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Abstract 

Implantable medical devices came of age with the artificial pacemaker more than 60 

years ago. Their true potential of being located directly where their prosthetic or 

therapeutic actions are needed will be further enhanced by making them smaller with 

the aid of microfabrication. Their Achilles heel comes at the cost of limited lifetimes of 

an otherwise functional unit due to their small footprint limiting the size and energy 

storage capacity of current power supply solutions based on batteries. In contrast, 

chemical energy harvesters based in exogeneous fuels such as glucose and dissolved 

oxygen may hold the best promise of developing a long-term energy supply due to the 

relative abundance of these fuels in vivo. 

This thesis focuses on the development of such a chemical energy harvester. Based on 

the depletion design published in prior art, the quest has been to design a glucose fuel 

cell with electrodes and catalysts that are compatible with thin film microfabrication. 

These are mounted as a stacked assembly where one of the electrodes is made as a 

novel porous cathode through which the reagents diffuse and the initial separation of 

reagents takes place.   

The first challenge of making an electrode for the selective reduction of oxygen was 

realised by developing a porous cathode from e-beam deposition of palladium thin 

films on ceramic aluminium oxide substrates. The porous nature of the cathodes 

improved the catalytic properties by increasing the real surface area close to 100 times 

of the geometric surface area. It yields an exchange current density of 2.9 × 10−3 ± 

0.5 × 10−3 µA cm−2 at a dissolved oxygen concentration close to the physiological 

range of 2 ppm. The sensitivity towards glucose was assessed by measuring the 

decrease in the half-cell potential in the presence of 5 mM glucose to - 20.6 ± 16.1 

mV under a load current density of 2 µA cm-2. The Tafel slopes were measured to 

approximately 60 mV per decade. These results suggested that nanoporous AAO 

cathodes coated with palladium offered a reasonable catalytic performance with a 

good selectivity towards oxygen in the presence of glucose. 
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The second challenge of realising selective oxidation of glucose started off by 

developing glucose selective anodes from the annealing of e-beam deposited thin films 

of platinum (Pt) and nickel (Ni) into a Pt– Ni alloy. The roughened surface of the alloy 

enhanced the electrochemical properties by increasing the real surface area to 

approximately 500 times compared to the geometric surface area. Since the surface 

roughness was found to scale with the annealing temperature, the corresponding 

exchange current density of the electrodes annealed at 800oC was twice that of the 

electrode annealed at 650oC. The potential increase due to the addition of dissolved 

oxygen at the physiological concentration of 2 ppm was measured to 100 ± 8 mV 

under a load current density of 2 µA cm-2. These results showed that the anodes are 

relatively more sensitive to oxygen catalysis than the cathodes towards glucose 

catalysis. It suggested that a shield should be made to remove the oxygen before 

permitting the solution to come into contact with the anode. 

Consequently, the third challenge of completing a selective oxidation of glucose and a 

selective reduction of oxygen lies in the architecture of the fuel cell device. A custom 

housing enabled a stacked assembly of the fuel cell “core” meaning the anode at the 

bottom, covered by an ion conducting membrane, and capped with the cathode, 

showed that energy harvesting from a mixed fuel environment was possible. In fact, 

the cell was able of maintain a power density of 2.33 ± 0.11 µW cm-2 at a current 

density of 7.7 µA cm-2 and a cell potential of 0.30 ± 0.01 V in a simulated mixed fuel 

environment of 5 mM glucose and 2 ppm dissolved oxygen at room temperature. This 

was 80% of the power obtained in the ideal experiment in which glucose and oxygen 

were physically separated prior to use. 

It was also found that the methods used to estimate the real surface area of 

nanoporous electrodes were not thoroughly discussed in literature. Although this may 

be clear to those already skilled in the art, mistakes can be done by those coming from 

a different engineering background. Thus a subsequent study investigating different 

popular ex-situ and in-situ methods was undertaken to help clarify this matter and to 

identify the correct methods used for the electrode systems developed in this project.  
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1. Introduction 

1.1. Motivation 

The growing number of older people in a world combined with a rise in life expectancy 

will most likely raise the prevalence of age related chronical medical diseases. 

Factoring in an industrialized lifestyle in addition with less mobility and a diet that is 

increasingly dependent on sugar and fat related products may further enhance the 

susceptibility of contracting age-related diseases at a younger age. This will increase 

the burden of an already overstretched health system to a level that may no longer be 

sustainable. One possible solution that may alleviate this negative trend of cost versus 

care may be the onset of miniaturized and low cost (implantable) medical devices. 

These may monitor or treat a medical condition in real time, and thereby intervene at 

an early stage of disease progression and thus prevent complications that otherwise 

would have resulted in costly hospitalization and rehabilitation. Implantable medical 

devices have already made their impact as shown in Figure 1-1, with a global market 

share of 96.6 billion USD in 2018 [1], and a forecasted growth of more than 10% by 

2025 following the trend of the cardiac defibrillator [2].  

The field of implantable medical devices has taken advantages from the developments 

in materials, biotechnology and microelectronics over the past six decades. This can be 

clearly seen in the technological development that has taken place from the first 

report on electrical heart stimulation by Zoll in 1952 [3]. This was followed by the 

invention of the implantable heart pacemaker by Senning and Elmqvist in 1958 [4] 

leading to modern leadless pacemakers such as the Micra Transcatheter Pacing 

system that received FDA approval in April 2016 [5]. Demands and preferences of the 

patients affect heavily on the design of implantable medical devices. In general, the 
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smaller the implants are made, the less intrusive it is to normal human activity and will 

consequently offer a better quality of life to the patients. In this respect, the largest 

single component that restricts miniaturization is the power supply unit. For example, 

more than half of the weight and volume of a cardiac pacemaker is occupied by the 

power supply (i.e. battery) [6]. This factor can be reduced at the cost of device 

lifetime, but performing surgery to remove or replace the power supply unit is not a 

desirable proposition. Hence, alternative power supplies that rely on the transfer or 

harvesting of energy from an external source have been considered as potent new 

candidates.  

Cochlear implants: 
Restore hearing [7] 

 

Retinal implants: 
Restore vision [8]  

Pacemaker: Restore 
irregular heart 
rhythm  [9] 

Vascular grafts:  
Reconnect blood  
vessels [10] 

Artificial heart: 
Organ replacement 
[11]   

Neuro stimulators:  
Relieve chronic pain 
[12], muscle 
movement 

Insulin pump: 
insulin injection on 
demand [13] 

Cardiac defibrillator: 
Prevention of 
sudden death [14] 

Incontinence 
device:  treat 
spasticity urinary 
tremor control [15] 

 
Drug pump: Supply 
drugs when needed 
or continuously [16] 

Bone growth 
stimulators:  
Heal bone fracture 
[17]  

Figure 1-1: Some examples of implantable medical devices and their functions [18] 

This project focuses on research aspects utilizing glucose and oxygen, which are 

abundant in the human body, as renewable energy sources to power implantable 

medical devices. These chemical fuels technically constitute an unlimited supply of 

reactants taking into account the size, volume and power requirement of a human 
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being compared to that of a tiny electronic implant. The power conversion takes place 

with help of fuel cell technology and some selected challenges of the implantable 

micro glucose fuel cells (µGFC) working in the physiological solution of the body have 

been addressed. The most important feature as well as differences from more 

conventional hydrogen fuel cells is that the chemical fuels or reactants utilized by 

µGFC exist as a mixture in body fluids in contrast to separate reagents of hydrogen 

and oxygen. The simultaneous presence of glucose and oxygen at both the cathodic 

and anodic electrodes could result in an electrochemical short-circuit triggering the 

formation of mixed potentials at electrodes which cause no net electricity production. 

Therefore, the separation of glucose and oxygen from this mixture is a key challenge.  

The separation challenge has revolved around the concept of removing one of the 

fuels (reactants) at the first electrode before passing the second reactant to the other 

electrode mounted below in a kind of stacked fuel cell assembly. This idea was first 

introduced by Rao et. al. [19] in 1974. He created a depletion region in the cell by 

mounting a cathode consisting of oxygen sensitive but glucose insensitive catalysts in 

front of the anode. By removing oxygen in this manner, he was able to create anoxic 

conditions at the glucose sensitive (and oxygen sensitive) anode. However, pure 

oxygen selective catalysts, which are the most important part of this design, haven’t 

yet been found in the literature. Thus, a lot of efforts have been made on the use of 

Platinum (Pt) or Pt type alloys in order to reach this goal. Alternative catalysts made of 

palladium (Pd) offers similar qualities to that of Pt, and selective properties towards 

oxygen reduction have been investigated in acid and alkaline media [20-22]. However, 

Pd hasn’t received enough attention on its selective properties towards oxygen 

reduction in neutral physiological solutions (pH 7.4), particularly in the presence of 

glucose.  
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Research Question 

This project will seek to investigate the oxygen selective properties of Pd in neutral 

physiological solutions in the presence of glucose. The catalyst will be made from thin 

film layers compatible with current microfabrication methodologies, which pose a 

challenge increasing the effective surface area (roughness factor) due to limited 

vertical dimensions. The thicknesses of electrodes based on Pt alloys have normally 

been in micrometer-range [23], with the exception from some thin film studies 

performed in later years [24]. The challenge with limited surface roughness was 

resolved by combining thin film deposition with substrates made from commercial 

porous alumina (AAO) membranes. These have not received too much attention in 

spite of offering favourable characteristics such as pores through which glucose can 

pass, a three-dimensional surface morphology that increases surface roughness of the 

thin film catalyst, commercial availability, small size and adaptability towards 

microfabrication technologies. The glucose selective catalyst made of Pt-Ni alloy will 

be deposited on a flat non-porous substrate to explore to what extend an increase in 

surface roughness is possible with thin films that are alloyed and subsequently etched 

to create the 3D topography. This alloy was also tested in a simulated physiological 

condition in the presence of oxygen (and glucose) similarly to the Pd cathode. 

