12 Å with an IEP of 7.0 [87].  The optimum pH for HRP is 7.0.  Figure 3.2(b) 

shows the molecular structure of HRP.  The active site of HRP involves the heme 

group containing iron atom (Fe3+/Fe2+) at the center of a porphyrin ring (see MP-11) 

as shown Figure 3.2(d).  HRP is also one of the key enzymes used in biosensors for 

the detection of hydrogen peroxide due to catalytic activity for reduction of hydrogen 

peroxide to water [88]. 

 

 

 

 35



 36

Microperoxidase-11 (MP-11) 

MP-11 is a heme-containing oligopeptide that consists of the active site 

microenvironment of cytochrome c, an electron transfer protein for many redox 

enzymes as shown in Figure 3.2(c).  The size of MP-11 is  approximately 25 Å × 1.3 

Å × 15 Å [89].  Heme-containing (iron-porphyrin complexes) proteins have a wide 

range of biological functions, including simple electron transfer reactions, oxygen 

transport and storage, oxygen reduction to the level of hydrogen peroxide or water, 

oxygenations of organic substrates, and the reduction of peroxides [90].  Biomolecule 

such as MP-11 and HRP catalyzes the reduction of H2O2, a strong oxidizing agent,  

produced in organisms as a byproduct of oxygen metabolism [90] and therefore 

reduces oxidative stress. 

 

Highly oriented pyrolytic graphite (HOPG) and graphite rod (G) 

The ZYH grade HOPG was purchased from GE Advanced Ceramics and was used to 

support the silicon nanoparticles and enzymes as electrodes.  A fresh basal plane of 

HOPG was obtained by cleaving the basal plane with common adhesive tape.  The 

edge plane of HOPG was prepared by soft scratching the basal plane using a wood 

rod.  The fresh edge plane of HOPG surface was then blown with compressed air to 

remove debris.  Graphite rods (3 mm diameter, Sigma) were polished with slurries of 

0.3-μm alumina particles.  The polished rods were sequentially sonicated with 1 M 

NaOH, 0.5 M H2SO4, ethanol and deionized water for 10 min, respectively. 

 

 



 

 

Figure 3.2 Biomolecules (a) Three-dimensional view of GOx. The active center, 
FAD, is indicated by red structure, which is buried in the protein. (b) Schematic 
description of HRP [91]. Red-circle-structure in the HRP is heme, the active center. 
(c) Schematic description of MP-11 containing heme group [57]. (d) Heme [92]. Iron 
ion at the center of porphyrin ring is oxidized (Fe3+) or reduced (Fe2+). 
 

 

Silicon wafer 

Heavily doped (0.001 ~ 0.005 Ω-cm) n-type silicon wafers with (111) orientation 

(SQI, California) were used to immobilize silicon nanoparticles.  The silicon wafer 

with its surface containing the native oxide was cleaned with ethanol, isopropanol and 

 37



deionized water to remove organic and inorganic contaminants.  The IEP of Si and 

SiO2 are 4 and 2, respectively  [93].  

 

Carbon paper and carbon cloth (CP and CC) 

Carbon paper (Toray, TGPH) and carbon cloth (A/B, BASF) were purchased from 

BASF and used as electrodes for its porosity which leads to improved particle-loading.  

The CC and CP electrodes are rinsed with deionized water before loading particles.  

Four different thickness of CPs and two different wet proofing percentages of CPs are 

used for the particle loading.   

 

Enzyme-HOPG electrode 

GOx (G6125, Sigma) solution was made by dissolving 10 mg of GOx in 1 mL of 10 

mM phosphate buffer solution (PBS) at pH 4.  MP-11 (M6756, Sigma) solution was 

made by dissolving 1 mg of MP-11 in 1 mL of 10 mM PBS at pH 7.  HRP (M6756, 

Sigma) solution was made by dissolving 1 mg of HRP in 1 mL of 10 mM PBS at pH 

7.  Other chemicals used in this work were of analytical grade.  Deionized water (18.2 

MΩ-cm, Direct Q3, Millipore) was used to prepare solutions.  The enzymes (GOx, 

MP-11, and HRP) were immobilized on the HOPG.  A 0.1 ml drop of the enzyme 

solution was deposited on the fresh HOPG surface, which was then incubated at room 

temperature for 4 hours.  The electrode was then rinsed with deionized water.  

Previously, it has been demonstrated that enzymes are able to retain their bioactivities 

when immobilized on the HOPG electrodes [94-96].   
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SiNP-Si, SiNP-HOPG, SiNP-G and SiNP-CP electrodes  

Silicon nanoparticles (SiNP) used in this work was isopropanol alcohol - based Si1 

and Si2.8 (molecular weight = 838.3) colloid with a concentration of 10 μM and was 

immobilized on various supporting electrodes such as HOPG, silicon wafer and 

carbon paper.  To prepare particle immobilized silicon electrodes (Si1-Si and Si2.8-

Si) and HOPG electrodes (Si1-HOPG and Si2.8-HOPG), a 0.1 ml drop of the SiNp 

colloid was spread on the wafer surface and the HOPG surface, and then the sample 

was incubated in a container under moisture for 10 hours and then rinsed with 

deionized water.  To prepare particle immobilized graphite electrodes (Si1-G and 

Si2.8G) and carbon paper electrodes (Si1-CP and Si2.8-CP), three 0.1 ml drops of the 

SiNP colloid were deposited on a surface of graphite rod and the carbon paper 

followed by incubation of 10 hours and ringing with deionized water.  The surface of 

electrodes was covered with a mask to form a working area of 1 mm × 1 mm, 2 mm × 

5 mm or 3 mm × 3 mm.  The SiNP immobilized carbon paper electrodes have a 

particle surface density of 27.96 μg/cm2.   

 

3.2.2 Methods 

Electrochemical measurements were performed with a 1-ml conventional three-

electrode electrochemical cell controlled by an electrochemical workstation (CH 

Instrument 660C, Austin, USA).  The SiNP-immobilized electrodes and enzyme-

immobilized electrodes were used as the working electrode.  A commercial Ag/AgCl 

(saturated KCl) electrode was used as the reference electrode, and a platinum wire 

was used as the counter electrode.  The Ag/AgCl reference potential is converted to 
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the reversible hydrogen electrode (RHE) according to ERHE = [(EAg/AgCl + 0.059pH) + 

E0
Ag/AgCl(0.197)] [97].  

 

Cyclic voltammograms (CV) and linear sweep voltammograms (LSV) were obtained 

at various scan rates, pH values and buffer solutions.  The cell potential was scanned 

from a lower potential in the direction toward higher values for LSV measurement.  

The buffer solution, if it needed, was deaerated by purging with pure nitrogen gas.  

The Tafel measurement was used to determine kinetic parameters of an 

electrochemical reaction.  In our work, we use it to estimate the number of electron 

transferred in the oxidation of glucose, ethanol and methanol.  A Tafel plot is 

obtained by measuring the logarithm of the current or current density of a working 

electrode while varying the overpotential.  In a typical Tafel plot generated using a 

commercial electrochemical workstation, the vertical axis represents the total 

potential E applied to the working electrode and the overpotential is the difference 

between the equilibrium potential, the potential at which no or very little current 

flows, and the total applied potential E.  Tafel measurement was performed at 1 mV/s.  

Chronoamperometric (I-t) and chronovoltametric (V-t) measurements were 

performed at constant electrode potential and at constant current, respectively, as 

function of time.  All measurements were made at room temperature.   

 

Control experiments performed with bare (silicon wafer, HOPG , graphite and carbon 

paper) working electrodes, the reference electrode and the platinum counter electrode 

showed no electrochemical response to organic fuels, hydrogen peroxides and oxygen 
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from a potential -1 V up to a potential as high as 1.6 V.  Note that the results of 

electrochemical measurements presented in this work have been produced with 

several electrodes in repeated experimental runs and therefore reflect the typical 

characteristics of the electrodes used in making the corresponding measurements. 

 

A 3-ml plastic cell was used to contain the anode, the cathode and the solution, 

forming the single-compartment fuel cell as shown in Figure 3.3(a).  The Si1-HOPG 

electrode and the GOx-HOPG electrode were used as the anodes for the hybrid fuel 

cell and the biofuel cell, respectively. The HRP-HOPG and the MP-11-HOPG 

electrodes were used individually as the cathodes for the hybrid fuel cell and the 

biofuel cell.  The anode and the cathode were connected by an external circuit 

through a set of variable resistors with resistances ranging from 0 Ω to 2 MΩ.  The 

anode is negative terminal and the cathode is positive terminal for the cell voltage 

measurement.  The cell voltage between the electrodes were measured with a 

multimeter (K2000, Keithley Instruments, USA) interfaced with a personal computer 

utilizing LabView software.  Normally, the cell voltage is measured across a fixed 

external resistor from 0 Ω to 2 MΩ and then the current is calculated by Ohm’s law 

(V = IR).  The power is calculated by P = IV.  

 

In the construction of the double-compartment prototype fuel cell, an ELAT (carbon 

paper) electrode containing 0.5 mg/cm2 Pt particles on Vulcan (E-TEK, XC-72) was 

used as the cathode, the Si1-CP electrode was used anode, and Nafion membrane (N-

115, 125 microns thick,  Alfa Aesar) was used as the membrane separating the two 
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glass compartments.  The Nafion membrane was pretreated in hot (~ 80 °C) 3% H2O2 

solution (3% H2O2 and 97% water) for 2 hours followed by cooling and rinsing in 

deionized water [98].  The membrane was then soaked in hot (~ 80 °C) 0.5 M H2SO4 

for 1 hour to get rid of metallic impurities.  The membrane was further rinsed with 

hot (~ 80 °C) deionized water three times to remove the final traces of acid.  The 

double-compartment cell was constructed by joining two glass cells (each has volume 

of 30 ml) with the Nafion membrane clamped between the flattened ends of the glass 

cells as shown in Figure 3.3(b).  Enamel coated copper wire (278-1345B, Radio 

Shack, TX) used to connect external circuit and the electrode.  The connected surface 

between the wire and electrode was sealed using a nonconductive epoxy (Dexter Corp. 

NJ).  The cell voltage was measured across a external resistor by multimeter and 

converted to current (I  = V/R) and power (P  = V2/R). 



 

 

 
Figure 3.3 Fuel cells (a) The single-compartment fuel cell.  1: an anode electrode 
holder.  2: a cathode electrode holder.  3: a plastic cell (3 ml) (b) The double-
compartment fuel cell.  4: each glass compartment (30 ml).  5: clamp.  6, 7: gas (or 
electrodes) injection hole.  8: Nafion membrane clamped between the flattened ends 
of the glass cells to separate them. 
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3.3 Results and Discussion  

 

3.3.1 Particle-catalyzed electrooxidation of organic fuels  

Silicon nanoparticles deposited on silicon electrodes appeared to catalyze the 

oxidation of ethanol and methanol as shown using cyclic voltammetry (CV).  The 

CVs of a Si1-Si electrode and a Si2.8-Si electrode obtained in ethanol and methanol 

are shown in Figures 3.4(a) and Figure 3.4(b), respectively.  The black CV is the 

electrodes’ background signal obtained in PBS at pH 7.  The background signals of 

the two types of electrodes are identical.  The blue CV and the red CV were obtained 

with the Si1-Si electrode and the Si2.8-Si electrode, respectively, in 20 mM of 

ethanol and methanol dissolved in the PBS.  In Figure 3.4(a), the increase in the blue 

and red CVs above the background starts at -0.4 V and 0 V vs. Ag/AgCl (0.21 V and 

0.61 V vs. RHE), respectively, and the positive scan direction of the potential 

indicates that ethanol is oxidized by the electrodes.  For the oxidation of methanol as 

shown Figure 3.4(b), the onset potentials for the blue and red CVs are -0.3 V and -0.2 

V. Ag/AgCl (0.31 and 0.41 V vs. RHE).  As mentioned above, the bare silicon wafer 

shows no response to ethanol and methanol.  Thus, the silicon particles exhibit a 

catalytic character in the electrooxidation of ethanol and methanol.  The calibration 

curves of these electrodes for ethanol and methanol as shown in Figure 3.4(c) indicate 

that the Si1 particle, compared to the Si2.8 particle, generates a greater amount of 

current.  Thus, both the onset potential and the strength of the catalysis depend on the 

particle size.  The shape of the electrodes’ calibration curves, i.e. a linear region at 

low fuel concentrations followed a saturation region at higher concentrations, 
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resembles that of enzymes and is indicative of the Michaelis-Menten kinetics, which 

implies the limited amount of particle (the catalytic unit) on the electrode.   