After characterizing the properties of Pd and Pt-Ni alloys, both electrodes will be 

combined in a stacked layered fuel cell reminiscent of that designed by Rao. Thus, 

would this combination of thin film catalysts and microfabrication compatible 

substrates permit oxygen to be scavenged at the cathode to such a degree that the 

anode resides in an anoxic environment capable of generating a comparable power 

from glucose and oxygen that that reported in literature? 

This resulted in the formulation of the following three research objectives:  
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1. The development of an oxygen scavenging porous cathode: The fabrication and 

characterization of the cathode is presented in Article I [25]. A nanoporous cathode 

was fabricated by fine tuning the pore size of a commercial aluminium oxide 

membrane which acts as substrate / electrode carrier for the deposition of the oxygen 

selective catalyst. The active surface area and the catalytic activity at different 

concentrations of oxygen and glucose were characterized.  

2. The development of a glucose selective anode: The fabrication and characterization 

of the anode is presented in Article III [26]. Since the catalytic activity of the anode 

would tail the cathode, a process was implemented to roughen the thin film catalyst 

to increase its surface area. Given a constant catalytic activity per unit area, the net 

current generated would scale with the surface area of the electrode. 

3. The assembly and the characterization of the µGFC, presented in Article IV [27]: The 

nanoporous oxygen selective cathode and the roughened glucose-selective anode 

were assembled in a stacked fuel cell assembly, and characterize under simulated 

physiological conditions. 

In the electrochemistry field, a large real active surface area for the chemically 

reactive sites could give the impression of a more active catalyst compared to a 

smoother surface of the same material and could consequently improve the catalytic 

performance of the electrodes having a small geometric area. The large active surface 

area usually comes from the micro- and nano-topographic structures and trenches 

that are only visible on the microscopic scale [28-29]. Most of the kinetic parameters 

published in the electrochemical field are referred to the geometric surface area [28-

29]. Therefore, the determination of the real surface area plays an important role in 

the determination of the catalytic behaviour of a given catalyst. As reported by other 

groups, a lot of experiment methods for surface area determination of Pt electrodes 

have been reported in literature [28-29]. However, no universal methods that can be 

applied to any electrode material are available. This is an area where the choice of 

methods may not be suitable for a given material or where the geometry may give 

erroneous results if the users are not aware of this. Gold (Au) and Pd are commonly 

used as the replacement for Pt but not suitable for all surface area determination 
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methods used for Pt. Therefore, one part of this project was dedicated the 

investigation of different methods available for the determination of the real surface 

area of the Au and Pd electrodes (Article II) [30]. 

1.2.       Current power sources for implantable medical 

devices 

Current power supply technologies suitable for implantable medical devices can be 

categorized into (i) single-use batteries, (ii) rechargeable batteries with power 

transferring mechanism or (iii) energy harvesters, based on thermoelectricity, kinetic 

(electrostatic, electromagnetic energy generator) [31-32] as well as electrochemical 

cells such as the one explored in this project. Some of the examples are shown in 

Figure 1-2 and their power densities are compared in Figure 1-3. 

1.2.1. Single-use batteries 

Since the first battery was invented by Volta in 1796, numerous types have been 

developed and employed by humans [18]. As shown in Figure 1-2.a, the energy in 

batteries is stored in the electrolyte which can undergo an electrochemical reaction 

with two electrodes to produce electricity. The typical single-use power supply used in 

implantable medical devices is the Lithium (Li) battery which shares a common anodic 

electrode of solid Li metal. In contrast, there are several choices of cathodic 

electrodes: solid iodine (also denoted Li/I2 batteries) [18, 33-34], manganese oxide 

(Li/MnO2) [18, 35-36], carbon mono-flouride (Li/CFx) [18, 37-38], silver vanadium oxide 

(Li/SVO) [18, 39-40], thionyl chloride (Li/SOCl2) or hybrid cathodes that consist of a 

combination of different element (Li/CFx-SVO) [18, 41-43]. Li/SOCl2 and Li/CFx 

;batteries have a track record for use in neuro-stimulators and drug delivery [18]. 

Among those, Li/I2 batteries have been frequently employed in implantable 
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pacemakers during the past 40 years. The reason for this is that they have a high 

energy density of up to 210 W·h/kg combined with a low self-discharge rate [18]. They 

also provide stable voltages through their operational lifetime and a predictable 

gradual decrease in voltage at the end, which provide a useful signal that can be used 

to schedule a timely replacement of the battery [6]. Although such single-use batteries 

have been widely applied in implantable medical devices, their main disadvantage is 

still that they have to be replaced by surgery with the added danger of infection and a 

renewed inflammation at the implantation site, in addition to the cost of surgery and 

the recovery/healing process. 
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Figure 1-2: Current power supplies for implantable medical devices (a) Single use 
lithium battery [16] (b) photovoltaic cell [31] (c) ultrasonic power transducer [18] 
(d) magnetic induction energy transfer [18] (e) capacitive coupling [44] (f) coiled-up 
thermoelectric power generator [16] (g) kinetic energy harvester from heart 
contractions [45] (h) micro enzymatic glucose fuel cell in ex vivo human blood vein 
replica [46] 
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1.2.2. Power transferring mechanisms for rechargeable batteries 

The limited lifetime of single-use batteries has raised awareness of systems based on 

wireless power transfer from an external supply that is capable of transmitting energy 

directly to energy storage units (rechargeable batteries or super capacitors) in the 

medical implant. The energy can be transmitted through body tissues by some means 

of radiation such as optical, ultrasound, electro-magnetic or electrostatic. 

1.2.2.1. Optical energy transfer 

Optical energy can be transmitted through a laser diode in the near-infrared (near-IR) 

or IR region towards an array of photovoltaic cells integrated under the skin (Figure 

1-2.b) [18, 47-48]. The photovoltaic cell array converts the received radiation into 

electric currents. Based on the wavelength, the radiation may access deep inside 

biological tissues. One study reported the use of such a photovoltaic cell array with a 

surface area of 2.1 cm2 embedded under the abdominal skin of a rat. Optical energy 

transfer was initiated by illuminating near-IR light through the skin with a thickness of 

0.8 mm [49]. This power supply was able to provide energy for a cardiac pacemaker 

(which consumes 20 µA) for 24 hours from a 17-minute charging time at a charge 

current of 1.7 mA from a near-IR source transmitting at 810 nm and a power density 

of 22 mW cm-2 [18, 49]. Although the light typically has low interactivity with biological 

tissues, the laser irradiation used in this particular study could raise the skin 

temperature by 2.2oC during the charging period [49]. Moreover, the requirement of a 

relatively “large” size (2.1 cm2 for the surface area of the photovoltaic cell array [49]) 

and a low power conversion efficiency (9.5% in a device implanted in a mice [50]) are 

some of the drawbacks of this method [18]. 
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1.2.2.2. Ultrasonic energy transfer 

Externally transmitted ultrasonic waves can be utilized by an ultrasonic transducer 

embedded in the implant (Figure 1-2.c). This transducer converts the incident sound 

waves into an electrical potential through a change in capacitance (using a capacitive 

ultrasonic transducer - CUT) or through the piezoelectric effect (piezoelectric 

ultrasonic transducer - PUT) [51-52]. The first implantable ultrasonic power supply was 

reported by Cochran in 1988, and measured 0.5 x 0.5 x 0.09 cm [18, 52]. This implant 

was based on a piezoelectric ceramic transducer that was located in the anterior 

surface of the femur of laboratory-bred beagles. The transducer was shown to 

generate an output power of 1.5 mW cm-2 from an input potential of 10 – 20 V and a 

frequency of 2.25 MHz [18, 52]. In general, the low-frequency of the ultrasound waves 

(usually in the range of 2.5 – 7.5 MHz) are able to penetrate deep into the human 

body (beyond 3 cm from the skin surface) but with a poor focus point meaning that 

the energy is dispersed over a larger area. In contrast, high-frequency ultrasound 

waves (usually in the range of 7.5 – 15 MHz) could focus on a selected area but are 

limited to a penetration depth of 3 cm [16, 18, 53-54]. This technology benefits from 

the compact size of the device (the piezoelectric ceramic transducer has a footprint of 

only 0.25 cm2 [52] compared to that of the photovoltaic cell array of 2.1 cm2 [49]). The 

transducers are based on MEMS technology, and it is easy to tailor a specific operating 

wavelength. Moreover, the use of ultrasonic power is considered safe with a relatively 

high transmission efficiency of 10-15% [18, 55]. In spite of these advantages, the 

ultrasonic power transfer technology still faces some challenges. Ultrasound waves 

may cause physical pain and potential tissue damage due to the conversion of 

mechanical energy into heat and through the process of cavitation (the formation of 

gas bubbles high / low pressure zones that collapses and cause tissue damage) [56].  
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1.2.2.3. Magnetic induction energy transfer  

The invention of wireless power transfer by magnetic induction in 1831 by Michael 

Faraday and the first report of wireless power / data transfer by Tesla in 1914 paved 

way for the concept of inductive power transmission of implantable medical devices 

[18, 57]. The power is transferred through a mutual inductive coupling link based on a 

pair of coils / antennas, where the primary coil is positioned externally in direct 

contact with the skin and the secondary coil was implanted under the skin (Figure 

1-2.d). The external primary coil will upon powering from an AC source generate an 

alternating magnetic field that penetrates and induce a current in the (implanted) 

secondary coil [32]. Most studies related to such inductive links have used frequencies 

below 20 MHz to avoid excessive absorption of the radiation and consequently tissue 

heating [44, 58-59]. Inductive power transfer has normally been limited to a few 

centimeters due to the rapid fall of transmitted power with distance [60]. However, a 

research group proved that even with a small coil of 10 x 13 mm2 located in an 

endoscopic capsule, power transfer was possible over a distance of up to 20 cm from 

an external source of 150 mW running at 1 MHz [61]. The efficiency of this wireless 

power transfer relies on the resonance frequency, operating frequency, working 

distance, coil size, orientation and alignment between the transmitter and the 

receiver coils [18, 62-64], but is rarely above 1 % [65].  