 

 

 

Figure 3.4 Electrochemical characterization of the particle-immobilized silicon 
electrodes in ethanol and methanol. (a) CVs of a Si1-Si electrode and a Si2.8-Si 
electrode in PBS (the background) at pH 7 and in the same PBS containing 20 mM 
ethanol. (b) CVs of a Si1-Si electrode and a Si2.8-Si electrode in PBS containing 20 
mM methanol.  (c) The ethanol and methanol calibration curves of the same 
electrodes as in (a) and (b). The ethanol and methanol calibration curves were 
obtained at potentials of 0.2 V and 0.3 V for the Si1-Si electrode and the Si2.8-Si 
electrode, respectively. Each data point shows the fuel oxidation current obtained by 
subtracting the background current from the total anodic current. Similar calibration 
results were obtained with different electrodes.   
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The electrochemical responses of particle-immobilized carbon paper electrodes to the 

fuel molecules also have been studied due to the importance of carbon paper 

electrodes in fuel cells.  The typical linear sweep voltammograms (LSVs) of the Si1-

CP and Si2.8-CP electrodes obtained in ethanol are shown in Figure 3.5(a).  The 

electrodes show almost identical background signal (the electrodes’ responses in 100 

mM PBS at pH 7).  The black LSV is representative of the electrodes’ background 

signal.  The peak at 0.1 V vs. Ag/AgCl is a characteristic of the carbon paper 

electrode [9].  The blue LSV and the red LSV were obtained with a Si1-CP electrode 

and a Si2.8-CP electrode, respectively, in 250 mM of ethanol dissolved in 100 mM 

PBS.  The red LSV (the LSV of the Si2.8-CP electrode) starts increasing above the 

background at -0.15 V vs. Ag/AgCl.  The fact that red LSV increases with a slope 

while the slope of the black LSV is almost zero within a major portion of the potential 

range scanned indicates that ethanol is oxidized by the electrode.  Therefore, the onset 

of oxidation occurs at -0.15 V vs. Ag/AgCl (0.46 V vs. RHE) for the Si2.8-CP 

electrode.  The blue LSV (the LSV of the Si1-CP electrode) indicates an onset of 

oxidation at -0.3 V vs. Ag/AgCl (0.31 V vs. RHE).  Figure 3.5(b) shows the typical 

LSVs of the Si1-CP and Si2.8-CP electrodes obtained in methanol.  Thus, both the 

onset potential and the strength of the catalysis depend on the particle size.  As 

mentioned above, bare CP shows no response to ethanol and methanol within the 

potential range scanned.  The calibration curves of the Si1-CP electrode for ethanol 

and methanol are shown in Figure 3.5(c).  The shapes of the calibration curves are 

characterized by a linear region at low fuel concentrations followed a saturation 

region at higher concentrations, implying the limited amount of particle (the catalytic 
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unit) on the electrode.  The calibration curves of the Si2.8-CP electrode for the two 

fuels show similar features.  Note that the properties shown in Figure 3.5 have been 

observed with several Si1-CP and Si2.8-CP electrodes.  

 

 

Figure 3.5 Electrochemical characterization of the particle-immobilized carbon paper 
electrodes in ethanol and methanol. (a) LSVs of the Si1-CP electrode and the Si2.8-
CP electrode in 100 mM PBS (the background) at pH 7 and in the same PBS 
containing 250 mM ethanol. (b) LSVs of the Si1-CP electrode and the Si2.8-CP 
electrode in 100 mM PBS (the background) at pH 7 and in the same PBS containing 
250 mM methanol. (c) The calibration curves of the Si1-CP electrode for ethanol and 
methanol at pH 7. The curve was obtained with 4 electrodes made under identical 
conditions. The calibration curves were obtained at potentials of 0.1 V. Each data 
point shows the fuel oxidation current obtained by subtracting the background current 
from the total anodic current.  
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The particle-immobilized graphite electrodes exhibit complex catalytic characteristics 

as displayed in Figures 3.6(a) and 3.6(b).  In the Figure 3.6(a), the CV of the bare 

graphite electrode in PBS at pH 7 (the black CV) is featureless in the potential range 

scanned.  Under the same condition, the CV of the Si2.8-G electrode (the red CV) 

shows a pair of redox peaks at 0 V and 0.1 V, indicating that the particle behaves as a 

redox species on the graphite surface. The redox peaks could be caused by the 

particle’s interaction with the graphite surface, the nature of the interaction being 

unclear at the present.  As ethanol is introduced to the PBS, the current of the 

oxidation peak at 0.1 V increases and the peak potential shifts slightly to the positive 

direction.  At higher ethanol concentrations, the oxidation peak current increases 

further and two new oxidation peaks appear at 0.55 V and 0.8 V as shown by the 

green and the purple CVs in Figure 3.6(a).  All of the oxidation peak currents increase 

with further increase in ethanol concentration. Therefore, new catalysis pathways at 

higher potentials are triggered.  The same phenomenon has been observed with 

methanol as shown in Figure 3.6(b).  Figure 3.6(c) shows the ethanol and methanol 

calibration curves of the Si2.8-G electrode obtained at the 0.1 V.  The curves are also 

indicative of the Michaelis-Menten kinetics.  Note that the same properties have not 

been observed with the Si1-G electrode. 
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Figure 3.6  Electrochemical characterization of the Si2.8-G electrode. (a) The CV of 
a bare graphite electrode obtained in PBS is displayed with those of the Si2.8-G 
electrode obtained in PBS and ethanol.  All curves were obtained at pH 7.  Two new 
oxidation peaks appear at high ethanol concentrations. (b) The CV of a bare graphite 
electrode obtained in PBS and the Si2.8-G electrode obtained in PBS and methanol.  
All curves were obtained at pH 7.  (c) Calibration curves of the Si2.8-G electrode for 
ethanol and methanol at pH 7. The curves were obtained at the potential of 0.1 V, 
where the first oxidation peak is located. 
 

 

 

 49



To characterize the kinetic properties of the electrooxidation process induced by the 

particles, we obtained Tafel plots of the particle-immobilized silicon electrodes in the 

fuels.  Figures 3.7(a) and 3.7(b) show the Tafel plot of the Si2.8-Si electrode obtained 

in ethanol and methanol, respectively.  Figures 3.7(a) and 3.7(b) are obtained in 60 

mM of ethanol and 60 mM of methanol dissolved in a 10 mM PBS at pH 7, 

respectively.  The Tafel slopes of the plot are listed in Table 3.1.  The Tafel slopes 

shown in Table 3.1 yield, for their corresponding electrocatalytic reactions, the values 

of the product, αn (= 2.3RT / F⋅slope), where α, n, R, T and F are the electron transfer 

coefficient, the number of electrons transferred in the reaction, gas constant, 

temperature and the Faraday constant [35].  The slop of 212 mV/decade for ethanol 

gives the αn value of 0.28 and the slop of 178 mV/decade for methanol gives the αn 

value of 0.33.  The αn values for ethanol and methanol suggest a most probable value 

of n = 1 because the α value lies between 0.3 and 0.7 in most systems.  The insets of 

Figures 3.8(a) and 3.8(b) show the log plot of the electrode’s oxidation current 

density as a function of substance concentration at a constant electrode potential (0.8 

V) to determine the reaction order (= slope).  The values of reaction order as shown in 

Table 3.1 also suggest the electrooxidation of ethanol and methanol is the first order 

reaction.  Thus, the electrooxidation of ethanol and methanol as catalyzed by the 

Si2.8-Si electrode is a first order reaction which involves the transfer of one electron. 
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Figure 3.7 Kinetic properties of particle immobilized silicon electrode to alcohol. (a) 
The Tafel plot of the Si2.8-Si electrode in 60 mM of ethanol dissolved in a 10 mM 
PBS at pH 7. The dotted line is used to determine the slope of the plot. The inset is 
the log-log plot of the electrode’s catalytic current density vs. ethanol concentration 
obtained at 0.8 V of the Tafel plot. (b) The Tafel plot of the Si2.8-Si electrode in 60 
mM of methanol dissolved in a 10 mM PBS at pH 7. Other conditions are same as (a).  
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Table 3.1 Kinetic parameters of the electrocatalytic processes of the three fuels using 

the particle-immobilized silicon electrode, where α is the electron transfer coefficient 

and n is the number of electrons transferred per molecule. 

 

 Tafel slope 
(mV/decade) αn n Reaction order 

Ethanol 212 0.28 1 1.03 
Methanol 178 0.33 1 1.29 
Glucose 180 0.33 1 1.07 

 

Electrooxidation of ethanol and methanol on the Pt electrode is known to proceed by 

initial adsorption of fuel fragments on the electrode [8,9].  The peak observed in the 

anodic current of the CV is caused by initial electrode poisoning due to adsorption of 

CO in the low potential range and subsequent oxidation of the Pt electrode at a higher 

potential [10].  The oxidation of the two fuels on the Pt electrode starts at a high 

potential of 0.6 V vs. RHE [9-11] in acidic electrolytes.  The Pt/Ru system provides a 

bi-functional mechanism, in which the fuel fragments adsorb on Pt and Ru provides 

oxygen-containing adsorbates such as OH, which gives rise to oxidative removal of 

CO at nearby Pt sites at a lower potential ( ~ 0.4 V vs. RHE), therefore lowering the 

onset of oxidation [13-15].  It was found that the activities of Pt and Pt/Ru for ethanol 

and methanol oxidation at room temperature is stronger under alkaline condition than 

under acid condition [10,11].  As shown above, the oxidation of the fuels catalyzed 

by the particle-immobilized electrodes produces a smooth increase in the anodic 

current with an onset potential in the CV of the electrodes.  The monotonous increase 

suggests a direct catalysis pathway [15]: the fuel molecules are oxidized due to the 
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presence of the particle so that electrons are transferred directly from the molecules to 

the electrode.  In the present work n = 1 from Tafel analysis while n = 6 for the Pt and 

Pt/Ru systems where n is the number of electrons transferred in the reaction.  The 

small value of n may imply the absence of long-term adsorption and adsorption-

induced electrode poisoning of the particle-immobilized electrodes.  

 

In addition to catalytic activities to ethanol and methanol, the silicon nanoparticles 

were also able to catalyze the oxidation of glucose.  We have performed CVs of the 

particle-immobilized silicon electrodes to study the electrocatalytic properties of the 

particle for glucose oxidation.  The CVs that indicate the particle-catalyzed 

electrooxidation of glucose at pH 7 are shown in Figure 3.8(a).  The CV (black 

dashed) obtained with a bare silicon electrode in PBS without glucose coincides with 

that (blue dash-dotted) obtained with the same electrode in the presence of glucose.  

The green dotted CV is the background signal of the Si1-Si electrode obtained in PBS.  

When glucose was added to the PBS resulting in 2 mM solution, the response of the 

electrode is indicated by the red solid CV, which shows an increase in the anodic 

current above the background.  This increase indicates the direct oxidation of glucose 

by the electrode.  Note that the bare silicon wafer shows no response to glucose 

within the range of potential used in the experiment.  Thus, the solid CV indicates the 

electrooxidation of glucose catalyzed by Si1.  Shown in Figure 3.8(b) is the glucose 

calibration curve of the electrode obtained at pH 7.  Several characteristics of the 

catalytic process should be noted.  The oxidation, as shown by the solid CV of Figure 

3.8(a), occurs at potentials as low as -0.40 V versus Ag/AgCl (0.21 V vs. RHE).  The 
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glucose calibration curve of the electrode is linear in the low concentration range, 

followed by a saturation region for higher glucose concentrations.  This shape 

resembles those of enzymes and is indicative of the Michaelis-Menten kinetics.  Note 

that we have not observed the electrooxidation of glucose with the Si2.8-Si electrode.  

Figure 3.8(c) shows the Tafel plot of a Si1-Si electrode obtained in 2 mM glucose 

solution at pH 7.  The Tafel slope of the plot is listed in Table 3.1.  Figure 3.8(c) 

shows that, with the slope being 180 mV/decade, the value of αn is 0.33, suggesting a 

most probable value of n = 1 for the electrocatalysis.  The slope of the plot yields the 

order of the electrocatalytic reaction, which is 1.07.  Thus, the electrooxidation of 

glucose as catalyzed by Si1 is a first order reaction which involves the transfer of 1 

electron.  Possible products of the oxidation of glucose observed here include 

different kinds of carboxylic acids as previously observed on platinum electrodes [99].  

Future work includes identifying the products.   

 

 

 



 

 
 
Figure 3.8 Electrooxidation of glucose using the Si1-Si electrode. (a) The dashed CV 
was obtained with a bare silicon electrode in PBS without glucose while the dash-
dotted CV was obtained with the same electrode in the presence of 2 mM glucose. 
The dotted CV, the background signal, was obtained with the electrode in a 50 mM 
PBS at pH 7. The solid CV is the electrode’s response to adding 2 mM glucose to the 
PBS.  (b) The electrode’s glucose calibration curve obtained at 0.8 V at pH 7. Each 
data point shows the oxidation current obtained by subtracting the background current 
from the total anodic current. (c) The Tafel plot of the Si1-Si electrode in 2 mM of 
glucose dissolved in a 50 mM PBS at pH 7. The dotted line is used to determine the 
slope of the plot. The inset is the log-log plot of the electrode’s catalytic current 
density vs. glucose concentration obtained at 0.8 V of the Tafel plot.  
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We have studied the particle-catalyzed oxidation of ethanol and methanol under 

acidic and alkaline conditions.  Figures 3.9(a) and 3.9(b) obtained with the Si1-CP 

electrode show the LSVs of the silicon nanoparticles in ethanol and methanol under 

acidic, neutral and alkaline conditions, respectively.  The LSVs show a significantly 

larger activity of the silicon particle under alkaline condition than under acidic 

condition for both ethanol and methanol.  At low potentials the catalytic activity 

shows a 50-fold with ethanol and a 250-fold with methanol increase under alkaline 

condition compared to under acidic condition.  Therefore, the pH dependence of the 

catalytic activity of the silicon nanoparticles is qualitatively the same as those of Pt 

and Pt/Ru.  In the Pt and Pt/Ru case, the pH dependence is attributed to the pH 

competitive adsorption of oxygenated species with anions from supporting 

electrolytes [11], while, in the present study, the cause is not clear yet.  The 

observation presented here reflects a general property of the particle-immobilized 

carbon paper electrode.  

 

In summary, we show that the particles exhibit electrocatalytic activities to the three 

fuels and that the onset potential and electrooxidation strength depend on the particle 

size.  The onset potentials of the particle-catalyzed electrooxidation to ethanol and 

methanol are ~ 0.2 V lower than those of the Pt-catalyzed electrooxidation, 

suggesting the absence of initial electrode poisoning due to adsorption of fuel 

fragments.  The monotonous increase of the oxidation current suggests the absence of 

the oxidation of the catalyst, which occurs in the Pt case.  However, the number of 

electrons transferred during the particle-catalyzed electrocatalytic reaction is one 
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while the Pt-catalyzed electrocatalytic reaction is six.  In addition, the lower onset 

potential gives rise to large potential difference between the anode and the cathode in 

the fuel cell applications.  

 

Figure 3.9 The pH-dependence of the particle-catalyzed electro-oxidation. (a) The 
LSVs were obtained with a Si1-CP electrode with ethanol. Each LSV shows the fuel 
oxidation current obtained by subtracting the background current from the total 
anodic current. (b) The LSVs were obtained with a Si1-CP electrode with methanol. 
Each LSV shows the fuel oxidation current obtained by subtracting the background 
current from the total anodic current. 
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3.3.2 Chronoamperometric study of catalysis  

In order to gain insight into the nature of the electrodes’ response to the fuel 

molecules, experiments were designed and performed to distinguish the oxidation 

current from the electrodes’ charging current as shown in Figures 3.10(a) and 3.10(b).  

In general, when the electrode potential is scanned at a given rate, the charging 

current due to the double-layer capacitance is independent of the electrode potential 

within the potential range used here [38].  This implies that, in Figure 3.10(a), the 

observed fast increase in the anodic current (see the red CV) when ethanol is 

introduced into the cell is due to the oxidation of ethanol.  Note that, in 

electrooxidation of ethanol and methanol, the presence of current peaks in CVs is not 

the only indication of the oxidation process.  In many cases, the oxidation of the fuel 

molecules causes a continuous increase in the anodic current without producing peaks 

as the molecules are introduced to the electrode [100,101].  In fact, the peak 

appearing in the anodic current associated with the oxidation of methanol and ethanol 

using pure Pt electrodes is caused by the oxidation of the Pt electrode (see below), 

being indirectly caused by the catalytic process. 

 

In Figure 3.10(a), the black CV was obtained at a low PBS concentration of 1 mM, 

and the CV shows a near-rectangle shape, which is indicative of the charging current. 

When 200 mM ethanol is added to the solution, the anodic current for the low 

potential range (from -0.4 V to about 0.05 V) shows a near-constant increase of ~ 

0.07 μA/cm2 above the black CV.  This increase should be due to the additional 

charging of the electrode caused by ethanol.  The fast increase in the anodic current 
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beyond this potential range is caused by the oxidation of ethanol.  Therefore, 0.05 V 

vs. Ag/AgCl is the onset potential for the oxidation of ethanol using the Si2.8-Si 

electrode.  The presence of the oxidation current is also demonstrated using 

chronoamperometric (I-t) measurement.  Figure 3.10(b) shows the temporal responses 

of the Si2.8-Si electrode in PBS and in ethanol.  The current of the electrode is 

monitored as a function of time separately in 1 mM PBS (black dot) and in 200 mM 

ethanol dissolved in 1 mM PBS (red dot) at a potential of 0.7 V vs. Ag/AgCl.  In PBS, 

the time response as traced using the black dots decreases exponentially, following 

the charging current equation (ic ∝ exp(-t)) [37].  The solid curve (the blue curve) in 

inset of Figure 3.10(b) is the exponential fitting curve.  The time response to ethanol 

is traced by the red dots.  In general, the faradaic current due to the electrode’s 

reaction to an analyte follows the Cottrell equation (if  ∝ t-0.5) for linear diffusion case 

[37].  The red solid curve is the fitting curve to the time trace, showing that the 

current decreases according to t-0.32.  Thus, we attribute the observed non-exponential 

dependence of the electrode current on time to the presence of the electrooxidation 

current of ethanol.  The difference in the exponents of t between the observed value 

of 0.32 and the theoretical value of 0.5 is due to several effects such as nature of 

electrode, electrode reaction rate, convection and migration [37]. 

 

In summary, we have performed chronoamperometric experiments in order to 

distinguish the oxidation current produced by the fuel molecules from the charging 

current of the catalytic electrode.  The chronoaperometry results clearly show the two 
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components of the total electrode current, confirming the presence of the fuel 

oxidation reaction. 

 

Figure 3.10 Electrochemical characterization of the Si2.8-Si electrode in ethanol. (a) 
CVs of a Si2.8-Si electrode in 1mM PBS (the black CV), and 200 mM ethanol (the 
red CV) dissolved in 1 mM PBS at pH 7. (b) Chronoamperograms of the Si2.8-Si 
electrode in 1 mM PBS (black dots) and in 200 mM ethanol dissolved in 1 mM PBS 
(red dots) obtained at a potential of 0.7 V and pH 7. The solid curves are the 
corresponding fitted curves. The inset is a detailed chronoamperogram obtained in 
PBS.  
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3.3.3 Light dependence of particle-immobilized electrode 

In this study of electrocatalysis, an unexpected light-dependent phenomenon was 

observed.  In the electrocatalysis of the fuels using the silicon particles, the catalytic 

current shows substantial and persistent increase when the catalytic process is 

performed in darkness as compared to performing the same experiment in light.  This 

phenomenon was studied with the room light of the laboratory or a 13-watt 

fluorescent lamp.  Figure 3.11(a) shows the CVs obtained in an ethanol experiment 

with a Si1-Si electrode in room light and darkness at pH 7.  The catalytic current 

shows on the average a two-fold increase due to darkness as compared to the current 

measured in room light (white fluorescent light with intensity 0.5 mW/cm2).  The 

inset of Figure 3.11(a) shows this effect in a time trace.  Turning off the light caused 

an increase of 35 nA/cm2 in the electrooxidation current density above that observed 

in the light.  Figure 3.11(b) shows this light-dependent effect observed with a Si1-CP 

electrode in ethanol at pH 13.  In the low potential range, the catalytic current is 

doubled due to darkness.  Subsequent exposure to light brings the current close to the 

original level.  Figure 3.12(a) shows the light-induced (using the lamp) “switching” 

effect in the catalytic current observed in the time domain with a Si1-CP electrode in 

ethanol at pH 7.  The time trace shows two steady states of the current due to the 

change in the state of illumination together with two characteristic transient quantities.  

The rise time (Tr) is the transient time for the current to reach the high current state 

from the low state after light is turned off.  The time it takes the current to decrease 

from the high state to the low state after light is turned on is the fall time (Tf).  The 

time trace shows that Tr is noticeably greater than Tf.  This dynamic characteristic of 
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the light-induced switching in the electrocatalytic current was also observed under 

alkaline condition as shown in Figure 3.12(b).  

 

Figure 3.11 The effect of white light illumination and darkness on ethanol oxidation 
current. (a) The current density produced by a Si1-Si electrode in 200 mM ethanol at 
pH 7 shows an increase in darkness as compared to that produced in room light (0.5 
mW/cm2). The inset is a current-time trace, showing the effect of turning-off and 
turning-on the light. The trace was obtained using a different electrode at 0.3 V and 
200 mM of ethanol. (b) The catalytic current produced by a Si1-CP electrode in 200 
mM ethanol at pH 13 in room light, in darkness and under strong illumination of 200 
mW/cm2 at pH 13.  
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In order to appreciate this unusual light-dependent phenomenon described above from 

another perspective, we have performed the electrocatalysis under much stronger 

illumination.  Figure 3.12(c) is the time trace of a Si1-CP electrode in methanol at pH 

7 under the illumination of a 40 ~ 200-watt light source (200 mW/cm2).  The 

electrode’s response to the illumination appears as a significant increase in the 

catalytic current.  The magnitude of the current pulses should be compared to that of 

Figure 3.12(b).  Figure 3.12(c) shows that the strong illumination has caused a 14-

fold increase in the current as compared to the room-light case.  This behavior of 

increasing catalytic current caused by light illumination is conceptually expected 

since the heat generated in the system by light can be used as energy to overcome the 

activation barrier to enhance the rate of catalysis.  However, low-intensity light may 

excite excitons across the 3-eV band gap of the Si1 particle with a long recombination 

lifetime, a characteristic feature of the ultrasmall silicon nanoparticles [102].  The 

formation of excitons tends to block the conduction of electrons from the ionized 

molecules and hence diminishes the oxidation current. The mechanism of the light-

dependent oxidation current is subjected to future studies. 

 



 

 
 

Figure 3.12 Time-resolved responses of the catalytic current to the state of 
illumination. (a) The time trace of a Si1-CP electrode in 200 mM of ethanol at pH 7 
shows the switching of the catalytic current due to the ON/OFF of white light of 0.5 
W/cm2. Trace was obtained at 0.7 V. (b) The time trace of the electrode in (a) at pH 
13 with other conditions unchanged. (c) The time trace of the electrode in (a) in 
strong illumination of 200 W/cm2 with all other conditions unchanged. 
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3.3.4 Prototype fuel cells  

To demonstrate the potential of the silicon nanoparticles in fuel cell applications, we 

have constructed three kinds of prototype fuel cells using the silicon nanoparticles as 

the anode electrocatalyst.  The first prototype fuel cell was a hybrid fuel cell, whose 

anode was a Si1-HOPG electrode and the cathode was a HRP-HOPG electrode as 

shown Figure 3.13(a).  The anode and cathode were immersed in a PBS contained in 

a plastic cell and electrically connected through a load resistance RL.  This prototype 

single-compartment fuel cell operated on glucose and H2O2, which were dissolved in 

the PBS.  Glucose was oxidized by Si1 and H2O2 was reduced by HRP.  It is known 

that HRP in the presence of an electron donor (in our case, the cathode) catalyzes the 

reduction of H2O2 to water [103].  Figure 3.13(b) shows the electrode potential vs. 

substrate concentration curves of the hybrid cell.  The saturation of the curves at high 

concentrations indicates the Nernstian behavior.  The saturated potential values 

reflect an open-circuit voltage of 0.33 V.  The curves can be used to optimize the cell 

performance.  The CVs in Figure 3.13(c) show the bio-electroreduction of H2O2 

brought about using a HRP-HOPG electrode.  The CVs indicate that the onset of the 

reduction occurs at -0.15 V vs. Ag/AgCl.  Note that the particle-catalyzed oxidation 

of glucose occurs at or below -0.4 V vs. Ag/AgCl as shown in Figure 3.8.  Thus, the 

reduction reaction occurs at a higher potential than the oxidation reaction and the 

electrode potentials satisfy the requirement for the operating condition of fuel cells. 
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Figure 3.13 Characteristic of the prototype single-compartment hybrid biofuel cell. 
(a) A schematic description of the hybrid biofuel cell. Glucose and H2O2 are used as 
the fuel and oxidizer, respectively. (b) The plots of electrode potentials as a function 
of the fuel and the oxidizer concentrations. The lower plot shows the potential of a 
Si1-HOPG electrode vs. an Ag/AgCl reference electrode as a function of glucose. The 
upper plot shows the potential of a HRP-HOPG electrode vs. an Ag/AgCl reference 
electrode as a function of H2O2. (c) CVs were obtained with a HRP-immobilized 
HOPG electrode in PBS and in two different H2O2 concentrations. (d) The CVs were 
obtained with a MP-11-immobilized HOPG electrode in PBS and in two different 
H2O2 concentrations.  MP-11 produced more reduction current and a more positive 
reduction onset potential.  
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The hybrid fuel cell was tested with a PBS containing 2 mM glucose and 2 mM H2O2  

at pH 7 and room temperature.  Figure 3.14(a) shows the cell current vs. cell voltage 

(I-V) and the power density vs. cell current (P-I) characteristics of the cell.  The open-

circuit voltage (OCV) is 0.16 V.  The peak power density is 1.3 μW/cm2.  Figure 

3.14(b) indicate that the I-V characteristics of the hybrid fuel cell deviate from the 

ideal rectangular behavior [104].  The deviation shows the typical three-region 

characteristics: the activation polarization in the low current region, the ohmic 

polarization region and the concentration polarization region in higher current regions 

[105].  The deviation reduces cell voltage below its reversible thermodynamic value 

[106].  

 

To improve the output power of the hybrid cell, we replaced HRP by the heme-

containing polypeptide microperoxidase-11 (MP-11) to reduce H2O2 at the cathode.  

Compared to HRP, MP-11 has a more compact structure, which allows effective 

direct electrical communication with electrodes.  The CVs in Figure 3.13(d) show the 

largely increased reduction current of H2O2 using MP-11-HOPG than that of the 

HRP-HOPG electrode.  The MP-11-electrocatalyzed reduction of H2O2 also shows a 

more positive onset of -0.05 V vs. Ag/AgCl.  Figure 3.14(b) shows the I-V 

characteristics of the fuel cell obtained at 2 mM glucose and several concentrations of 

H2O2 and Figure 3.14(c) shows the corresponding P-I characteristics.  The 

characteristics corresponding to the condition of 2 mM glucose and 2 mM H2O2 are to 

be compared to those obtained with HRP as shown in Figure 3.13(a).  Note that the 

remaining three characteristics in Figures 3.14(b) and 3.14(c) were obtained under the 
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physiological concentrations of glucose and H2O2 [107].  Figures 3.14(b) and 3.14(c) 

show that the output power increases with increasing concentration of H2O2 with a 

glucose concentration of 2 mM.  This behavior qualitatively agrees with the result 

shown in Figure 3.13(b).  Figure 3.14(b) indicates that the region of activation 

polarization is absent in the I-V characteristics.  We attribute this absence to the 

enhanced direct electrical communication at the cathode caused by the use of MP-11.  

The improvement in cell performance is reflected in OCV of 0.28 V, which is close to 

the predicted value of 0.33 V, and the peak power density of 3.7 μW/cm2.  

 

We have also constructed a biofuel cell by replacing the anode of the hybrid fuel cell 

with a GOx-immobilized HOPG and using MP-11 as the cathode catalyst.  Note that 

the enzymes are in direct contact to the bare electrode [96].  The I-V and P-I 

characteristics of the biofuel cell obtained at 2 mM glucose and 2 mM H2O2 are 

shown in Figure 3.14(d).  The I-V characteristics show the three characteristic regions 

due to deviation from the Nernstian behavior.  The peak power density of the biofuel 

cell is about 5 times less than that obtained with the hybrid fuel cell.  Previously, the 

kinetic properties of the electrooxidation of glucose catalyzed by the particle-

immobilized electrode have been compared to those catalyzed by the GOx-

immobilized electrode [78].  It was found that the silicon particle is more efficient 

than GOx in performing the oxidation of glucose with enhanced kinetic rate constants.  