1.2.2.4. Capacitive coupling link 

Unlike power transfer with magnetic fields, capacitive coupling uses electric fields as 

the carrier for power and data. Although this approach has been employed for inter-

chip data communication and even for power transfer for short wireless 

communication, only a few studies exit for implantable biomedical applications since 

the first report were issued in 2009 by Sodagar et. al. [44, 66-67]. In this method, a 

capacitive coupling is created between an external plate mounted on the skin surface, 
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and a second plate implanted parallel to the first one below the skin surface (Figure 

1-2.e). The skin and thin tissue layers located in between these two plates acts as the 

dielectric. In order for this setup to work, a second set of one external and one 

implanted plate is positioned nearby and parallel to the first pair. An AC potential 

applied to the two external plates will create a DC potential between the two 

implantable plates. This DC potential can then be used to supply energy to an 

implantable load (battery or supercapacitor). In 2010, Asgarian et. al. demonstrated 

the potential transfer rate close to 1 was possible with plates measuring only 2 x 2 

mm2, and with a separation of 3 mm assuming the dielectric properties of dry skin 

[68]. The electric fields carrying energy with this method are well confined within the 

area restricted by the capacitive plates. This may reduce or even eliminate the 

electromagnetic interference on sensitive analog circuitry in the implantable system 

[68]. It is also compatible with standard CMOS processing technologies easing the 

production protocol upon implementation in microsystems design. The main 

drawback of capacitive coupled power transfer is again the possibility of localized 

increase in the temperature at the skin tissue interface during the charging period  

[44].  

1.2.3. Energy harvesters 

Energy harvesting devices generate electric energy from their surroundings by means 

of some energy conversion mechanism. The consensus is that implantable devices 

powered by this manner may exhibit extended lifetimes since they no longer rely on 

the limited capacity of the battery. Consequently, scavenging energy from humans 

may represent an interesting alternative for implantable medical devices. Humans can 

be a good source of kinetic, thermal and chemical energies. Thus, many researchers 

have proposed various useful energy scavenging solutions in this respect [18, 69-73]. 
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1.2.3.1. Thermal energy generator 

Although the core temperature of the human body revolves around 37C, there are 

regions of variable temperatures ranging from the underlying tissue to the skin surface 

and from the torso to the extremities such as hands, feet and head, as well as the 

temperature differences between the skin and ambient air. Most energy scavengers 

based on temperature gradients are placed either in contact with the skin or 

implanted just below the skin surface. They utilize the Seebeck effect in which a 

potential difference across a thermos-electric module, consisting of one or multiple 

thermocouples connected in series, scales with the applied temperature gradient [18, 

73]. A thermocouple is a device that is made from two dissimilar metals with different 

Seebeck coefficients. The Seebeck coefficient is the potential difference that appears 

on either end of the conducting material when one end is heated up relative to the 

other. The physical mechanism behind this behaviour will not be discussed here, but is 

related to the organization and density of electrons relative to the temperature for a 

given material. By considering a temperature difference between the skin surface of 

34oC and the air temperature of 22oC (8 K) a theoretical maximum of 180 µW cm-2 can 

be generated from a heat flow of 20 mW cm-2 [74]. However, the effective 

temperature gradient will be much smaller due to the presence of thermal contact 

resistance and low convective cooling on the cold side. In 1999, Stark et. al. introduced 

thin film produced 0.19 cm3 thermoelectric generator with a density of 11.9 thermo-

couples mm-3 that were able to generate a potential of 1.1 volts and an output current 

of 1.4 A at a temperature gradient of 5 K, increasing to 2.1 V and 2.8 A at 10 K. This 

corresponds to a power of 1.5 and 5.8 µW respectively, [18, 75]. A commercial 

wearable prototype, proposed by Thermo Life® in 2006, had a volume of 0.1 cm3 and a 

weight of 0.23 g. This unit could generate up to 2.6 V, 11 A and a power of 28 µW 

from a temperature gradient of 5 K [76]. The relatively small thermal gradients in the 

human body makes it difficult to achieve significant power outputs, and thus a large 
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number of thermocouples would need to be cascaded in an appropriate way at the 

expense of an increase in the size [18, 73].  

1.2.3.2. Kinetic energy generator 

Energy scavengers from kinetic energy use the inertial force of a proof mass as the 

input for power scavenging through three main transduction mechanisms: 

electromagnetic, electrostatic and piezoelectric [44, 69]. In the electromagnetic 

transduction, the relative motion of a magnet, normally serving as a proof mass, and a 

coil, normally stationary, causes a time varying magnetic flux density through the coil 

to produce energy [77]. The electrostatic transduction is based on a pre-bias 

capacitance varying with an inertial mass movement [77]. The piezoelectric 

transduction is based on piezoelectric materials which generate proportional electrical 

polarization with respect to the applied mechanical stress [18]. The practical 

maximum limits of energy densities related to the heart beat or walking motion of 1 

Hz would be 4 mW cm-3 for electromagnetic and electrostatic transduction, and 18 

mW cm-3 for piezoelectric transduction [44, 69]. The picture is different in reality since 

the small nature of the harvesters exhibits resonance frequencies in the kHz domain 

which reduces the coupling to the external frequency source [78-80]. Although 1 mW 

cm-3 has been considered feasible, this will scale down with size resulting in a 1 mm3 

device generating a power that is 1000 times smaller. Although electrostatic energy 

harvesters could be used for implantable medical applications, the pre-bias parts such 

as batteries and electrets (charge storage materials) is impractical [81-82]. Batteries 

have limited lifetime as well as increasing the weight, volume and complexity of the 

device whereas the primary aim in this discussion is a power supply avoidance of 

batteries. The charge stored in the electret is also known to decay in time which will 

reduce the efficiency and power generating properties of the harvester accordingly 

[82].  
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1.2.3.3. Chemical energy generators (Micro bio fuel cells) 

Chemical energy harvesters based on fuel cells have received renewed attention as 

alternative power supplies to replace the use of batteries. These devices are based on 

the use of organic fuels, such as methanol, glucose or lactose and may be equipped 

with inorganic (abiotic) or biological catalysts based on enzymes or whole organisms 

[72]. Fuel cells are electrochemical devices that is equipped with a cathode and an 

anode and which generate current through the oxidation and a reduction reaction of 

two chemical fuels (reactants) that is flowing into cell.  Compared to batteries, micro 

bio-fuel cells are expected to operate for longer times due to the use of exogenous 

fuels that may not be depleted with time. For medical applications inside the body, 

glucose is the most promising candidate for the organic fuel used in the micro bio fuel 

cells. The concept of the µGFC is given in detail in chapter 2. 
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Figure 1-3: Comparable power densities of the different types of power supplies 

considered for use in implantable medical devices. [18, 49, 52, 80, 83-84] 
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2. Micro glucose fuel cells 

2.1. Operation principle 

Similar to conventional fuel cells, the electrochemical reactions of glucose and oxygen 

occur at two electrodes which are spatially separated by a separator membrane. A 

series of electrons, released from the electro-oxidation of glucose at the anode, flows 

through an external load circuit to the cathode where oxygen as the terminal electron 

acceptor is reduced. The driving force of the electron flow is the difference in the 

electrochemical potential of the two electrodes. In order to close the circuit and to 

keep the initial charge of the electrode constant, protons released from the oxidation 

process, will flow from the anode through the separator membrane and to the 

cathode if the reaction takes place in an acid electrolyte. In alkaline electrolytes, the 

flow will be subject to anions flowing in the opposite direction.  

The chemical reaction of a glucose molecule (C6H12O6) with oxygen (O2) could 

theoretically give a perfect combustion and release 24 electrons per glucose molecule 

if permitted to go through all the series of chemical transformations until the 

generation of the end-products: carbon dioxide (CO2) and water (H2O). A summary of 

the reaction is given below with its standard Gibbs free energy  (ΔGo) and the standard 

potential (Uo) [20] 

C6H12O6 + 6O2  6CO2 + 18H2O  ΔGo
 = -2.87 x 106 (J mol-1) [20] 

       Uo = 1.24 V [20] 

Considering the chemical reactions happening completely with an acid separator 

membranes or acid medium allowing the flow of proton (H+), the reactions at the two 

electrodes could be given by [85]: 
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Anode: C6H12O6 + 6 H2O  6CO2 + 24H+ + 24e- 

Cathode: 6O2 + 24H+ + 24e-  12 H2O 

Considering reactions in an alkaline medium or separator membrane permitting the 

flow of anions (OH-), the complete chemical reactions at the respective electrodes 

would be given by [85]: 

Anode: C6H12O6 + 24OH-  6CO2 + 18H2O + 24e- 

Cathode: 6O2 + 12H2O + 24e-  24OH- 

A complete oxidation and the release of 24 electrons per glucose molecule is not a 

practical result in an artificial fuel cell system due to the lack of the reaction 

mediators. This is supported by the fact that CO2 has not been found among the 

reaction products in any µGFC tests based on inorganic or enzymatic catalysts [85]. 

Gluconic acid, C6H12O7, is usually reported as the main product of glucose oxidation in 

an acid, neutral and alkaline medium [20, 86-88]. It is the product of the first phase in 

the oxidation process of glucose [86]. The reaction to generate C6H12O7 from C6H12O6 

releases only 2 electrons per glucose molecule [20, 85]. The overall reaction describing 

the cell behaviour, its ΔGo and Uo could be given as: 

C6H12O6 + ½ O2  C6H12O7  ΔGo
 = -2.51 x 105 (J mol-1) [20] 

      Uo = 1.30 V [20] 

The reactions of glucose oxidation and oxygen reduction in the acid and neutral 

medium or with the acid separator membranes could be given as [85]: 

Anode: C6H12O6 + H2O  C6H12O7 + 2H+ + 2e- 

Cathode: ½ O2 + 2H+ + 2e-  H2O  
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When the µGFC use alkaline separator membranes or operate in a neutral or alkaline 

medium, the reactions at the electrodes could be [20, 85]: 

Anode: C6H12O6 + 2OH-  C6H12O7 + H2O + 2e- 

Cathode: ½O2 + H2O + 2e-  2OH- 

2.2. Classification of µGFC based on the catalysts 

In general, µGFC can be categorized into three main types based on the nature of the 

catalyst used to facilitate the electrode reactions: (i) enzymatic, (ii) microbial and (iii) 

abiotic µGFC. Some key features of these different µGFC are summarized in Table 2-1. 