We attribute the improved performance of the hybrid fuel cell as compared to that of 

the biofuel cell observed in this work to the enhanced kinetic properties of the 

particle-catalyzed glucose oxidation.  Note that the current and power levels of the 
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biofuel cell at the physiological concentrations (2 mM glucose and less than 1 mM 

H2O2) are extremely low. 

 

 

 

Figure 3.14 Characteristics of hybrid biofuel cells and a biofuel cell. (a) The I-V and 
P-I characteristics of the hybrid cell with a HRP-HOPG cathode operating on 2 mM 
glucose and 2 mM H2O2. (b) and (c), respectively, show the I-V and P-I 
characteristics of the hybrid cell with a MP-11-HOPG cathode operating on 2 mM 
glucose and different H2O2 concentrations. (d) The I-V and P-I characteristics of a 
biofuel cell with a GOx-HOPG anode and a MP-11-HOPG cathode operating on 2 
mM glucose and 2 mM H2O2. 
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The long-term stability of the hybrid fuel cell has been characterized by monitoring 

the cell voltage for RL = 1 MΩ.  Monitoring the cell voltage using a large load 

resistance [108] eliminates the effect of the depletion of fuel and oxidizer.  Figure 

3.15 shows the changes in the cell voltage during a period of five days at the fuel 

concentrations giving maximum power (2 mM glucose and 2 mM H2O2) and at the 

physiological concentrations (2 mM glucose and 10 μM H2O2).  The plot for 2 mM 

glucose and 2 mM H2O2 shows a fast decrease in the cell voltage (82 % of the initial 

value) during the first day.  The plot corresponding to the physiological 

concentrations shows a slow decrease in the cell voltage from its initial value at an 

average rate of 13% per day.  Figure 3.15 is the time plot of the cell voltage of the 

biofuel cell operating on 2 mM glucose and 2 mM H2O2.  The cell voltage dropped to 

an extremely small value within 8 hours.  Since the depletion of fuel and oxidizer can 

be ruled out, the decrease in the cell voltage of the biofuel cell is likely to be caused 

by the degradation of the enzymes due to the fact that the enzymes are subjected to a 

non-native environment, i.e. the solution and the electrode.  In particular, the presence 

of H2O2 may produce detrimental effects on the enzymes since it is known that H2O2 

damages cells and tissues.  This possibility is supported by the results shown in 

Figure 3.15 that, for the hybrid fuel cell, the voltage in the high H2O2 concentration 

case decrease much faster than in the low H2O2 concentration case.  This could be due 

to the detrimental effect of H2O2 on MP-11.  However, the even faster decrease in the 

biofuel cell case indicates that H2O2 could also make a detrimental effect on GOx, the 

anode catalyst.  Therefore, the improved electrode stability of the hybrid cell 

compared to biofuel cell could be attributed to the integrity of the silicon particles.  



 
Figure 3.15 The stability of the hybrid fuel cell and the biofuel cell as demonstrated 
by monitoring the cell voltage in time. Both cells contained 2 mM glucose. The 
hybrid cell contained physiological concentration of H2O2 (10 μM). 
 

 

Figure 3.16 shows another prototype hybrid biofuel cell.  The Si1 particles on an 

HOPG electrode were used as the anode catalyst for the electrooxidation of glucose to 

produce electrons, which generate a current in the external circuit.  Two enzymes, 

MP-11 and GOx, were co-immobilized on a HOPG electrode as the cathode catalyst.  

The anode and cathode electrodes were in a 3 ml plastic cell which contained 20 mM 

glucose dissolved in PBS.  GOx catalyzed the oxidation of glucose to produce H2O2, 

which diffused to MP-11 to be reduced to water as shown Figure 3.16.  The 

advantage of this cell is that both anode and cathode use same fuel (or oxidant).  

Figure 3.16 shows cell current versus voltage (I-V) and the power density versus cell 

voltage (P-V) characteristics of the fuel cell.  The cell’s OCV is 0.2 V and the peak 
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power density is 1.3 μW/cm2.  The I-V characteristic shows a deviation from the ideal 

rectangular shape.  This deviation could be a result of mass transport losses, reducing 

the cell voltage below its reversible thermodynamic value.  The power output of the 

fuel cell can be improved by employing a more efficient cathode reaction such as the 

reduction of oxygen to water using bilirubin oxidase [106]. 

 

Comparing the output power of the hybrid fuel cell operating on glucose only to that 

of the hybrid fuel cell operating on glucose and 1 μM H2O2, the performance of the 

former fuel cell is enhanced by co-immobilization of two enzymes.  These prototype 

hybrid fuel cells are constructed in the single-compartment cell using physiologically 

ambient glucose and H2O2 as fuels so that the hybrid fuel cells can be used as an 

implantable power source for biomedical applications such as power supply for 

biosensors [109], cardiac pacemakers [73] artificial hearing [104] and vision devices 

[75].  A typical power level of ~ 1 μW is required for the operation of the cardiac 

pacemaker [76].  In addition, the hybrid fuel cells show high output power density 

and long-term stability because the particles, compared to the enzyme GOx, show fast 

substrate conversion kinetic characteristics and the particle-immobilized electrodes 

exhibit stable long-term current output. 

 

 



 

 

 
Figure 3.16 The second prototype single-compartment hybrid biofuel cell. (a) A 
schematic description of the hybrid biofuel cell.  The Si1-HOPG electrode is used for 
anode and the GOx and MP-11 co-immobilized on HOPG electrode is used for 
cathode.  (b) The I-V and P-V characteristics of the hybrid biofuel cell as described in 
(a) obtained in 20 mM glucose dissolved in PBS at room-temperature.  
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As shown Figure 3.5, the particle-immobilized carbon paper electrodes show an onset 

of oxidation for the fuels between -0.3 V and -0.15 V vs. Ag/AgCl, which is 

equivalent to 0.31 V and 0.46 V vs. RHE.  The oxygen reduction reaction on Pt 

electrodes occurs at about 0.6 V vs. RHE [104,110].  Therefore, in principle, the 

particles can be used as the anode catalyst in direct alcohol fuel cells.  To demonstrate 

the feasibility of the silicon particles in the double-compartment fuel cell, we have 

constructed a prototype direct ethanol fuel cell as describe schematically in Figure 

3.17(a), using the Si1 as the anode catalyst in PBS containing 200 mM ethanol at pH 

6.  Pt particles were used as the cathode catalyst for the reduction of oxygen dissolved 

in 100 mM PBS at pH 6.  The open-circuit voltage of the cell is 0.48 V.  Figure 

3.17(b) shows the cell density vs. current voltage (I-V) and the power density vs. cell 

voltage density (P-V) characteristics of the fuel cell.  As shown in the literature 

[111,112], the I-V characteristics of the fuel cells show a deviation from the ideal 

rectangular shape.  This deviation could be a result of mass transport losses, reducing 

the cell voltage below its reversible thermodynamic value.  The maximum power 

density for the double-compartment cell is about 35 μW/cm2.  It is expected that the 

power output of the double-compartment fuel cell can be increased by employing a 

membrane-electrode assembly, which has been treated using hot press.  The output 

power of the prototype fuel cell is expected to improve with optimized operating 

conditions such as the pH values of the compartments, buffer concentration and 

particle loading.  
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Figure 3.17 The prototype double-compartment fuel cell (a) A schematic description 
of the double-compartment ethanol fuel cell. A Si1-CP electrode and a Pt-containing 
ELAT electrode were used as the anode and the cathode, respectively.  Each glass 
compartment had a volume of 30 ml. The cathode solution was saturated with oxygen. 
(b) The I-V and P-V characteristics of the fuel cell as described in (a) obtained at 
room-temperature. 
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Chapter 4  Ultrasensitive biodetection - the enzymatic transistor 

 

4.1 Introduction 

 

Bio-detection or bio-sensing is based on the chemical interaction between a biological 

molecule (a redox enzyme in the present work) and a substance of interest (the 

analyte or the substrate of the enzyme).  The enzyme is used as the sensing element 

and the chemical reaction between the enzyme and the analyte produces the electrical 

current, which is used for the qualitative or quantitative determination of the analyte.  

Because of the specific interaction between the enzyme and its substrate, bio-sensing 

provides substance selectivity.  Ultra-sensitive bio-detection techniques for the 

detection of extremely low analyte concentration have been intensively studied for 

many areas such as biomedical and environmental applications [55].   In particular, 

ultra-sensitive, highly-selective and fast-responsive bio-detection methods are 

required for early detection of important analytes such as disease related substances 

[7], carbon dioxide and oxygen in human body, blood, air, water, soils and other 

environmental situations [113].  Bio-electrochemical sensing appears as a suitable 

approach for these areas.  However, the inherent low level of interfacial charge 

transfer of this detection approach due to the embedment of enzymes’ active sites by 

the insulating protein environment creates a fundamental limit to the detection limit 

of this approach.   
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Several techniques have been proposed to overcome the inefficient electron transfer 

between the active site of the enzyme and the electrode.  By attaching ferrocene, an 

electron relay, to glucose oxidase (GOx), direct transfer of electrons from the active 

site through the relays to the electrode resulted in a glucose detection limit of 5 μM 

[26].  However, the catalytic effect of the enzyme is decreased due to the introduced 

foreign materials and modification of protein.  Also, mediators can be introduced to 

shuttle electrons between the enzyme active site and the electrode.  The enzyme, GOx, 

was attached to self assembled monolayers of alkanethiols on gold electrode and the 

mediator molecule (p-benzoquinone) diffused from solution to the GOx, transporting  

electrons from the active sites of GOx to the electrode [114].  This sensor has a linear 

glucose response range of 0 ~ 50 mM with a detection limit of 1 mM [114].  However, 

the selection of mediators for the desired system is limited due to the fact that redox 

potential of mediator should be closed to that of the enzyme.  Also, metal 

nanoparticles were used as a immobilized mediator to connect the active site of GOx 

and an electrode to enhance electron transfer [29].  For example, GOx adsorbed on a 

CdS nanoparticle modified electrode showed a linear glucose detection range of 0 ~ 

33.3 mM with a detection limit of 50 μM [30].  An ethanol sensor assembled with 

alcohol dehydrogenase (ADH) and gold nanoparticles on tin oxide electrode was 

developed and the sensor detected as low as 3.3 μM of ethanol [115].  An 

immobilization method to attach the enzyme on the electrode utilizing conductive 

polymer (polypyrrole and ployaniline) or hydrogels (polyacrylamide) has been 

studied.  The linear range of glucose detection from 0.01 mM to 1 mM with 5 μM 

detection limit was obtained in a glassy carbon electrode on which GOx was co-

 77



immobilized with a layer of poly p-pherrylenediamine [27].  However, these 

techniques rely on foreign materials whose selection is limited by the redox potential 

of enzyme and by other important factors such as stability, toxicity and 

biocompatibility.  

 

In addition to using foreign materials to enhance electron transfer and detection limit, 

the ion-selective field-effect transistor (ISFET) [116] has been used as a sensing 

device for improved detection, using redox enzymes as sensing elements.  The 

principle of ISFET is described in section 4.3.1.  A ISFET-based glucose biosensor, 

in which GOx is immobilized on the membrane covering the gate, showed a linear 

detection range of 0.25 ~ 2 mM and a detection limit of 150 μM [117].  A silicon 

nano-channel ISFET biosensor has been developed for glucose detection.  The 

glucose biosensor response was linear in the 0 ~ 8 mM range with a detection limit of 

0.5 mM [118].  Also, an ISFET biosensor using ADH as the sensing element for the 

detection of ethanol and nicotinamide adenine dinucleotide (NAD+), a cofactor of 

ADH, allowed a detection limit of 0.4 μM NAD+ and 20 mM ethanol, respectively 

[119].  Hydrogen peroxide (H2O2) sensors based on ISFET using inorganic and 

organic materials were developed.  The sensors utilizing iridium oxide, prussian blue 

and Os-polyvinylpyridine containing HRP as hydrogen peroxide sensing materials 

showed a H2O2 detection limit of 100 μM, 10 μM and 0.1 μM, respectively [120]. 

 

This chapter describes an ultrasensitive detection method using the basic biosensing 

scheme modified with gating electrodes for applying a voltage to the redox enzymes 
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immobilized on the working electrode.  This technique does not require the use of 

foreign materials to modify the enzyme.  By applying an external voltage between the 

gating electrode and the working electrode on which GOx was immobilized, the 

biocatalytic output current of the detector was increased significantly, demonstrating 

a voltage-controlled amplification of the output current of the detector.  The voltage-

controlled amplification allowed the detection limit of glucose to be lowered from the 

milli-molar level to the zepto-molar level.  The current amplification could be 

reversibly controlled by the applied voltage.  Applying this technique to the ethanol-

ADH system showed similar results.  The enzyme’s bio-specificity was preserved in 

the presence of the field.  In fact, the detector turns out a field-effect transistor, whose 

current generating mechanism is the conversion of the analyte to the product.    

Additionally, field-controlled reaction kinetics of biological catalysis is achieved 

using MP-11 and H2O2 system.  The manipulated electron transfer by the applied 

voltage causes kinetic parameters of the catalysis to acquire nonlinear dependences 

on the applied voltage, implying an efficiently controlled substance conversion 

process. 

 



4.2 Experimental 

  

4.2.1 Materials 

Alcohol dehydrogenase (ADH) 

ADH oxidizes alcohol (ethanol) to aldehydes or ketones [58].  This reaction requires 

a conenzyme nicotinamide adenine dinucleotide (NAD+) as a hydrogen acceptor and 

has a broad specificity for alcohol substrates.  ADH falls into a group of 

dehydrogenases that have a nucleotide binding domain.  ADH is a homo-dimer and 

each monomer has 374 residues with molecular weight of 74000 Da.  The active site 

of ADH has two binding domains, the coenzyme binding site, where NAD+ binds, 

and the substrate binding site, where the alcohol binds [121].  Most of the binding site 

for NAD+ is hydrophobic.  Figure 4.1(a) shows a schematic diagram of ADH. 

 

Coenzymes (FAD and NAD+) 

Flavin adenine dinucleotide (FAD) is a coenzyme which functions as oxidation-

reduction catalysts in the biological systems  [122].  FAD is usually tightly bound to 

proteins and cycle between the reduced and the oxidized state while remaining 

attached to the same protein molecule.  Depending upon the nature of the flavoprotein, 

the redox potential of FAD will vary [123].  Once in the reduced state, FADH2 can be 

re-oxidized back to FAD by molecular oxygen [124].  The Figure 4.1(b) shows a 

chemical structure of FAD/FADH2 and its redox reaction [58].  The redox reaction of 

FAD is [FAD + 2e- + 2H+  FADH2]. 

 80



Nicotinamide adenine dinucleotide (NAD+) is a coenzyme involving redox reactions 

in metabolism.  The main function of NAD+ is the transfer of electrons from one 

redox reaction to another [119].  NAD+, an oxidizing agent, is reduced in the form of 

NADH by accepting an electron and hydrogen from other molecules and then NADH, 

a reducing agent, can be re-oxidized to NAD+ by donating an electron and hydrogen 

[125]. Figure 4.1(c) shows a chemical structure of NAD+/NADH and its redox 

reaction.  The redox reaction of NAD+ is [NAD+ + 2e- + H+  NADH]. 

 

Iron-protoporphyrin IX (FePP) 

FePP, known as a heme, is a prosthetic group consisted of an iron ion (Fe2+/Fe3+) in 

the middle of a porphyrin ring as shown in Figure 4.1(d) [90].  The iron can be 

reduced or oxidized during the electron transfer reaction.  FePP has an 

electrocatalytic property for reducing oxygen [126].  Metallo-proteins containing the 

heme exhibit wide range of biological functions such as an electron transfer reaction, 

oxygen transport and storage, oxygenations of organic substrates and the reduction of 

oxygen and hydrogen peroxide [58]. 

 

ADH-HOPG, MP-11-HOPG and FePP-HOPG electrodes 

ADH (A3263, Sigma) solution was made by dissolving 5 mg of ADH in 1 mL of 100 

mM phosphate buffer solution (PBS) at pH 7.8.  10 mM NAD+ (N7004, Sigma) 

solution was prepared in deionized water.  ADH molecules were immobilized on the 

edge plane of HOPG.  A 0.1 ml drop of the ADH solution was deposited on the 

HOPG surface, which was then incubated at room temperature for 10 hours.  The 
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electrode was rinsed with deionized water.  The attachment of NAD+ to ADH was 

carried out by contacting the ADH-immobilized electrode with 10 mM NAD+ 

solution followed by rinse with de-ionized water.  MP-11 (M6756, Sigma) solution 

was made by dissolving 1 mg of MP-11 in 1 mL of 100 mM PBS at pH 7.  10 mM 

sodium borate buffer solution (SBS) at pH 10 was used to prepare 100 μM FePP 

(H9039, Sigma) solution.  A 0.1 ml drop of MP-11 solution for a MP-11-immobilzied 

electrode and FePP solution for a FePP-immobilized electrode was deposited on the 

edge plane of HOPG surface, which was then incubated at room temperature for 10 

hours.  All the solutions were prepared using deionized water (18.2 MΩ-cm, Direct 

Q3, Millipore).  Other chemicals used in this work (β-D(+)glucose with 97% purity, 

ethanol with > 99.9% purity, sodium phosphate with > 99.95% purity and sodium 

borate > 99% purity) were purchased from Sigma-Aldrich and were used as received.  

Hydrogen peroxide (H2O2, H352) were purchased from Fisher and used as received. 

 



 

 

 

Figure 4.1 schematic diagrams of biomolecules (a) Three-dimensional structure of 
ADH which has two binding sites for NAD+ and ethanol [127]. (b) Chemical 
structure of FAD/FADH2, a cofactor of GOx. FAD is reduced to FADH2 and the 
FADH2 can be re-oxidized back to FAD by molecular oxygen [128]. (c) Chemical 
structure of NAD+/NADH, a cofactor of ADH. NAD+ is reduced in the form of 
NADH by accepting an electron and hydrogen and then NADH can be oxidized to 
NAD+ by donating an electron and hydrogen [129]. (d) Chemical structure of FePP 
[92]. An iron ion at the center of a porphyrin ring can be oxidized (Fe3+) or reduced 
(Fe2+) in the electron transfer reactions. 
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4.2.2 Methods    

Figure 4.2(a) is a schematic illustration of the enzymatic detector.  It consists of a 

conventional three-electrode electrochemical cell modified with additional gating 

electrodes for applying an external voltage VG to the working electrode, upon which 

molecules of a redox enzyme are immobilized.  Enzymes and redox molecules are 

immobilized and confined within a working area of 1 mm × 1 mm defined by an 

insulating mask on the bare edge-plane of a HOPG electrode.  A piece of 0.5 mm-

diameter copper wire coated with a thin layer of insulator (enamel) (278-1345B, 

Radio Shack, TX) was used as the gaiting electrode.  The wire was bent to form a U-

shaped structure, which was attached on the working electrode next to the 

immobilized enzyme molecules using nonconductive epoxy (Dexter Corp., NJ) as 

shown in Figure 4.2(a).  An alternative method was to selectively evaporate gold on 

an insulating layer formed on the working electrode next to the immobilized enzyme 

molecules.  Both methods produced similar effects in this work.  Enzyme 

immobilization on the edge plane of HOPG, as described previously [96], results in 

the formation of a sub-monolayer of enzyme on the electrode as revealed by atomic 

force microscopy (AFM) in Figure 4.2(b).  It was shown that when GOx is 

immobilized on bare edge-plane of HOPG, its enzymatic activity is preserved [96].  

Figure 4.2(c) shows the cross section profile of the location as indicated by the line in 

Figure 4.2(b), indicating the presence of the sub-monolayer of enzyme molecules.   

 

Electrochemical measurements were controlled by an electrochemical workstation 

(CH Instrument 660C, Austin, USA).  The enzyme-immobilized electrode and the 
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FePP-immobilized electrode were used as the working electrode.  A commercial 

Ag/AgCl (saturated KCl) electrode was used as the reference electrode, and a 

platinum wire was used as the counter electrode.  Cyclic voltammograms (CV) was 

obtained at various scan rates, pH values and buffer solutions.  The buffer solution, if 

it needed, was deaerated by purging with pure nitrogen gas.  Chronoamperometric 

measurement was performed at constant electrode potential as function of time.  

Control experiments performed with bare HOPG working electrode, the reference 

electrode and the platinum counter electrode showed no electrochemical response to 

the analyst such as glucose, ethanol, hydrogen peroxide and oxygen from a potential -

1 V up to a potential as high as 1 V.  Note that the results of electrochemical 

measurements presented in this work have been produced with several electrodes in 

repeated experimental runs and therefore reflect the typical characteristics of the 

electrodes used in making the corresponding measurements.  The determination of 

detection limit was made according to signal/noise = 3.   

 

 

 

  



 

Figure 4.2 Schematic description of the enzyme transistor. (a) Each elliptical 
structure represents an enzyme molecule immobilized on the working electrode (not 
drawn to scale). The enzyme’s active center is indicated by the smaller circle within a 
molecule. The gating electrode is indicated by thin insulator coated wires, which 
consist of a copper wire represented by the blue circles and the thin insulator 
indicated by the shaded shells. VG is a voltage source used to produce an electric field 
at the interface between the sample solution and the working electrode (b) AFM 
image (1 μm × 1 μm) of a GOx-immobilized HOPG electrode, showing a sub-
monolayer of GOx with scattered molecules forming the second layer. The molecule 
appears to be about three times larger than its actual size due to tip-induced 
convolution. (c) Cross-section profile of the location as indicated by the line in (b).  
The profile shows two GOx molecules and the electrode surface, indicating the 
presence of a sub-monolayer of enzyme molecules. 
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4.3 Results and discussions 

 

4.3.1 Voltage-controlled bioelectro-oxidation of substrates – The field-effect 

enzymatic amplifying detector with pico-molar detection limit 

 

The detection technique has been applied to two well-known enzyme systems.  The 

GOx-glucose system plays an essential role in the making of glucose biosensors for 

the determination of glucose in blood, plasma and serum.  The cyclic voltammograms 

(CV) in Figure 4.3(a) show the oxidation of glucose brought about by a GOx-

immobilized electrode.  The black CV is the background signal (electrode in 

phosphate buffer solution (PBS) only) and the red CV is the electrode’s response to 3 

mM of glucose, both CVs being obtained with VG = 0 V.  The inset shows two 

glucose calibration curves of the electrode obtained with VG = 0 V but under different 

conditions (See below).  The current values are evaluated at the potential of 0.8 V and 

the background has been subtracted from the data points so that the data points show 

the glucose oxidation current.  The curves indicate the Michaelis-Menten kinetic 

behavior of the biocatalytic process.  The glucose detection limit of the electrode is 

200 μM, a typical value for glucose biosensors [96].  When VG was increased from 

zero, the glucose oxidation current was found to increase significantly.  The green CV 

and the blue CV of Figure 4.3(a) were obtained with VG = 0.02 V in the absence of 

glucose and in the presence of 3 mM of glucose, respectively.  Figure 4.3(a) shows 

that when VG is applied, the CV of the electrode shows an increased charging current 

due to the double-layer capacitance of the electrode.  In general, when the electrode 
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potential is scanned at a given rate, the charging current is independent of the 

electrode potential within the potential range used here [38].  However, the observed 

fast increase in the electrode current as the potential is increased indicates that the 

major component of the electrode current is the biocatalytic current due to the 

oxidation of glucose.  Figure 4.3(b) shows the relation between the glucose oxidation 

current (the detector’s output signal current obtained by subtracting the background 

from the electrode’s anodic current) and VG.  With 8 mM of glucose, the glucose 

oxidation current undergoes a 23-fold increase (amplification in the output current) as 

VG is increased from 0 to a critical value (Vc) of 0.02 V.  As VG is increased beyond 

Vc, the current starts to decrease.  It was observed that, for a given analyte, the value 

of Vc increases as the range of analyte concentration is lowered.  

 

The applied voltage did not produce permanent or irreversible detrimental effect on 

the catalytic activity of the immobilized GOx.  In the inset of Figure 4.3(a), the blue 

curve shows the electrode’s response to glucose with VG turned off after having been 

increased to 0.1 V.  The blue curve almost coincides with the pink curve, which was 

obtained before applying VG to the GOx molecules.  The reversibility of the effect 

produced by the voltage on the bioelectrochemical detection is also reflected in 

Figure 4.3(b), where the arrows indicate the direction of varying VG.  This reversible 

characteristic is another manifestation that the field did not produce permanent 

detrimental effect on the enzyme. Note that the segment indicating the decreasing 

output current will be discussed below in Section 4.3.2. 
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Figure 4.3 Electrochemical response of a GOx-immobilized electrode to glucose. (a) 
The black CV is the electrode’s behavior in PBS. The red CV shows the electrode’s 
response to 3 mM glucose. These CVs were obtained in the absence of the applied 
electric field (VG = 0).  The green CV and the blue CV were obtained with VG = 0.02 
V in the absence of glucose and in the presence of 3 mM of glucose, respectively.  
The inset shows two calibration curves of the electrode. The pink curve was obtained 
before applying any electric field to the GOx molecules. The blue curve was obtained 
with VG  = 0 after VG has been increased to 0.1 V and returned to 0 V. The current 
values are evaluated at the potential of 0.8 V and the background has been subtracted 
from the data points so that the data points show the glucose oxidation current. (b) 
The relation between the glucose oxidation current and VG at 8 mM of glucose. The 
currents were evaluated at a potential of 0.8 V. The background current has been 
subtracted. The arrows indicate the directions of the variation in VG. The critical 
voltage Vc occurs at about 0.02 V. 
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The signal amplification allowed us to detect glucose at progressively lower 

concentration below the milli-molar range by increasing VG.  Figure 4.4(a) shows 

CVs of the electrode with VG = 0.04 V.  The black CV is the background signal and 

the red CV is the electrode’s the response to 200 nM of glucose.  Both CVs are 

obtained with VG = 0.04 V.  The inset of Figure 4.4(a) shows the glucose calibration 

curve in the nano-molar range with a detection limit 20 nM.  In Figure 4.4(b), the 

black CV is the behavior of the electrode in PBS with VG = 0.06 V and the red CV is 

the electrode’s response to 500 pM glucose with VG = 0.06 V.  The inset of Figure 

4.4(b) shows the glucose calibration curve in the pico-molar range obtained with VG = 

0.06 V.  The calibration curve shows a detection limit of 100 pM with a detection 

resolution of 100 pM, which is demonstrated by the distinctive current values caused 

by increments of 100 pM in glucose concentration.  The current values in the 

calibration curves as shown in Figure 4.4 are evaluated at the potential of 0.8 V.  To 

estimate the observed detection limit, we estimate the magnitude of the oxidation 

current at the pico-molar glucose level, assuming that the two electrons released due 

to the oxidation of a glucose molecule can readily reach the electrode.  The total 

charge transferred Q = nFN, where n = 2, F is the Faradaic constant, and N is the 

number of mole electrolyzed [35].  For 100 pM of glucose, Q = 2 × 10-8 C. The 

faradaic current (i = dQ / dt) is estimated to be 3.33 nA, using a time interval of 0.6 

second, during which the anodic current increases noticeably as a result of scanning 

the cell potential from 0.5 V to 0.8 V.  This is the maximum extractable current.  The 

actual current should be much smaller than the estimated value, since the protein 

barrier reduces the tunnel rate.  
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Figure 4.4 Field-induced enhancements in analyte detection. (a) The black CV is the 
electrode’s behavior in PBS. The red CV shows the electrode’s response to 200 nM 
glucose. These CVs are obtained with VG = 0.04 V. The inset is the glucose 
calibration curve in the nano-molar range, which is evaluated at potential of 0.8 V (b) 
The black CV shows the background signal of the electrode in PBS and the red CV 
shows the electrode’s response to 500 pM glucose with VG = 0.06 V. The inset shows 
the glucose calibration curve in the pico-molar range, which is evaluated at the 
potential of 0.8 V 
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For enzymes immobilized on an electrode as shown in Figure 4.2(b), quantum 

mechanical tunneling gives rise to interfacial electron transfer [130].  It is known that 

the electronic energy profile of an insulating material can be modified by an electric 

field [131], and this effect has recently been used to construct a field-effect transistor 

using a non-electroactive protein as the active material [132].  The enhanced 

biocatalytic current due to VG observed here is consistent with the scenario that the 

electronic energy profile of the tunnel barrier at the enzyme-electrode interface is 

modified by an electric field so that the tunneling rate is enhanced.  In our 

experimental setup, VG induces charge distributions at the interface between solution 

and the enzyme molecules as shown in Figure 4.5.  For the oxidation of the analyst, 

when VG is positive, negative charges are induced on the surface of the HOPG 

electrode and positive ions are induced at both the interface between the solution and 

the enzyme molecules and the interface between the solution and the bare electrode.  