Table 2-1: Key features of implantable µGFC  

Type of µGFC Enzymatic Microbial Abiotic 

Catalysts Isolated 
enzymes 

- Whole, electro-active 
micro-organisms  

- The catalysts are 
located inside living 
cells like bacteria 

- Noble metals 
and their alloys 

- Activated 
carbon 

Demonstrated in vitro 
lifetime range [84] 

Weeks Years Months 

In vitro power density 
range (µW cm-2) [84] 

~ 250 ~ 7 ~ 4 - 50 

In vivo power density 
range (µW cm-2) [84] 

~ 2.4 – 150 - ~ 2.2 - 40 

2.2.1. Enzymatic µGFC 

Enzymatic µGFC employ insulated enzymes such as glucose oxidase (GOx) or glucose 

dehydrogenase as the catalysts at the anode and laccase, bilirubin oxidase or copper 

oxidases as the catalysts at the cathode [89-91]. An example of the chemical reaction 

happening in an enzymatic µGFC is shown in Figure 2-1. The first enzyme-based 

biofuel cell using GOx as the anodic catalyst and glucose as the fuel was reported in 
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1964 by Yahiro as an attempt to create an alternative power supply for cardiac 

pacemakers [92]. With the development of the Li/I2 batteries leaping the performance 

of glucose fuel cells at that time, further development lay dormant over several 

decades until 2001, when research on enzymatic µGFC were revived by Chen et. al. 

[92-93]. The highlights of the enzymatic µGFC development since 1964 are presented 

in Table 2-2. 

 

Figure 2-1: Example of chemical reaction with GOx as anodic catalyst, 
multicopper oxidases as cathodic catalyst and electron transfer mediator [94]. 

The utilization of enzymes as biocatalysts provides several benefits such as 

maintaining a high selectivity and thereby confining the correct reactions to the anode 

and cathode. This prevents the reactant from reacting at both electrodes at the same 

time and gives the possibility of a simple design without electrode 

compartmentalization which will facilitate miniaturization [85, 90]. The use of 

enzymes also provides defined reaction pathways on the electrode surface and 

overcomes the mass transfer resistances across the cell membranes in microbial µGFC 

[89]. However, they also have some drawbacks compared to other µGFC. Similar to 

microbial µGFC but in contrast to abiotic ones, electrical communication between the 
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enzymes and the electrode surface is difficult to establish [95]. As shown in Figure 2-1, 

mediators are required to facilitate electron transfer from the enzyme to the 

electrode [94]. In addition, the progressive deactivation of enzymes due to the 

degradation of their complex protein structure over time limits the overall lifetime of 

the fuel cell [85, 96]. Compared to the microbial µGFC, enzymes are not able to 

compete with microbes in terms of fuel utilization, i.e. complete oxidation, and long-

term stability [96]. 
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Table 2-2: Highlights of the main achievements in the development of enzymatic 
µGFC. 

Year 
[Ref.] 

Catalyst / Electrodes Test condition Performance 

1964 
[92] 

Glucose oxidase (anode) 
Pt (cathode) 

-  

2001 
[93] 

Glucose oxidase (anode) 
Laccase (cathode) 
Osmium-containing 
polymers (electron transfer 
agents) 

An aerated 15 mM 
glucose solution, pH 5.0 

64 µW cm-2 (23oC) 
138 µW cm-2 (37oC) 

2002 
[91] 

Bilirubin oxidase (cathode) 
Glucose hydrogenase 
(anode) 
Osmium-based redox 
polymer (electron transfer 
agents) 

PBS pH 7.0, 50 mM 
Glucose, 250C, O2 
saturated 

58 µW cm-2 

2003 
[97] 

Glucose oxidase (anode) 
Bilirubin oxidase (cathode) 

A living grape plant 430 µW cm-2 

2003 
[98] 

Bilirubin oxidase (cathode) 
Redox polymers 

PBS pH 7.4, 15 mM 
glucose, 37.50C, air 
saturated 

50 µW cm-2 
30 µW cm-2 (2 days) 

2005 
[99] 

Polymer-containing vitamin 
K3 (electron transfer 
agents) 

PBS pH 7.0, 10 mM 
glucose, 37oC, air 
saturated 

14.5 µW cm-2 
4 µW cm-2 (2 
weeks) 

2010 
[100] 
 

Glucose oxidase and 
catalase (anode) 
Quinhydrone and 
polyphenol oxidase 
(cathode) 

PBS pH 7.2, 5.5 mM 
glucose, room 
temperature, air 
saturated 

1.47 µW (first 25 
hours) 
1.65 ± 0.13 µW (in 
the 30th – 40th day) 

In the retroperitoneal 
space of a male, freely 
moving Wistar rat 

6.5 µW - 24.4 µW 
mL-1  
2 µW – 7.52 µW 
mL-1 (2.8 hours) 
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2.2.2. Microbial µGFC 

Microbial µGFC utilize the enzymatic systems of whole, electro-active micro-organisms 

as the catalysts or the catalysts that are located inside living cells such as bacteria and 

human cell [20, 101]. The potential for using micro-organisms as biocatalysts was first 

realized through the work of Potter in 1912 [102] and later confirmed by Davis et. al. 

using fuel cells based on E.coli [103]. An example of chemical reactions occurring 

inside the microbial µGFC using S.Cerevisiae is shown in Figure 2-2. Highlights of the 

microbial µGFC development since 1964 are presented in Table 2-3. 

 

Figure 2-2: An example of the chemical reactions occurring inside a microbial µGFC 
using S. Cerevisiae [104] 

Since microbial populations reproduce, the number of catalytically active elements 

should be continuously maintained, suggesting a longer lifetime for this kind of 

microbial µGFC [85]. However, the main disadvantage is an extreme difficulty in 

transferring the electrons produced by the reactions inside the cells to the electrodes. 
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This combined with a lower density of enzymes per unit area/volume leads to an 

overall poorer performance than the enzymatic µGFC [85]. Although the use of 

mediators, like nicotinamide adenine dinucleotide (NADH) as shown in Figure 2-2, is 

one possible solution, the compounds must satisfy some requirements, such as 

biocompatibility and the ability of electrons to be transported across the cell 

membranes of the micro-organisms [105]. Further, the health risks posed from the 

colonizing and infective nature of most microorganisms, suggests that current 

microbial µGFC should not be considered as an alternative power supply for 

implantable medical devices [20, 85]. 
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Table 2-3: Highlights of the main achievements in microbial µGFC development 

Year 
[Ref.] 

Catalyst Test condition Performance 

1912 
[102] 

Saccharomyces 
cerevisiae 

0.55 M glucose culture 
medium (mixture of 50 g 
yeast and 100 c.c water) 

0.32 V (open 
circuit potential) 

1962 
[103] 

E. Coli (anode) 
Glucose oxidase 
(cathode) 

Half cell, PBS pH 7.0, 
glucose present in glucose-
oxidase systems only 

1.764 µW 

2005 
[101] 

Human white blood 
cells (anode); 
Potassium 
ferricyanide (cathode) 

Human white blood cells 
(anode) 
PBS pH 7.4 (cathode) 

0.729 nW cm-2 

2008 
[104] 

Saccharomyces 
cerevisiae (anode); 
Potassium 
ferricyanide (cathode) 

Human plasma containing 
4.2 mM blood glucose 

42.4 nW cm-2 in 60 
min 

2010 
[106] 

Anaerobic micro-
organisms (anode) 
Pt (cathode) 

Simulated environment of 

transverse colon (37C): 
Anode: simulated intestinal 
fluid (pH 7.8) with the 
inoculum from the fresh 
fecal samples, 0.14 mg L-1 
oxygen 
Cathode: simulated 
intestinal fluid (pH 8.3) 
without fecal samples, 0.27 
– 0.45 mg L-1 oxygen 

7.33 µW cm-2 
(maximum) 
2 months (stable 
operation) 

2013 
[107] 

Simulated colonic 
content (anode) 
Pt (cathode) 

Simulated environment of 
transverse colon, pH 6.58 

1.173 µW cm-2 
(maximum) 
100 hours (stable 
operation) 
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2.2.3. Abiotic µGFC 

The third type of µGFC employs non-biological catalysts, normally named abiotic 

catalysts. These catalysts revolve around the use of noble metals (and their alloys) or 

activated carbon. Although the abiotic µGFC produce lower power density than the 

enzymatic and microorganism ones, they suggest various benefits over the others in 

terms of implantable applications. Thanks to the high melting temperature of most 

noble metals (and activated carbon) and the use of non-biological elements, they can 

be sterilized using standard sterilization protocols (such as steam sterilization at 

121oC) before operation [108-109]. Their inert surfaces and resistance towards 

oxidation gives long-term stability offering considerable durability by not depending 

on biological agents that degrade with time [85]. 

Although abiotic µGFC were firstly developed as an alternative power generator for 

medical implants (a demonstration of their feasibility to supply energy to cardiac 

pacemakers was shown in vitro as well as in animal trials in the late 1960s), the 

introduction of Li-based batteries in 1972 and  the consequent enhancement of 

pacemaker battery lifetime resulted in very few subsequent reports on these fuel cells 

[20]. However, the attention on these fuel cell systems resumed with the works of 

Kerzenmacher in 2008 [20], and a more detail review on the state-of-art of abiotic 

µGFC for implantable medical applications is given in section 2.4, including their 

historical development, construction and performance. 

2.3. Construction consideration and challenges of µGFC 

Although implantable µGFC shares a similar working concept to external fuel cells, 

their operating parameters cannot be precisely controlled or optimized. The reactant 

concentrations, working temperature, reactant inflow rates and fluid composition are 

limited by the body physiology and on the location of the implant. 
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The pH of body fluids, for instance, is fixed and usually slightly alkaline, for example pH 

7.35-7.45 for blood and pH 7.3-7.35 for cerebrospinal fluid [85].  The working 

temperature is considered similar to that of the body core temperature at 37oC. The 

range of glucose concentration varies at different locations in the human body: 3.9-6.7 

mM for blood plasma [110], 2.5-4.4 mM for cerebrospinal fluid [110] and 3.0-4.0 mM 

for interstitial fluid [20]. It is the same trend for oxygen concentration: 10-13.3 kPa 

(0.088-0.117 mM) for blood plasma [111], 3.3-6.6 kPa (0.029-0.058 mM) for 

cerebrospinal fluid [110], and 5.1-8.0 kPa (0.045-0.071 mM) for interstitial fluid [108]. 