However, only the positive charges distributed on the enzyme establish electric fields 

within the enzyme since the active site carries a negative charge due to the electron to 

be transferred.  Figure 4.5 shows the fields associated with the arrangement of the 

induced charges.  In Figure 4.5, only the ions that produce the fields relevant to the 

observed effect are shown.  All other possible ion arrangements are irrelevant to the 

present discussion.  Note that the strength of the field increases with the amount of 

induced charges, which in turn increases with the magnitude of VG.  Also, the induced 

ions are distributed on the electrode surface with a spatial dependence that is 

determined by the distribution of the potential caused by VG on the electrode surface.  

The experimental conditions bear resemblance to that of the ion-selective field-effect 
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transistor (ISFET), a standard sensing scheme for ions and biomolecules [116], in 

which the applied voltage between the reference electrode and the semiconductor 

substrate induces positive ions at the solution-membrane interface to form a capacitor 

structure with the negative charge induced within the semiconductor.  The redox 

active site of an electroactive enzyme, i.e. the flavin adenine dinucleotide (FAD) of 

GOx or the NAD+ of ADH, is surrounded by a polypeptide network, which reduces 

the rate of tunneling between the active site and the electrode.  An electric field with 

the correct direction reduces the effective height of the tunnel barrier and therefore 

enhances the rate of tunneling [131].  In our experiment, the field established within 

the enzyme caused by applying a positive VG to the gating electrode with respect to 

the working electrode lowers the effective height of the tunnel barrier (the 

polypeptide maze) as shown in Figure 4.5 and therefore increases the electron tunnel 

rate.   

 

Figure 4.5 shows a conceptual electronic energy-band diagram of the enzyme-

electrode interface.  At equilibrium, no electron transfer occurs between the active 

site and the electrode, since the most probable energy of the occupied quantum state 

of the active site, Ered, is below the Fermi energy EF of the electrode.   When the cell 

potential of the electrode is raised, oxidation of the enzyme occurs as electrons are 

energetically allowed to be transferred from the Ered to the electrode.  The electrode-

active site system can be considered as a acceptor-donor pair, and, according to the 

Marcus theory of electron transfer [51], the electron transfer rate constant ket depends 

critically on the distance d between the electrode and the active site as ket ∝ exp(-βd).  
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In general, this distance is large due to the thick tunnel barrier of the polypeptide 

network, which makes electron transfer rate negligibly small.  However, the rate 

constant also depends on the value of the electron-coupling constant, β, which is 

determined by the effective height of the tunnel barrier.  When VG is turned on, the 

electric field caused by the induced charges described above distorts the top of the 

tunnel barrier (see the red dashed curve in Figure 4.5), reducing the effective height 

of the barrier and, therefore, resulting in a smaller value of β and a larger value of ket.  

Thus, the observed enhancement in the oxidation current of the analytes (glucose and 

ethanol) and hence their significantly improved detection limits are likely to the result 

of the field-induced modification of the energy barrier for tunneling.  Note that, to 

provide additional support for the proposed model described above, we have reversed 

the polarity of VG and observed no glucose oxidation current even in the milli-molar 

range.  This phenomenon corresponds to an increased effective tunnel barrier.  

 



 

Figure 4.5 The effect of cell potential and induced electric field on interfacial 
electron transfer. The red dot is the active site of the enzyme. The induced charges are 
located on opposite sides of the enzyme to set up the field. The enzyme catalyzes the 
oxidation of the analyte, resulting in electrons e- transferred to the active site.  Ered 
and Eox are respectively the most probable energies for the occupied and unoccupied 
quantum states of the active site. The Gaussian-shaped regions are the distributions 
associated with these energies. A positive cell potential raises Ered above EF, 
energetically allowing electrons to be transferred to the electrode. The induced field 
distorts the tunnel barrier as indicated by the red dotted curve, resulting in enhanced 
transfer of electrons 
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To show that the enhanced analyte detection also occurs with other systems, we have 

applied it to the ethanol-ADH system.  ADH is used as the sensing element of alcohol 

biosensors [133].  Figure 4.6(a) shows CVs of the ADH-immobilize HOPG edge-

plane electrode.  The black CV is the background signal and the red CV is the 

electrode’s the response to 2 nM of ethanol.  Both CVs are obtained with VG = 0.08 V.  

The inst of Figure 4.6(a), the red dot is the ethanol calibration curve obtained with the 

electrode with VG = 0 V.  The detection of ethanol is in the milli-molar range with a 

detection limit of 0.6 mM.  The blue dot is the calibration curve of ethanol in the 

nano-molar concentration range with a detection limit of 0.5 nM achieved with VG = 

0.08 V.  Above the detection limit, increments of 0.5 nM in ethanol concentration 

result in distinguishable current values.   Figures 4.3, 4.4 and 4.6 show that, by using 

VG, the current level of the detection signal for the wide range of analyte 

concentration studied can be controlled in the nano-ampere range for convenient 

electronic signal processing. 

 

The field-enhanced glucose detection in the presence of physiological interfering 

substances has been carried out in order to show that the substance selectivity of GOx 

is not compromised by the presence of the field.  Figure 4.6(b) shows that, with the 

field produced by VG = 0.06 V, the response of a GOx-immobilized electrode to 500 

pM of glucose (the blue CV) is almost indistinguishable from that for which 1 μM of 

ascorbic acid (AA) and 1 μM of uric acid (UA), which are major interfering 

substances in the body fluid for glucose detection, are present with the 500 pM 

glucose in the cell (the red CV).  Thus, the substance selectivity of GOx (enzyme’s 
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specificity for its analyte) has not been affected by the electric field in the presence of 

interfering substances, whose concentration are 103 times higher than that of glucose 

(the analyte).  Note that at the physiological level, the ratio of these interfering 

substances to glucose is less than unity [134].  

 

In summary, we have constructed an enzymatic detector, which provides voltage-

controlled current amplification, and demonstrated its application in ultrasensitive 

biological detection [135].  The application of the technique to two enzymatic 

systems indicates that this technique can be used as a generalized approach to achieve 

ultrasensitive amperometric biodetection.  The fact that the detector’s output current 

is controlled by a voltage applied at a third electrode suggests that the detector is a 

field-effect transistor, whose current-generating mechanism is the conversion of an 

analyte to a product using an enzyme as catalyst.  In a more general sense, our results 

show that a redox enzymatic reaction can be controlled externally.  Our study echoes 

with a recent study on using hydrostatic pressure to control hydrogen tunneling in 

enzymes [136]. 



 

Figure 4.6 The field-enhanced ethanol and glucose detection (a) CVs of the ADH-
immobilize HOPG edge-plane electrode.  The black CV is the background signal and 
the red CV is the electrode’s the response to 2 nM of ethanol.  Both CVs are obtained 
with VG = 0.08 V. The ethanol calibration curves of the electrode as shown in the 
inset obtained with VG = 0 V (red dot) and VG = 0.08 V (blue dot). The current values 
are evaluated at a cell potential of 0.8 V. (b) The black CV is obtained using the 
GOx-immobilized electrode in PBS with VG = 0.06 V.  The blue CV shows the 
electrode’s response to 500 pM of glucose in PBS and the red CV shows the 
electrode’s response to 500 pM of glucose in the presence of 1 μM of AA and 1 μM 
of UA. Both the blue and red CVs were obtained with VG = 0.06 V.   
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4.3.2 Voltage-controlled ultrasensitive biodetection beyond pico-molar range  

 

The field-induced enhancement in analyte detection at extremely low concentration 

up to zepto-molar range was studied by further increasing VG.  Figure 4.7(a) shows 

the field-induced glucose detection in the atto-molar (10-18 M) range with the field 

produced by VG = 0.12 V.  The calibration curve in the inset shows that the detection 

limit under this particular condition is 5 aM.  Above the detection limit, increments of 

5 aM, 10 aM, 20 aM and 30 aM in glucose concentration result in distinguishable 

current values.  Detection of glucose in the zepto-molar (10-21M) concentration range 

was obtained with VG = 0.15 V as shown in Figure 4.7(b).  The calibration curve in 

the inset shows a detection limit of 50 zM with a detection resolution of 50 zM.  The 

error bars show that the current of each data point distinctively represents the 

corresponding concentration.  Figure 4.7(c) shows the temporal dependence of the 

electrode’s response to several glucose concentrations.  The rates of the current decay 

are qualitatively consistence with the amount of glucose in the cell.  In particular, the 

1/e level is reached in 1 s, 1.2 s and 1.4 s for 100 zM, 300 zM and 500 zM, 

respectively.  These short time constants reflect the minute amounts of glucose in the 

sample.  

 

 

 

 

 



 

 
 
Figure 4.7 Field-induced analyte detection in extremely low concentration. (a) The 
black CV is the electrode’s behavior in PBS. The red CV shows the electrode’s 
response to 70 aM glucose. These CVs are obtained with VG = 0.12 V. The inset 
shows the calibration curve of the electrode in the atto-molar range. The current 
values are evaluated at potential of 0.9 V (b) The black CV shows the background 
signal of the electrode in PBS and the red CV shows the electrode’s response to 250 
zM glucose with VG = 0.15 V. The inset shows the glucose calibration curve in the 
zepto-molar range, which is evaluated at the potential of 0.9 V (c) The current of the 
electrode as in (a) is monitored in the time in different glucose concentration in the 
zepto-molar range at a potential of 0.8 V and with VG = 0.15 V. The arrows indicate 
the initial current for each glucose concentration. The inset shows the details of the 
temporal decays. (d) Femto-molar detection of ethanol using ADH-immobilized 
HOPG electrode with VG = 0.15 V. The inset is the electrode’s calibration curve for 
ethanol obtained at a potential of 0.7 V 
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To show that the field-induced detection at extremely low concentration does not only 

occur with the glucose-GOx system, we have applied this technique to the ethanol-

ADH system.  Figure 4.7(d) shows the detection of ethanol using ADH-immobilized 

edge plane HOPG electrode in the femto-molar (10-15 M) concentration range 

achieved with VG = 0.15 V.  The calibration curve in the inset indicates an ethanol 

detection limit of 10 fM.  Above the detection limit, increments of 25 fM in ethanol 

concentration result in distinguishable current values.    

 

The applied electric field used did not produce permanent or irreversible detrimental 

effect on the catalytic activity of the GOx, and it is likely that the conformation of the 

enzyme remained unaltered.  However, we noticed that the applied field can produce 

a temporary reduction in the catalytic current.  In Figure 4.8, the glucose oxidation 

currents of a GOx-immobilized electrode are plotted versus VG for atto-molar range 

detection.  The plot shows that the current increases to a maximum value at Vc = 0.12 

V, after which it decreases with further increase in VG.  When VG is reversed, the 

currents follow almost the same path to the original value as indicated by the arrows. 

This phenomenon also appears in other glucose concentration ranges (see Figure 4.3 

(b)). This effect suggests that a certain amount of the GOx molecules can be 

temporarily “disabled” by the field due to an unknown mechanism, which occurs 

when the field becomes high enough. Nevertheless, this reversible characteristic is a 

manifestation that the field did not produce permanent detrimental effect on the 

enzyme.  
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The calibration curves in the insets of Figures 4.7(a) and 4.7(b) show current 

saturation due to the Michaelis-Menten kinetics.  According to Figure 4.3(a), 

saturation should not occur at such low analyte concentration.  Here, we present a 

possible scenario, in which this peculiar effect could be the result of the mechanism 

for the temporary loss of enzymatic activity described above.  Since the enzymes 

carry charges on their surfaces [84,121], the field may re-orient them or change their 

conformation so that they are “disabled” in carrying out their enzymatic activities, the 

result of which is diminished catalytic activity or interfacial tunneling or both.  This is 

referred to as the “unfavorable effect”.  Assuming the enzyme molecules have 

different state of immobilization in terms of orientation and flexibility on the 

electrode surface, which is likely to occur with the method of immobilization used 

here, the “unfavorable effect” may “disable” the molecules with different field 

strengths produced by VG.  Before the “unfavorable effect” shows pronounced effect, 

the “favorable effect”, which is the field-induced modification of the tunnel barrier, 

still enhances the oxidation current.  As the field is increased, the tunnel current 

increases due to the “favorable effect”.  When the field is increased beyond Vc, a 

certain amount of enzyme molecules are “disabled” due to the “unfavorable effect” 

and the number of functioning enzyme molecules on the electrode is reduced.  In the 

milli-molar range of glucose detection, Vc occurs at about 0.02 V as shown in Figure 

4.3(b).  Suppose that the analyte concentration is now reduced to a lower range.  If 

the field is further increased, more enzyme molecules will be “disabled”.  However, 

for the molecules that are not affected, the “favorable effect” still induces the 

enhancement in the tunnel current with the functioning enzyme molecules, and under 
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the condition that the analyte concentration is low enough, a continuation of the 

region, in which the oxidation current increases with increasing VG, will occur beyond 

the Vc until a new and higher value of Vc is reached. Figure 4.8 shows that in the atto-

molar range of glucose detection, the new Vc is about 0.12 V.  Now, if the analyte 

concentration is increased, saturation in the oxidation current occurs due to the much 

reduced number of enzyme molecules.  