Since the availability of glucose and oxygen is presented as a mixture in body fluids, 

the simultaneous occurrence of these reactants at both electrodes might result in an 

electrochemical short-circuit due to similar potentials created at both electrodes. 

Apart from the consideration of the size and shape (like for other implantable medical 

devices), the biocompatibility of the µGFC is an important aspect to be considered. 

This is because they cannot be completely hermetically sealed (as in pacemakers) but 

instead they have a window or an orifice that permits direct contact with the body 

fluids to maintain a continuous supply of reactants. All their components, therefore, 

should be fully biocompatible towards the body and at the same time be protected 

from detrimental effects caused by the same body fluids (biofouling). All these factors 

need to be controlled carefully in order to ensure long term stability that ultimately 

remain one of the most critical parameters of their future success. For example, if the 

µGFC were to supply energy for an implantable device of similar longevity as the 

artificial pacemaker, they would only succeed if they are able to operate in vivo for 

more than 10 years.  
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2.4. Implantable abiotically catalysed glucose fuel cells 

2.4.1. Historical development 

The potential of using abiotic catalysts started with the use of  Pt electrodes for the 

anodic oxidation of cellulose and lower carbohydrates by Bockris in 1964 [112]. The 

first abiotic glucose fuel cell was introduced as a future power supply for implantable 

medical devices by Warner and Robinson in 1967 [113]. In 1968, a prototype, namely 

“Bioautofuel Cell” with two platinized electrodes in separate beakers, was reported by 

Wolfson [114]. In the following years, several reports on implantable abiotic µGFC 

were presented through academic and corporate activities, such as the catalyst 

material development of Monsanto Research Corporation, Union Carbide, German 

Robert Bosch GmbH and the US-based Leesona Moos Corporation [20]. The first truly 

abiotic µGFC for cardiac pacemaker applications were demonstrated by Drake et al. 

and Wolfson et al. in 1970 [115-116]. Due to the significant effect of the Li-based 

battery introduction in 1972, the research on the abiotic µGFC has not been very 

attractive until 2008 with the works of Kerzenmacher [20]. Some significant 

improvements of the abiotic µGFC are summarized in Table 2-4. 
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Table 2-4: Highlights of the main achievements in abiotical µGFC development since 1967 

Year 
[Ref.] 

µGFC Catalyst / Design Test conditions  
Performance 
(µW cm-2, time)  

1967 
[113] 
 

- Catalysed conducting 
electrodes (not clearly 
specified types of 
catalysts) 

- Cation exchange polymer 
membranes 

- 10wt% (0.56 mol L-1) 
glucose solution 
(unbuffered) & 
atmospheric oxygen 

165 µW cm-2 
first 24h, then a 
rapid decrease 

1968 
[114] 
Namely 
“Bio-
auto-
fuel 
cell” 

- Platinized Pt electrodes 
immersed in two 
separated beakers 

- 2 separate beakers 
(Cathode beaker – air; 
anode beaker – 5 mM 
glucose solution 
without oxygen) 

- Phosphate and 
bicarbonate buffer 

- Electrolyte pH not 
clearly specified 

3.5 µW cm-2 in 
18 days 

1970 
[115] 
Figure 
2-3.a 

- Bifacial access for anode / 
cathode.  
Cathode: Pt black laminated 
on one side of a 
hydrophobic carbon / PTFE 
matrix; Anode: a porous 
plaque of a noble metal 
alloy black compressed 
onto a Pt screen; Protective 
membrane for cathode: 
thin silicone rubber 
membrane 
Separator and protective 
membrane for anode: 
dialysis membrane of the 
supported ionic hydrogel 
film type. 

Tyrode’s solution, 
0.005M glucose, pH 
7.4, oxygen in the gas 
phase (pO2 = 80 
mm.Hg), 30 – 38oC 

2.2 µW cm-2, 
144 hours 
2.5 µW cm-2, 
428 hours 
6.3 µW cm-2, 
167 hours 

- Implanted 
subcutaneously, right 
back flank of an adult 
mongrel female dog 

2.2 µW cm-2, 30 
days 

1970 
[116] 

- Two different porous 
platinized electrodes. 

-  Separator membrane: Ion- 
exchange membrane 

- Krebs-Ringer 
bicarbonate solution, 
pH 7.4, 5 mM glucose, 
37oC, oxygen pO2 = 80-
90 torr 

24 µW cm-2, 20 
hours 
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1972 
[117]  

- Cathode: Teflon-bonded Pt 
black (15 mg Pt cm-2) on a 
gold grid; Anode: Pt black 
0.7% asbestos paste on 
gold grid (10 mg Pt cm-2); 
Separator membrane: 178 
µm anion exchange 
membrane 

Implanted in a sheep 
vein 

40 µW cm-2 
initially, then 
quickly reduced 
within 1 hour 

1976 
[118]  

- Cathode: activated carbon 
on metal screen 

- Anode: Pt-Ni Raney alloy 
catalyst. 

- Binders were not specified 
- Central anode was 
sandwiched between 2 
cathodes 

- Epoxy frame 

Subcutaneously in dog 
4 µW cm-2, 150 

days 

2006 
[119] 
Figure 
2-3.c (i) 

- Depletion design with 
separator membrane to 
separate two electrodes;  

- Cathode: activated carbon;  
- Anode: activated carbon-
based Pt-Bi alloy;  

- Separator: polypropylene 
filter 

PBS pH 7.4, 0.1% 
glucose,  
air saturated, 37oC 

3.5 µW cm-2 

2007 
[120] 

- Cathode: Activated carbon 
- Anode: activated carbon 
with 5%Pt + 5%Bi 

- Separator: hydrogel 
membrane 

- Protective silicone rubber 
sheet 

Aerated PBS pH 7.4, 
0.1 wt% glucose, 37oC 

1.6 µW cm-2 
after 2 days  
1.1 µW cm-2 
after 40 days  

2008 
[121] 
Figure 
2-3.b 

- Single layer fuel cell with 
two electrodes placed side 
by side 

- Cathode: Pt-Al 
- Anode: Pt-Zn 

PBS pH 7.4, 7% oxygen 
saturation, 3 mM 
glucose, 37oC 

 

2 µW cm-2  
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2008 
[108] 

- Cathode: Activated carbon 
- Anode: activated carbon 
with 5%Pt + 5%Bi 

- Separator membrane: 
polyethersulfone (Supor 
450) 

PBS pH 7.4, 5 mM 
glucose,  
196 mbar oxygen, 
37oC 

3.3 µW cm-2 
after 10 days 
1.0 µW cm-2 
after 234 days  

2012 
[110] 
Figure 
2-3.c (ii) 
 
 

- Depletion design with 
separator membrane to 
separate two electrodes 

- Cathode: single-walled 
carbon nanotubes mesh 
embedded in Nafion 

- Anode: Pt-Al Raney alloy 
catalyst 

- Separator membrane: 
Nafion 

PBS pH 7.4, 10 mM 
glucose,  
18 - 24oC 
Oxygen concentration: 
not specified 

 180 µW cm-2 

2013 
[122] 
 

- Cathode: Pt-Al Raney alloy 
catalyst 

- Anode: Pt-Ni Raney alloy 
catalyst 

- No separator membrane 

- PBS pH 7.4, 5 mM 
glucose, 7% oxygen 
saturation, 37oC 

 2 µW cm-2 after 
12 hours  

2014 
[123]  

- Cathode: Pt rod 
- Anode: ZnO – Au – Al 
- No separator membrane 

- PBS pH 7.4, 5 mM 
glucose, air saturated, 
22oC 

 16.2 µW cm-2 
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2.4.2. State of art of designs 

In order to overcome the challenge of reactants being mixed together in the same 

medium, three main designs aiming for in situ separation between the oxidizing and 

reducing reagents have been proposed. All comes with both advantages and 

drawbacks.  

 

Figure 2-3: Three main designs of the abiotic µGFC intended for tissue implantation: (a) 
bifacial access to the anode and cathode [115]  (b) single layer fuel cell with access 
from one face [121]   (c) depletion (stacked) design using membranes to 
separate/reduce the flow of a specific reagent to the respective electrodes (i)[124] 
(ii)[110] 
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The first approach had separate openings for each electrode (bifacial access), and was 

introduced by Drake et. al. in 1970 [115]. As shown in Figure 2-3.a, a rapid 

consumption of all incoming oxygen, due to a direct reaction at the external surface of 

the anode, allows for a mixed potential to happen only in the outer regions of the 

“thick” anode layer [20, 108, 110-111]. The oxygen concentration consequently 

decreases significantly in the inner regions of the anode where glucose oxidation 

dominates. The Pt cathode located on the opposite side of the device is covered with a 

hydrophobic gas permeable membrane of polytetrafluoroethylene (PTFE) that blocks 

the access of glucose. Hence, one is able to achieve a reagent separation on one of the 

electrodes, and a partial separation on the second. In addition, there is no requirement 

of the reactant selective catalysts at both electrodes which is another advantage. This 

design makes use of the large difference in the physiological concentration between 

dissolved oxygen (DO) and glucose concentration in which the former is two orders of 

magnitude smaller than the latter (shown in section 2.3). The reactant separation is 

more effective at a low oxygen concentration which also decreases the cathode 

performance. Therefore, a trade-off between the reactant separation and the cathode 

performance is one of the drawbacks. This design was initially intended for use in 

blood stream and tissue implantation [20, 125]. 

The second approach designed as a “single-layer glucose fuel cell” was proposed by 

Kloke et al. in 2008 [121]. As shown in Figure 2-3.b, an equally sized cathode and 

anode were placed side by side at the same level and in direct contact with the 

solution containing a mixture of glucose and oxygen. Thus, the cathode and the anode 

must employ oxygen and glucose selective catalysts, respectively. Otherwise, mixed 

potential formation at both electrodes would cause a significant decrease in the cell 

potential and consequently reduce the performance of the devices. The requirement 

of excellent reactant selective catalysts at both electrodes which does not exist in real 

life is a drawback of this design. However, it has an advantage of the possibility to 

reduce the device volume because there is no need to stack the layers on top of each 
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other and enables the potential of using it as a thin-layer coating on the external 

surface of implant capsules or pacemakers [85, 121].   

The third approach was initially suggested by Rao et al. in 1974, named “depletion 

design” or stacked assembly, and is currently receiving the attention of many 

researchers [19]. As shown in Figure 2-3.c, the cathode uses oxygen-selective and 

glucose-insensitive catalysts mounted in front of the anode. The removal of oxygen at 

the cathode will help to create anoxic conditions at the anode and in this manner help 

to reduce the mixed potential formation at the anode due to the absence of dissolved 

oxygen. Although the large difference between the oxygen and the glucose 

concentrations in the physiological solution helps the solution to become mostly 

oxygen-free when reaching the anode, no pure oxygen-selective catalyst exists in real 

life which makes it difficult to remove all of the oxygen. The “depletion” abiotic µGFC 

could have single, double or multi-face inputs (Figure 2-3.c-i and Figure 2-3.c-ii). The 

reactants diffuse into the µGFC from an opening on one side in the single input 

arrangement as shown in Figure 2-3.c-i [88, 110, 126-127]. The two-sided input design 

allows two inlets of the reactant solution go through two cathodes at both sides of the 

package with the anode placed in between the cathodes [86]. In the multi-face input 

design in Figure 2-3.c-ii, the anode is placed on the substrate, surrounded by a three 

dimensional arrangement of the electrolyte / separator and porous cathode, paving 

way for a larger surface to volume ratio of the fuel cell device [110]. An advantage of 

this design is that it could simplify the implantation procedures by integrating the cell 

directly on the exterior surface of the pacemaker or on top of an impermeable implant 

capsule [20, 88, 110, 126-127]. 

2.4.3. State of art of construction 

The following sections describe the main parts of an abiotic µGFC structure.  
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2.4.3.1. Electrodes with selective catalysts 

In general, electrodes fabricated specially for an implantable abiotic µGFC can be 

divided into binder-based and binder-less types. Similar to the electrodes used in the 

conventional hydrogen fuel cells, binder-based electrodes are fabricated using a non-

catalytic material (e.g. PTFE or polymer hydrogels) as an immobilizing body for the 

catalytic materials present as either a metal or graphite/carbon powder [115, 128-

129]. In contrast, a continuous catalyst film or particles is deposited directly on a 

conducting substrate made from graphite sheets or metals in binder-less electrodes 

[115, 128-129]. A special kind of binder-less electrode explored in this thesis is 

fabricated from non-noble metals alloyed with Pt, namely Raney-Pt electrodes. 

Among metal catalysts, Pt shows the best general performance towards both oxygen 

reduction and glucose oxidation if these reagents are loaded separately. However, it is 

not the best option if the solution contains both glucose and oxygen [114]. Other 

materials should instead be considered if you want to achieve a degree of selectivity 

towards oxygen, such as activated carbon [130], carbon nanotube [110] or  pure 

metals such as palladium (Pd), gold (Au), silver (Ag) [130] or Raney-Pt alloys such as Pt-

Al [122, 131] or Pt-Cu [126, 132-133]. There are also various selective materials for the 

catalysis of glucose such as Pt/Bi particles [108, 134], Rhodium (Rh), Iridium (Ir) [20, 

135] and Raney-Pt alloys such as Pt-Cu, Pt-Ni, Pt-Zn and Pt-Al [110, 127, 136-137]. 

Some important selective catalysts are summarized in Table 2-4. 

2.4.3.2. Separator membranes 

Similar to conventional PEM fuel cells, the separator membranes in the µGFC work as 

ion conductors. Based on the ionic nature and corresponding capability to conduct 

ions, they can be divided into acidic membranes (also known as proton exchange 

membranes –PEM, or cation exchange membranes - CEM), and alkaline membranes 

(also known as anion exchange membranes - AEM). Acidic membranes (e.g. the brand 

name Nafion), permit the transport of protons (H+) whereas alkaline membranes (e.g. 
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the brand name Fumasep, Sustainion) permit anionic (OH-) flows [33, 138-140]. The 

ability to transport either proton or anion affects the reactions at the electrodes, as 

shown in section 2.1. 

Unlike conventional PEM fuel cells, the ion conduction function of the separator 

membranes in µGFC can also be achieved by the buffer solution due to the short 

distances between the electrodes. In this case, the solution maintains electrical 

insulation between the two electrodes as well as permitting diffusion of the reactants, 

the products, and ions. Some kind of mechanical separation is still required to prevent 

the electrodes from coming into direct contact with each other. This can be achieved 

using membranes or mats from porous hydrophilic polyethersulfone (Supor 450), 

cellophane film, nonwoven mats of nylon fibers and even asbestos sheets [88, 115, 

126, 133]. Such non electrolytic separator membranes are summarised in Table 2-4. 

2.4.3.3. Protective membranes and cell housing 

The external package of implantable abiotic µGFC should comply with the 

requirements posed for other implantable medical devices. It therefore must be 

compatible with the implantation site as well as the operational environment. 

Literature has so far revealed packaging options that renders this part as a preliminary 

phase, where the components are joined with adhesive tape, room temperature 

vulcanizing glue or cyanolit glue [115, 117, 141] and inserted into packages made from 

porous metal supports, epoxy or polycarbonate frames [88, 115, 127, 141-142]. 

In the package of the implantable abiotic µGFC, protective membranes function as the 

interface between the devices and tissue or blood in the body environment. They must 

have tissue and blood compatibility. They must be permeable to allow reactants and 

products go through. At the same time, they block larger molecules such as enzymes 

or proteins from coming into contact with the electrodes to prevent deactivation, 

degradation of the catalytic properties or even fouling the catalyst layer. Various 

membranes used as separators also could be employed as protective membranes, 

such as cellulose, cuprophane, dialysis tube, cation exchange hydrogels of poly(vinyl 



Uyen P. Do: Glucose energy harvester ... 

 

37 

 

 

alcohol)-poly(acrylic acid), glycolmethancrylate type, and polyethersulfone [19, 86, 88, 

141]. Silicone rubber or PTFE membranes have also been used as protective 

membranes to protect the cathodes from the interference of glucose and other 

endogenous substances [115-116].  
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3. Materials and Methods 

3.1. Electrode fabrication 

3.1.1. Nanoporous oxygen selective Pd cathodes 

In short, the fabrication process of the nanoporous oxygen selective cathodes was 

achieved by depositing the catalyst film on top of porous substrates made from 

commercial aluminum oxide (AAO) membranes supplied from Fisher Scientific, UK. 

They have a diameter of 13 mm, a thickness of 60 m and a pore size of 100 nm 

(Anodisc 6809-7013) or 200 nm (Anodisc 6809-7023). These were selected as the 

electrode substrates due to several favourable characteristics: Ceramic AAO are 

chemically inert as well as having good thermal stability [143-144]. They have a 

relatively high porosity that permits glucose, reactive by-products as well as 

components of the neutral physiological buffer solution to diffuse through. The pore 

size is uniform, thus reducing the danger of sectors with larger pores or defects, which 

may permit oxygen to diffuse through without being reduced and thereby interact 

with the underlying electrode (anode). They are also electrical insulating and can 

therefore be used as a spacer between the electrodes in the case of not using a 

specific separator membrane. Their large real surface area enhances both the area and 

consequently the catalytic activity of the catalyst film deposited on top.  

The material of the catalyst for the oxygen reduction reaction was chosen very 

carefully in order to obtain the primary two requirements of being “sensitive” towards 

oxygen and “insensitive” towards glucose. Because Pt and Raney-Pt alloys present 

good catalytic activity for both oxygen reduction and glucose oxidation, they are not 

good candidates for the oxygen selective cathode [108, 121, 131]. Although activated 

carbon is a good option, it was found to have a lower catalytic activity than Raney-Pt 

alloy in the presence of glucose [120, 134]. Other catalysts such as ferric 
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phthalocyanine, Au, Ag have weakness of poor catalytic properties towards oxygen 

reduction or being too sensitive towards glucose oxidation [108]. However, Pd has 

exhibited favourable properties towards oxygen reduction with respect to glucose 

oxidation in an isotonic saline solution at pH 7.22 [108]. It is also readily available in 

microfabrication labs. Hence, Pd was considered the best starting point investigating 

the catalytic properties of oxygen reduction in neutral physiological media (pH 7.4), in 

the presence of glucose.  

A custom-made holder, shown in Figure 3-1, was used to hold up to 14 AAO 

membranes in one batch upside down without inducing stress during catalyst 

deposition of 100 to 200 nm Pd by e-beam evaporation. The holder was rotated at an 

angle during the deposition process to obtain better Pd coverage around the pore rim 

and inside the vertical walls of the pores. The fabrication process of the nanoporous 

oxygen selective cathode was presented in detail in Article I [25]. 
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3.1.2. Raney Pt-Ni anodes  

A literature survey was used to find the material suitable for glucose oxidation. As 

mentioned earlier, Pt may not be the best candidate for the anodic catalyst due to its 

universally good catalytic activity towards both oxygen and glucose as well as being 

prone to inactivation from glucose reaction intermediates with time. In contrast, 

Raney-Pt alloys, for example Pt-Zn, Pt-Pb, Pt-Ni or Pt-Al, are also promising candidates 

for abiotic catalysis due to their lower cost of production [23, 110, 127, 137]. 

Moreover, their characteristic with a preferred catalytic activity towards glucose with 

respect to oxygen is an important parameter considering use in implantable devices 

Figure 3-1: The AAO membranes were held in place during the metal 
deposition process using a custom holder that permitted (a,c) positioning in 
“pockets” located in the base, on which a lid was attached (b,d) to prevent 
them from coming loose.  