 

 

 

Figure 4.8 The reversible effect of field on oxidation current. The glucose oxidation 
current is plotted versus VG for 30 aM of glucose. The critical voltage Vc occurs at 
about 0.12V. 
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The field-induced improvement of detection limit can be expected with general 

nanoscale electroactive objects.  However, in enzymatic biosensing, substance 

selectivity should not be compromised by any detection maneuver.  It was observed 

that the selectivity of GOx for glucose in the presence of an electric field is retained 

even in extreme low glucose concentrations.  Figure 4.9 shows that, with the field 

produced by VG = 0.12 V, the response of a GOx-immobilized electrode to 100 aM of 

glucose (the blue CV) is almost indistinguishable from that for which 1nM of 

ascorbic acid (AA) and 1 nM of uric acid (UA), which are interfering substances in 

the body fluid, are present with the 100 aM glucose in the cell (the red CV).  Thus, 

the substance selectivity of GOx (enzyme’s specificity for its analyte) has not been 

affected by the electric field in the presence of interfering substances, whose 

concentration are 107 times higher than that of glucose (the analyte).  Note that at the 

physiological level, the ratio of these interfering substances to glucose is less than 

unity  [134,137].  
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Figure 4.9 The preserved enzymatic selectivity of GOx under the influence of field. 
The CVs of a GOx-immobilized electrode were obtained with VG = 0.12 V. In 
addition to producing biocatalytic currents in response to the presence of 100 aM of 
glucose (the blue CV), the electrode also shows the selectivity for glucose in the 
presence of 1 nM of AA and 1 nM of UA (the red CV). 
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In this section, we have demonstrated the field-induced ultrasensitive biodetection of 

glucose and ethanol at extremely low concentrations.  The calibration curves in 

Figures 4.7(a) and 4.7(b) clearly indicate that, in the atto and zepto molar analyte 

concentration range, the detector’s output current changes as the analyte 

concentration is changed.  However, an experimental condition raises contradiction. 

In Figure 4.7 (b), each data point is associated with the number of glucose molecules 

in the cell caused by the corresponding glucose concentrations as indicated by the red 

numbers in the inset.  In particular, the system was able to detect a minimum of 30 

glucose molecules present in the cell and showed response to each incremental 

change in the unit of 30 glucose molecules in the cell.  The total charge transferred Q 

is estimated to be 10-17 C by 30 glucose molecules in the cell so that the current is 

estimated to be 2.5 aA, using a time interval of 0.4 second during which the anodic 

current increases noticeably as a result of scanning the cell potential from 0.8 V to 1.0 

V.  However, the detection current observed up to zepto-molar range is on the nA 

level.  A possible explanation for this contradiction is that the field-induced glucose 

oxidation reaction at higher VG (~ 0.15 V) may become complex.  First, higher VG 

causes large downward distortion of the barrier so that the electron transfer rate from 

the active site of the enzyme to the electrode is high.  When being oxidized, glucose 

instantaneously forms glucono lactone.  Since FAD is also a cofactor for oxidation of 

glucono lactone [138] and the FAD is readily available (due to the high rate of 

electron transfer from the FAD to the electrode) to carry out the oxidation of glucono 

lactone, more current will be produced.  A second possible scenario involves 

stripping electrons directly from glucose.  At higher VG (~ 0.15 V), the conductance 
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between the active site and the electrode becomes larger so that the active site is in 

effect electrically connected to the electrode.  Therefore, the active site and the 

electrode form a complex, which is capable of stripping electrons from glucose.  

Previous observation shows that 18 electrons can be extracted [139].  These possible 

processes individually or combined may contribute the observed enhanced oxidation 

current.  The last possible scenario is a cyclic reaction of gluconic acid to glucono 

lactone as shown in Figure 4.10(a).  GOx and glucose form a GOx-glucose complex 

before the reaction.  Glucose is oxidized to glucono lactone which remains the 

complex form due to the high rate of electron transfer from the FAD to the electrode.  

Glucono lactone in the complex is hydrolyzed to gluconic acid spontaneously and 

then gluconic acid undergoes lactonization into glucono lactone [140].  Thus, the 

cyclic reaction of gluconic acid to glucono lactone could take place in the complex, 

which generates enhanced oxidation current.  During the cyclic reaction, the complex 

act as a molecular machine supplying continuous electrons [141]. 

 

The ethanol detection current observed up to femto-molar range is on the nA level.  

Similarly, the field-induced ethanol oxidation reaction at higher VG (~ 0.15 V) may 

involve stripping electrons directly from ethanol as explained above.  Previous 

observation shows that 12 electrons can be extracted [61].  The cyclic reaction of 

ethanol is also suggested as shown in Figure 4.10(b).  In an ADH-ethanol complex, 

ethanol is oxidized to acetaldehyde.  In some part of ADH and unoccupied ADH, 

acetaldehyde can be reduced to ethanol by a streochemically cryptic reduction 

reaction of ADH [142].  Therefore, the cyclic reaction of ethanol to acetaldehyde may 
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occur, which produces enhanced oxidation current.  These possible processes 

individually or combined may contribute the observed enhanced oxidation current.  

Further investigation on electrooxidation of glucose and ethanol at extremely low 

concentration is needed to elucidate the measured enhanced current.  

 

 

 

 

 

Figure 4.10 The possible mechanism for enhanced oxidation current of glucose and 
ethanol.  (a) The cyclic reaction of gluconic acid to glucono lactone. The red dot is 
the active site of the enzyme. Glucose is oxidized to glucono lactone which remains 
the complex form. Glucono lactone in the complex is hydrolyzed to gluconic acid 
spontaneously and then gluconic acid undergoes lactonization into glucono lactone. 
Thus, the cyclic reaction of gluconic acid to glucono lactone generates enhanced 
oxidation current. (b) The cyclic reaction of ethanol. In an ADH-ethanol complex, 
ethanol is oxidized to acetaldehyde.  In some part of ADH and unoccupied ADH, 
acetaldehyde can be reduced to ethanol by a streochemically cryptic reduction 
reaction of ADH. Therefore, the cyclic reaction of ethanol to acetaldehyde may occur, 
which produces enhanced oxidation current.  
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4.3.3 Voltage-controlled bioelectro-reduction of hydrogen peroxide - controlling 

electron transfer and reaction kinetics of the biological catalytic systems 

 

Electron transfer is a fundamental process for important biological phenomena such 

as photosynthesis, respiration and metabolism.  Effectively controlled electron 

transfer is one of the primary regulation mechanisms in biology and biomolecular 

machines [143,144], while efficiently controlled reaction kinetics of biological 

catalysis is an essential requirement for viable renewable and green energy processes 

[145].  Long-range electron transfer (LRET) occurs over a distance on the order of 10 

Å in biological systems [47], where electrons tunnel between electroactive donors and 

acceptors through polypeptide networks.  The rate constant of tunneling between a 

pair of weakly coupled donor and acceptor ket depends critically on two quantities as 

[50],  

                                                       ket ∝ exp(-βd )                                         (4.1) 

where d is the distance through the insulating barrier between the donor and the 

acceptor and β is the attenuation coefficient which is proportional to the square root 

of  the tunnel barrier height (β ∝ (Фo)1/2) [50].  The LRET formalism is used in the 

pathway model of electron transfer in the biological systems to describe the strength 

of both through-bond [52] and through-space [47] coupling routes from donor to 

acceptor [53] 

 

In Sections 4.3.1 and 4.3.2, it is shown that applying VG to immobilized enzymes 

results in enhanced interfacial electron transfer.  In this section, interfacial electron 
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transfer is studied systematically.  First, the effect of VG on the redox property of 

FePP, a common redox organic molecule, is studied in order to show that the tunnel 

barrier at the enzyme-electrode interface indeed can be modulated by VG.  FePP has 

an electrocatalytic property for reducing oxygen [126].  In addition, FePP as a heme 

(Fe2+/Fe3+) forms a prosthetic group of a number of proteins such as hemoglobin and 

cytochrome c that are often encountered in biological electron transfer processes 

[126].  These heme-containing proteins exhibit a wide range of biological functions, 

including simple electron transfer reactions, oxygen transport and storage, oxygen 

reduction to the level of hydrogen peroxide or water, and the reduction of hydrogen 

peroxides [90].    

 

Then, the effect of VG on the electron transfer associated with the reduction of 

hydrogen peroxide (H2O2) catalyzed by microperoxidase-11 (MP-11), a redox 

biomolecule, is studied.  MP-11 and H2O2 is an important bio-catalytic system.  MP-

11 is a heme-containing oligopeptide that consists of the active site microenvironment 

of cytochrome c, an electron transfer protein for many redox enzymes.  H2O2, a 

strong oxidizing agent, is produced in organisms as a byproduct of oxygen 

metabolism.  MP-11 catalyzes the reduction of hydrogen peroxide to water [90] and 

therefore reduces oxidative stress.  The most important conclusion of this work is the 

nonlinear dependences of the kinetic parameters of the catalysis on the voltage, 

implying an efficiently controlled substance conversion process. 
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The redox reaction of FePP immobilized on an electrode has been intensively studied 

[146].  CVs of a HOPG electrode immobilized with FePP were obtained under 

different conditions as shown in Figure 4.11(a).  The CVs were obtained in 10 mM 

SBS at pH 10.  The green dotted lines are used to indicate the baselines of the peaks 

and the peak heights.  The black CV, obtained with VG = 0 V, shows a pair of redox 

peaks with a formal potential of E0 = -0.5 V (vs. Ag/AgCl), indicating the molecule’s 

reversible electron transfer (redox) reaction with the electrode, in which Fe3+ is 

reversibly reduced to Fe2+ as previously reported [146].  When VG is varied to 0.2 V, 

the corresponding red CV shows that the heights of the redox peaks are increased.  

The blue CV corresponds to a more positive VG of 0.8 V.  It shows further increases 

in the heights of the peaks.  The inset shows this dependence of the peak heights on 

VG.  The double-arrowed line is used to indicate the reversibility of this dependence.  

Therefore, the inset shows the manipulation of the interfacial electron transfer.   

 

The effect of VG on the electrocatalytic property of FePP to oxygen is shown in Figure 

4.11(b).  The CVs are obtained in 10 mM SBS at pH 10.  Figure 4.11(b) shows the 

electro-reduction activity of the FePP-immobilized electrode for O2 in the absence 

and presence VG.  The black CV shows the electrode’s behavior in the absence of O2 

and VG.  The red CV was obtained in the presence of O2, indicating the electro-

reduction of O2 in the absence VG.  When VG was turned on, the height of redox peak 

is increase as shown in the blue CV.  In the presence of VG and O2, the reduction 

current further increased as reflected in the green CV.  This effect is the result of the 

gating voltage which reduces the effective tunnel barrier height.  
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Figure 4.11 The effect of VG on the redox properties of FePP immobilized on an 
electrode. (a) The CVs were obtained in 10 mM SBS at pH 10. The green dotted lines 
are used to indicate the baselines of the peaks and the peak heights. The inset shows 
the manipulation of the redox peak currents by varying VG. Ip,o and Ip,r are the peak 
currents of the oxidation peak and the reduction peak, respectively (b) the Electro-
reduction activity of the FePP-immobilized electrode. The black CV and blue CV 
show the redox peak of FePP in the absence and presence of VG, respectively. The 
black CV and blue CV are obtained in deaerated 10 mM SBS at pH 10. The red CV 
and green CV show the electro-reduction of the electrode for O2 in the absence and 
presence of VG, respectively. The red CV and green CV are obtained in O2 saturated 
10 mM SBS at pH 10.   
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The enhanced redox peak currents due to VG observed here is consistent with the 

scenario already described in Section 4.3.1 that the electronic energy profile of the 

tunnel barrier at the molecule-electrode interface is modified by an electric field so 

that the tunneling rate is enhanced.  In this experimental setup, negative charges are 

induced on the surface of the HOPG electrode and positive ions are induced at both 

the interface between the solution and the molecules and the interface between the 

solution and the bare electrode as shown in Figure 4.12(a).  However, only the 

positive charges distributed on the molecules establish electric fields within the 

molecule since the electrode carries negative charges induced by VG.  The active site 

of a redox molecule is usually surrounded by a molecular network, which is non-

electroactive and therefore forms the tunneling barrier between the site and the 

electrode.  An electric field with the correct direction reduces the effective height of 

the tunnel barrier and therefore enhances the rate of tunneling [131]. 