Membranes 

Holder “pocket” Secured lid 

Membranes 
Screws 

Screws 

3mm 

thick 

(a) (b) 
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operating in a mixed fuel environment. It is also less prone to inactivation from glucose 

reaction intermediates. However, most Raney-Pt alloys have been synthesized from 

“thicker” electroplated films in the micrometer regime, and the performance of Pt-Ni 

thin films (< 1 m) made by evaporation have not been investigated. Thus, this study 

aimed to see how a thin film of Raney-Pt (Pt-Ni) performed under simulated 

physiological conditions both in the presence and absence of oxygen. 

The fabrication process of the Pt-Ni anode was presented in detail in Article III [26]. In 

short, three thin metal films of Ti, Pt and Ni, were deposited in order, by e-beam 

evaporation, onto single side polished Si wafers. After the wafers were diced into small 

samples, the samples were annealed at high temperatures in an inert environment. 

Chemical cleaning in a hot acid mixture removed unalloyed Ni and any Ni oxide formed 

due to the presence of residual oxygen in the annealing process. The anode samples 

were then prepared according to the protocol described in section 3.2.1 before being 

subjected to an electrochemical etching process that removed any remaining Ni and Ni 

oxide.  

3.2. Sample preparation 

3.2.1. Electrodes  

The samples of the nanoporous oxygen selective cathode were used either in full or 

prepared by dicing into smaller pieces of approximately 5x5 mm2. Samples of the 

Raney-Pt thin film anode were prepared by dicing the wafers into 5x5 mm2 large 

samples with a dicing saw (DAD - 2H/6T, Disco Corp., Japan). They were then attached 

to a standard 1x3” glass slide by silicone rubber (3140 RTV Coating, Dow Corning, US). 

For analysis of the scanning electron microscopy (SEM) and energy dispersive X-Ray 

spectroscopy (EDS), a piece of copper tape was applied for electrical conduction from 

the electrode sample to the ground of the equipment in order to obtain good results. 

Copper wires were attached on top of the metal surface with the aid of silver epoxy 

(EPO-TEK EE129-4, Epoxy Technology, Inc., US). The copper wire bond was covered by 

additional silicone to insulate it from the aqueous testing solution so that only the 
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catalyst surface was exposed to the solution. An example of a packaged electrode 

ready for use in subsequent electrochemical studies (surface area, catalytic 

performance and electrochemical impedance spectroscopy) is shown in Figure 3-2. 

 

3.2.2. Fuel cell 

A stacked fuel cell assembly was realized, inspired by the “depletion design” proposed 

by Rao et al. [19], but with the difference of being made from thin film metal catalysts 

on both the cathodes and the anodes (Figure 3-3). The intention of this design was to 

ensure that when the reactants started to diffuse through the pores, most of the 

oxygen should be removed by the cathode before coming into contact with the anode. 

The transport of reactants occurs by diffusion because any methods of mechanical 

translocation will consume too much energy. 

The stacked fuel cell assembly was designed in house. Inside a polyetheretherketone 

(PEEK) carrier, a 13 mm circular porous Pd cathode (section 3.1.1) was positioned with 

the catalyst film facing up on top of a 5x5 mm Pt-Ni anode (section 3.1.2) and a 5x5 

mm large Nafion film stacked in between. The stacked electrode layer was immersed 

in phosphate buffered saline (PBS) containing both 5 mM glucose and 0.06 mM DO to 

simulate a real in vivo test condition. The electrical separation and ionic conduction 

between two electrodes were realized by the PBS filled channels of the porous AAO 

membrane and the Nafion film. An O-ring was used to separate the cathode from the 

Figure 3-2: As prepared electrode ready for use. 

Sample 

Silicone rubber 
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protective metal frame at the top surface of the carrier. Silicone rubber sealed of the 

gap at the wall between the anode, the Nafion film and the cathode to ensure that the 

test solution could only access the anode throught the pores of the cathode. The work 

on the fuel cell assembly have been described in detail in Article IV [27]. 

 

3.3. Determination of the real surface area 

3.3.1. Consideration of real area vs. geometrical area 

Most real surfaces of the electrodes in the electrochemical experiments include micro- 

/ nano-topographic structures and trenches that are not visible on the macroscopic 

scale. A substantial increase in the effective or real surface area of the electrodes 

would increase the number of chemically reactive sites and give the impression of a 

more active catalyst compared to a smoother surface of the same material. Therefore, 

the increase in the surface area ratio, which is the ratio between the real area (Areal) 

and the geometric surface area (Ageo) – sometimes referred to as roughness factor fr = 

Figure 3-3: (a) Schematic representation of the fuel cell assembly (b) stacked fuel 
cell assembly (i) whole piece (ii) cross section 

(a) 
(b) (i) 

(ii) 

Cathode 

Anode 

Electrical wire 

Electrical wire 

PEEK carrier 
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Areal / Ageo in literature, would be an important property for electrodes with a small 

geometric area in order to enhance their catalytic performance. The measurement of 

the absolute or real surface area of a specific material is a field where mistakes are 

made if one fails to take into consideration the type of material and the nature of the 

surface topography investigated. Especially, gold (Au) and palladium (Pd), used to 

replace platinum (Pt), have their own properties that prevents the use of some 

common methods available for Pt. For example, standard hydrogen underpotential 

deposition is not suitable since the desired monolayer of adsorbed hydrogen needed 

for the area estimation does not form on the surface of the Au electrodes whereas Pd 

would adsorb hydrogen beyond the monolayer concentration [145-146]. The popular 

use of the Randles-Sevcik equation combined with the hexacyanoferrate (II/III), 

[Fe(CN)6]4-/3- redox couples will neither work if the topographies are below the 

diffusion layer thickness. Consequently, an independent study on some selected 

methods which were available in our laboratories was presented in Article II on two 

selected materials, Pd and Au [30] – both proposed electrode materials for use in the 

cathode. The methods include two ex situ methods (SEM and AFM) and four in situ 

methods (the oxide formation and reduction from CVs, the double layer capacitance 

from the EIS measurements, the adsorption and stripping of iodine (I), and the use of 

the Randles-Sevcik equation / hexacyanoferrate (II/III), [Fe(CN)6]4-/3- redox couple). 

 

3.3.2. Nanoporous oxygen selective cathodes  

The catalyst material for the nanoporous oxygen selective cathode used in this project 

(Pd) has some special and different properties that bring it apart from the universally 

applied catalyst material (Pt). One difference is that Pd absorbs hydrogen much more 

than its own volume. Thus, several popular methods, such as the hydrogen adsorption 

– desorption study used to estimate the active surface area of the Pt could not be used 

for the Pd electrode [29]. Neither the electrocatalysis of the Hexacyanoferrate (II/III), 

[Fe(CN)6]4-/3-, reductant-oxidant couple using the Randles–Sevcik equation [147] since 
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the surface topography of thin films falls within the diffusion layer thickness which 

would mask away any net area increase below this magnitude. Instead, the oxide 

formation - reduction from cyclic voltammetry (CV) and double layer capacitance from 

EIS could be used to evaluate the active surface area of the Pd film [148]. The details of 

these processes for the area determination were presented in Article II [25]. In short, 

the real area of the cathode was found from the oxide formation – reduction method, 

which was determined by dividing the reduction charge of the Pd oxide (PdO) obtained 

from cyclic voltammograms (CVs) performed in sulfuric acid (H2SO4) solutions with the 

charge density associated with the reduction of one monolayer of PdO, 424 μC  2cm  

[148] . The real area of the cathode was confirmed by double-layer capacitance 

measurements. In this method, the double-layer capacitance at the electode-

electrolyte interface obtained by EIS was divided with the double-layer capacitance of 

an ideally smooth Pd surface (24.5 μC  2cm  [149]) to achieve the real area of the 

cathode. 

3.3.3. Raney Pt-Ni anodes 

The real surface area of the Raney Pt-Ni anodes was estimated by the hydrogen 

adsorption – desorption study, which is a popular method used for Pt electrodes. With 

an assumption that one hydrogen atom is adsorbed on each active surface site, the 

real surface area of the anodes was achieved by dividing the charge related to the 

hydrogen adsorption peaks received from CVs in the H2SO4 solutions with the charge 

density of a smooth polycrystalline Pt electrode, 210 μC  2cm  [28-29]. A detailed 

process has been presented in Article III [26]. 

3.4. Performance 

3.4.1. Electrodes 

The performance of each electrode was characterized by recording their potential 

response from a constant current step for a given time period. The testing solution was 

made from 500 mL of 10 mM PBS (pH 7.4) mixed with different concentrations of 
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oxygen and glucose according to the experimental protocol. To simulate the 

physiological levels of glucose and oxygen in the body fluid, glucose (G7525, Sigma-

Aldric, US) was added to the PBS solution whereas the addition of DO was controlled 

by mixing corresponding amounts of air and nitrogen gas. In the experiment of the 

cathode performance, the DO concentration was selected from 0.03 mM   1 ppm   

3.5%, equivalent to the oxygen tension in active respiratory tissue with the femoral 

muscle of the mouse, to 0.06 mM   2 ppm   7%, which is the value found in the 

subcutaneous tissue of the human arm [108]. The glucose concentration was chosen 

from 3 to 5 mM to simulate the variation in physiological levels of the interstitial fluid 

in human tissue, and which permitted the susceptibility of the cathode towards 

glucose catalysis to be investigated [20]. A similar approach was used for the anodes. 

Keeping the glucose concentration fixed at 3 or 5 mM, a range of DO concentration 

was chosen from 0 to 7 ppm corresponding to the best and worst conditions, 

respectively. In the former all oxygen is removed at the cathode surface whereas the 

latter corresponds to the oxygen level found in air saturated solutions that is even 

higher than that found in the human body. The experimental processes for the 

electrode performance were presented in detail in Article I [25] for the cathode and 

Article III [26] for the anode.   