 

Figure 4.12(b) shows a conceptual electronic energy-band diagram of the molecule-

electrode interface.  At equilibrium, no electron transfer occurs between the active 

site and the electrode, since the most probable energy of the unoccupied quantum 

state of the active site, Eox, is above the Fermi energy EF of the electrode.  When the 

potential of the electrode is lowered, reduction of the molecule occurs as electrons are 

energetically allowed to be transferred from the electrode to Eox.  The electrode-active 

site system can be considered as a acceptor-donor pair, and, according to the LRET 

formalism described above, ket ∝ exp(-βd).  In general, d can be large so that electron 

transfer is diminished.  The size of the non-electroactive part for FePP is about 5 Å , 
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while that for MP-11 is about 12 Å (see below),  which is long for LRET so that 

electron transfer is low.  However, in our experiment, the electron-coupling constant, 

β, which is determined by the effective height of the tunnel barrier, can be reduced 

using the electric field created by the induced ions as the result of applying VG as 

described above.  The field distorts the top of the tunnel barrier (see the red dashed 

curve in Figure 4.12(b)), reducing the effective height of the barrier and, therefore, 

resulting in a smaller value of β and a larger value of ket.  Thus, the observed 

enhancement in the redox peak currents of the immobilized FePP, the reduction 

current of O2 catalyzed by FePP and the reduction current of H2O2 catalyzed by MP-

11 (see below) are likely to result in the field-induced modification of the energy 

barrier for tunneling. 

 

To provide additional support for the model described above, we performed cyclic 

voltammetry of an HOPG electrode immobilized with FePP as shown in Figure 

4.13(a).  The black CV, obtained with VG = 0 V, shows a pair of redox peaks, 

indicating the molecule’s reversible electron transfer (redox) reaction, in which Fe3+ 

is reversibly reduced to Fe2+.  When VG is varied to -0.05 V, the corresponding red 

CV shows that the heights of the redox peaks are decreased.  The blue CV and the 

purple CV correspond to more negative VG of -0.1 V and -0.4 V, respectively.  Theses 

CVs show further decrease in the heights of the peaks.  The Figure 4.13(b) shows this 

dependence of the peak heights on VG.  The peak currents of the redox peaks of FePP 

decrease as the magnitude of the reversed voltage increases, indicating an increased 

effective height of the tunnel barrier. 
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Figure 4.12 Illustration of the principle of the field-modulation technique. (a) The 
ion-induced electric field at the solution-electrode interface. Each elliptical structure 
represents a redox molecule, whose active center is indicated by the smaller red circle 
within a molecule. (b) Energy profile of the molecule-electrode interface. Ered and Eox 
are respectively the most probable energies for the occupied and unoccupied quantum 
states of the active site. The Gaussian-shaped regions are the distributions associated 
with these energies. EF is the Fermi energy of the electrode.  A negative cell potential 
raises EF above Eox, energetically allowing electrons to be transferred to the molecule. 
The induced field distorts the tunnel barrier as indicated by the red dotted curve, 
resulting in enhanced transfer of elect 
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Figure 4.13 The effect of reversing the polarity of VG on the redox properties of 
immobilized FePP. (a) The CVs were obtained in 10 mM SBS at pH 10 with VG. The 
green dotted lines are used to indicate the baselines of the peaks and the peak heights. 
(b) The dependence of the peak heights on VG. Ip,o and Ip,r are the peak currents of the 
oxidation peak and the reduction peak, respectively. The peak heights of the redox 
peaks of FePP decrease as the magnitude of the reversed voltage increases, indicating 
an increased effective height of the tunnel barrier. 
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The redox properties of MP-11 immobilized on an electrode was characterized. 

Figure 4.14(a) shows the CVs obtained with a MP-11-immobilized electrode at 

various scan rates of the potential in the absence of H2O2.  The well-defined redox 

peaks indicate a formal potential of E0 = -0.31 V (vs. Ag/AgCl) as observed in the 

literature [147].  The Figure 4.14(b) shows the dependence of the peak currents on the 

scan rate.  With the scan rate increased from 10 mV/s to 200 mV/s, the redox peak 

currents show a linear dependence on the scan rate, indicating that the MP-11 

molecules that were communicating electrically with the electrode were immobilized 

on the electrode [148].  The number of electrons exchanged, n, between the MP-

11molecule and the electrode can be estimated using the Laviron equation, Ip,r = 

(nFQv) / (4RT), where Ip,r is reduction peak current, v is the scan rate, Q is the charge 

of an electron, and F is faraday constant [148].  Therefore, for the redox reaction of 

immobilized MP-11, the CVs in Figure 4.14 yield a value of n = 1.09, which is 

consistent with the single electron transfer process of Fe3+ + e-  Fe2+.  The 

electrode’s surface coverage by the MP-11 molecule, Γ, can be estimated by Γ = 

(4Ip,rRT) / (n2F2Av) [35].  Measuring the reduction peak height from the CV in Figure 

4.14(a) obtained at a scan rate of 100 mV/s and using an area of 1 mm2 for the 

electrode surface area A, Γ was estimated to be 4.7266 × 10-11 mol/cm2.  Since the 

size of MP-11 is  approximately 2.5 nm × 1.3 nm × 1.5 nm [89],  the value of Γ 

corresponds to a monolayer.   
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Figure 4.14 Electrochemical characterization of MP-11 immobilized electrode (a) 
CVs of MP-11 immobilized on the HOPG electrode obtained at different potential 
scan rates in 100 mM PBS at pH 7. (b) Plot of Ip,o and Ip,r on the potential scan rates 
from 10 to 200 mV/s. The peak currents show a linear dependence on the scan rate, 
indicating that the MP-11 molecules that were communicating electrically with the 
electrode were immobilized on the electrode 
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The effect of applying VG on the bio-catalytic system of MP-11 and H2O2 is shown in 

Figure 4.15.  Figure 4.15(a) shows the bio-catalytic activities of a MP-11-

immobilized electrode for H2O2 in the absence and presence VG.  The black CV 

shows the electrode’s behavior in the absence of H2O2 and VG.  The bio-catalytic 

nature of the electrode to H2O2 is reflected in the green CV, which was obtained in 20 

μM of H2O2.  The CV shows a large increase in the cathodic current, which is 

indicative of the reduction of H2O2 to water [147].  When VG was turned on, the 

reduction current further increased as reflected in the blue and red CVs.  This effect is 

consistent with Figure 4.12(b) and the discussion above on the reduced effective 

tunnel barrier height using a field. 

 

The dependence of the reduction peak current Ip,r on VG at different concentrations of 

H2O2 was measured and is displayed in Figure 4.15(b).  It is obvious that, at a given 

H2O2 concentration, increasing VG causes Ip,r to increase.  Thus, Figure 4.15(b) shows 

the effect of voltage-controlled current amplification in the bio-catalytic process.  

Figure 4.15(c) shows the measured dependence of Ip,r on H2O2 concentration for 

different values of VG.  The black curve is the electrode’s intrinsic calibration curve 

for H2O2.  It shows a linear dependence for low concentrations (10 ~ 50 mM) and a 

transition toward saturation at higher concentrations.  This behavior indicates the 

Michaelis-Menten kinetics of the reduction process.  The other curves obtained with 

non-zero VG follow the same behavior with downward shifts.  
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Figure 4.15 The effect of VG on the reduction of H2O2 catalyzed by MP-11. (a) CVs 
of immobilized MP-11 were obtained in 100 mM PBS at pH 7 under different 
conditions. (b) The dependence of Ip,r on VG for different H2O2 concentrations. (c) 
The H2O2 calibration curves of the MP-11-immobilized electrode for different value 
of VG. (d) The dependences of Km and kcat on VG 
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To gain insight into the observed effect of VG on the reduction reaction of H2O2, an 

investigation on the kinetic properties of the reaction has been made.  The kinetics of 

the bio-catalytic conversion occurring at the electrode can be characterized using two 

parameters, namely, kcat and Km, where kcat, the turnover rate constant, is the 

maximum number of H2O2 molecules that can be converted to water per second per 

active site and Km is the Michaelis constant, which is the H2O2 concentration required 

for effective catalysis to occur [149].  A low Km indicates high bio-catalytic efficiency 

for the reduction of H2O2 [149,150].  The reduction peak current, Ip,r, is given in terms 

of kcat and Km by the Lineweaver-Burk (LB) equation [60],  

                         1 / Ip,r = {Km / (nFAkcatΓ [H2O2]) + 1 / (nFAkcatΓ )}                 (4.2) 

The equation shows that 1 / Ip,r  has a linear dependence on 1 / [H2O2].  Therefore, kcat 

and Km can be determined from the slope and the vertical intercept of the plot of the 

equation.  These parameters in the presence of VG are evaluated using the curves in 

Figure 4.15(c) and are shown in Figure 4.15(d).  Figure 4.15(d) shows that kcat 

increases and Km decreases as VG is increased.  In general, a bio-catalytic reaction is 

described as , where E is the enzyme (or the catalyst), S 

the substrate, ES the enzyme-substrate complex and P the product, the second step is 

the catalytic step, in which the product is formed and the enzyme returns to its 

original state.  Figure 4.15(d) shows that increasing VG results in a faster conversion 

process from H2O2 to water for a MP-11 molecule. This is because electrons are 

required to initiate the second step.  Therefore, an increased ket at the MP-electrode 

interface results in a higher kcat (=k2) so that more water molecules are produced and 
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the MP-11 molecule returns to its original state more quickly to be available for the 

next conversion process.  In Figure 4.15(d), kcat shows a faster increase starting at VG 

= 0.5 V, indicating a nonlinear dependence on VG.  This nonlinearity is likely to be 

the result of the exponential dependence of ket on β as shown in Equation 4.1. The 

voltage-enhanced reaction kinetics is qualitatively supported by the behavior of Km as 

shown in Figure 4.15(d), where Km decreases as VG is increased, indicating higher 

bio-catalytic efficiency. Compared to kcat, Km shows a mild nonlinearity.  Since Km 

describes the entire bio-catalytic reaction, i.e. Km depends on k±1 and k2, the 

dissociation of ES to E and S (to MP-11 and H2O2) may be the cause for the mild 

nonlinearity. 

 

The results described in this section show that the reduction of H2O2 to water 

catalyzed by MP-11 immobilized on an electrode can be controlled by applying the 

voltage VG to the immobilized MP-11. In fact, the experimental setup illustrates the 

operation of a field-effect bio-catalytic transistor, in which the current-generating 

mechanism is the conversion of the analyte to the product.  The most important 

observation of this work is that the kinetic parameters of the conversion process can 

be controlled using an external voltage VG.  We have observed a nonlinear 

dependence of the kinetic parameters on VG due to the controlled interfacial electron 

transfer by VG.  The nonlinearity indicates the feasibility of effective controlling the 

efficiency of a bio-catalytic reaction or a conversion process using the voltage. 

 

 



Chapter 5 Conclusions 

 

Recent advances in nanotechnology have made it possible to produce varieties of 

nanoscale materials with novel properties and manipulate the properties of nanoscale 

materials, the proper utilization of which may provide solutions to the present 

pressing issues in energy and health.  This dissertation demonstrates that ultrasmall 

colloidal silicon nanoparticles, a novel nanoscale material, behave as electrocatalysts 

for the electro-oxidation of renewable fuels such ethanol, methanol and glucose.  The 

catalysis shows features that have not been observed in the conventional catalysis 

using platinum as catalyst.  The prototype fuel cells constructed utilizing the particles 

as the anode catalyst indicate the potential of using the particles in fuel cell 

applications. 

 

Further investigations on the catalytic property of the particles remain for the future.  

First of all, composite materials consisted of the particles and other nano materials 

such as carbon nanotubes [33] and an electrode on which the particles are entrapped 

with various conducting polymer [27] are suggested to enhance the catalytic activities 

of the particles.  Second of all, studies of electrocatalytic activities of the particles to 

the biologically important substances including DNA [151], lactate [152], nitric oxide 

[153], neurotransmitter (dopamine, epinephrine, norepinephrine) [22,23], DJ-1 

protein (Parkinson’s disease) [154], ketones (diabetes : acetoacetate, beta-

hydroxybutyrate, acetone) [155] , HbA1c (diabetes) [156] and amyloidogenic 

proteins (Alzheimers’s disease) [157] are mainly suggested for the biomedical 
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applications.  Third of all, investigation on the reduction activities of the particles to 

oxygen is very important for the fuel cell application due to slow speed of oxygen 

reduction using Pt [17].  Lastly, study for light dependency of the particles may 

provide an enhanced performance of sensors and fuel cells construed using the 

particles as the catalyst.  

 

This dissertation also shows a technique for controlling the properties of nanoscale 

biological systems. As a new technique for detection of biomolecules and 

manipulation of reaction kinetics of biomolecular system, a field-effect bio-catalytic 

transistor is demonstrated.  The transistor shows operations of ultra-sensitive, highly-

selective and fast-responsive bio-detection for extremely low concentration of the 

analyte and current generation of the conversion of the analyte to the product. 

 

Ultra-sensitive bio-detection techniques for the detection of extremely low analyte 

concentration have been intensively studied for many areas such as biomedical and 

environmental applications [55].  Our technique can be directly applied to the study 

of Alzheimer’s disease [4,157], Parkinson’s disease [154], diabetes [155], bioassay of 

antibodies [5], and environmentally important substances including oxygen, carbon 

dioxide, acidity, salinity, nitrate, calcium and fluoride [113].  Furthermore, an 

polarized gate electrode in the detection setup can be integrated with microfluidic 

systems (biochips and biosensors) based on Micro-Electro-Mechanical Systems 

(MEMS) technology which handle nano and pico liter volumes of sample so that the 

integrated system is able to detect extremely small amount of analyte in the sample 
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and therefore to diagnose many diseases.  In addition, as an effective parameter in the 

catalysis reaction of the biological system, the technique can be used for studying the 

mechanism of enzyme catalysis in which the rate of the reaction is determined by the 

barrier of the reaction heights [136].  The long-range electron tunneling mechanism in 

many biological oxidation-reduction systems can be investigated by controlling the 

electron tunneling and reaction kinetics of the system [50].  
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