3.4.2. Fuel cell 

Two experimental setups were explored: a standard U-tube vessel, shown in Figure 

3-4, and a stacked fuel cell assembly, shown in Figure 3-3.b. In the U-tube assembly, 

two electrodes were mounted in two separate compartments, as a proof-of-concept 

study to simulate the “best” and “worst” case scenario. Glucose and DO were added as 

separate reactants into the PBS solution in the respective compartment simulating the 

“best” case whereas a mixture of both glucose and DO was added in both 

compartments simulating the “worst” case. The results from the U-tube experiments 

were compared to the experiments using the stacked fuel cell assembly (described in 

section 3.2.2). The stacked assembly were immersed in a PBS solution containing both 
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glucose and dissolve oxygen to simulate a real in vivo test condition. A detailed analysis 

is presented in Article IV. 

 

3.5. Electrochemical impedance spectroscopy (EIS) 

The EIS analysis of the electrodes was performed using the EIS function of a Zahner 

electrochemical workstation (IM6, Zahner-elektrik GmbH, Germany) running in a 

galvanostatic mode. The samples in the EIS measurements were immersed in a 500 mL 

solution of 10 mM PBS (pH 7.4) at 25oC. The simulation function of the electrochemical 

workstation was used to estimate the parameters of the components in electrical 

equivalent circuits. The circuit models for every electrode, shown in Figure 3-5, were 

considered to be applicable to a similar reaction scheme in the PBS solutions. Detailed 

protocols were presented in Article I [25] and Article III [26]. 

  

Figure 3-4: Experiment set-up with a U-tube cell. The shaded area corresponds to 
PBS buffer acting as both electrolyte and media for glucose and DO storage. 
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(a) (b) 

Figure 3-5: Circuit models used to fit the EIS analysis for electrodes (a) 
cathode (b) anode. 
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4. Results and discussion (summary of articles) 

4.1. Determination of the real surface area 

4.1.1. The Real Area of Nanoporous Catalytic Surfaces of Gold and 

Palladium in Aqueous Solutions (Article II) [30] 

Among some methods presented here, the lowest values of the surface area ratio 

were obtained from the 2D SEM method because area contributions in the vertical 

direction were not considered. The 2D SEM method is only efficient to estimate the 

porosity level (holes vs solid surface) on the electrode surface and the surface area 

ratio obtained from this method is synonymous with porosity.  

Another ex situ method available in this project, AFM characterization, was used to get 

the missing information in the vertical direction by providing a full assessment of the 

surface topography of the sample. However, one of the most critical challenges with 

the AFM method is the occurrence of artefacts due to the tip-sample convolution 

effect. The fraudulent features generated by the artefacts modify the real surface 

topography and affect the reliability of any dimensional information [150]. The quality 

of the AFM images having high aspect ratio features relies on the inclination of the 

working cantilever as well as the sharpness and geometry of the tips [151]. The surface 

area ratio estimated by AFM will therefore most likely be lower than its true value.  

In contrast to the ex situ methods, like SEM and AFM, the in situ methods or the 

electro-chemical methods need an electrical conducting layer on top of the samples. 

The utilization of charge accumulation on the surface suggests the ability to penetrate 

any available crack, hole or crevice at the molecular scale.  

Among four in situ methods mentioned here, the hexacyanoferrate (II/III) 

electrocatalysis (FE) based on the redox couple [Fe(CN)6]3-/4- gave the lowest surface 

ratio. In this study, the linear relationship between the peak currents and the square 
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root of the scan rate shows that mass transfer to the electrode surface is controlled by 

a one dimensional (1D) linear diffusion. If the surface topography is smaller than the 

diffusion layer, these topographic structures will be masked away within the diffusion 

layer which results in no consideration of the area contribution from these. The 

surface area will therefore be smaller than the real one. Moreover, the size of the 

samples used in this experiment was smaller than that suggested for the methods 

based on 1D diffusion limited transport [152]. Another diffusion mediated transport, 

namely radial diffusion, would also promote the diffusional transport of the redox 

couple at the electrode edges which causes a larger current and obvious larger surface 

area than that from the 1D model. However, the real surface areas estimated from this 

hexacyanoferrate (II/III) electrocatalysis are still affected by the masking of the surface 

topography caused by the combination of two diffusion mediated transport. 

The no effect of the diffusion mediated transport on the iodine adsorption as well as 

the atomic scale of the iodine ion allows iodine to bond to any available area of the 

electrode and consequently those areas, even nm scale topographies, should be 

considered in this study. Therefore, the surface area ratio of the Pd and Au electrodes 

obtained from this iodine adsorption measurement (IA) is similar to the one estimated 

from the oxide formation and the double layer capacitance methods. However, the 

area determination of the Pd electrodes based on the iodine adsorption 

measurements should be used with caution because of the special property of the Pd 

material. The stripping of the disordered top-most Pd layers during the anodic process 

(peak 1 in the forward scan of CVs shown in Figure 4-1.a) just before the desorption of 

the adsorbed iodine Iads was found to cause a smoothening of the Pd surface [153]. 

This smoother and more “planar” surface resulted in a decrease in the charges 

calculated from the main oxide reduction peaks (peak 2 in the potential region of 0.2 – 

0.7 V shown in Figure 4-1.a). All of the Pd atoms on the electrode surface could be 

stripped and even the Pd samples could be destroyed if multiple CVs are used. In 

contrast to the Pd electrodes, the total charges Qtot of the Au electrodes contained the 

charges from the oxidation of adsorbed iodine and the oxidation of Au whereas the 

background charge Qbg was the charges from the oxidation of Au. The charges 
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associated with the Au oxidation of the untreated electrodes have the same value as 

the charges obtained from the oxide reduction of the iodine pretreated electrodes, 

peak 2 in Figure 4-1.b, ( Qbg ). After calculating the charges from the iodine oxidation 

process Qiod by subtracting Qbg from Qtot, the real surface area of the Au electrodes 

was estimated by using equation [4] in article II [30]. 

Figure 4-1: CVs showing the oxidation of iodine-adsorbed to (a) Pd and (b) Au 

electrodes with 100 and 200 nm pores. 

Although the surface area ratio estimated from the oxide formation measurements 

(OF) in Figure 4-2 gave the largest values among those methods used here, this 

method is considered to be less reliable than that based on hydrogen adsorption due 

to the reduction of the reliability with the increase in the affinity of the metals toward 

oxygen. Furthermore, the charge densities as well as the potential range involved with 

the reduction or the formation of one oxide monolayer play an important role. 

Because those values were calculated theoretically or studied under different 

experimental conditions, they should be selected very carefully [29, 146, 148, 154-

156]. For the Au electrodes, the uncertainty in the determination of the Burshtein 

minimum current also affects the potential range for one monolayer formation [157]. 

The selected charge densities as well as the potential range used in this study were 

based on the fact of similar experimental conditions taken from literature [148, 154-

155, 158-159]. 

(a) (b) 
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Figure 4-2: CVs of the (a) Pd electrodes and (b) Au electrodes with 100 and 200 nm 

pores. The arrow shows the scan direction. 

Similar to the oxide formation measurements, the surface areas obtained from the 

double-layer capacitance (DLC) are affected by the experimental conditions as well as 

the reference double-layer capacitance values [149, 155-156]. The experimental 

results of the Pd electrodes fit well to the equivalent circuit in the inset (i) of Figure 

4-3. The equivalent circuit for fitting the data of the Au electrodes could be changed 

into the circuit shown in inset (iii) of Figure 4-3 because the charge- transfer resistance 

Rc could be neglected due to their much larger values than that of the Ohmic 

resistance Ro (about 23 x 106 times). However, the same equivalent circuit in inset (iii) 

of Figure 4-3 was used for both the Pd and Au electrodes to compare their double 

layer capacitance Cdl. 

 

(a) (b) 
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Figure 4-3: EIS curves of (a) the Pd electrodes and (b) the Au electrodes. The equivalent 

circuit for fitting the data of both electrodes is shown in inset (i). The full extension of 

the EIS curves from the Au electrodes is shown in inset (ii) is. The alternative 

equivalent circuit for fitting the data of the Au electrodes is shown in inset (iii). 

These results are summarized in Figure 4-4. Among those methods, the similarity 

between the double-layer capacitance and the oxide formation measurement offers 

that these values would be the most correct representation of the real surface area for 

the Pd and Au electrodes investigated in this article. 

Candidate’s contribution: Original idea, design of setup, all experimental work, and 

main author. 

(a) 

(i) 

(b) 

(iii) 

(ii) 
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Figure 4-4: Comparative analysis of the different methods used to determine the real 
surface area. The black bar on the center top surface of the columns represents the 
standard error of the mean (n = 3 number of measurements). 

4.1.2. Nanoporous oxygen selective Pd cathodes (Article I)   

The real surface areas of the two Pd cathodes were estimated from the oxide 

reduction measurement (9.5 ± 0.6 and 7.8 ± 0.9 cm2 for the Pd cathodes with 100 and 

200 nm pore sizes, respectively). These are comparable with the ones obtained from 

the double-layer capacitance measurement, (10 ± 0.6 and 8.4 ± 0.5 cm2 for the Pd 

cathodes with 100 and 200 pore sizes, respectively). With the geometric area of the Pd 

cathodes (0.097 ± 0.03 and 0.101 ± 0.05 cm2 for the Pd cathode with the pore size of 

100 and 200 nm, respectively), the roughness factors    
     

    
 were found to be 103 ± 

0.3 and 83 ± 0.4 for the Pd cathodes with the pore size of 100 and 200 nm, 

respectively. It shows that the Pd cathodes with 100 nm pores have a larger real 

surface area than cathodes with 200 nm pores, possible due to a lower overall porosity 

of the AAO substrates. 

Candidate’s contribution: Original idea, design of setup, all experimental work, and 

main author. 
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4.1.3. Raney Pt-Ni anodes (Article III) 

Based on the charge recorded from the hydrogen adsorption peaks the real surface 

areas Areal of 38 ± 7 and 80 ± 5 cm2 for the anodes annealed at 650C and 800C, 

respectively, were found to be 235 ± 44 and 492 ± 32 times larger than the geometrical 

surface area, Ageo, respectively. This suggests that a higher annealing temperature 

promotes the migration of Ni and Pt, resulting in larger regions of alloy that remains 

intact. The electrochemical removal of Ni resulted in deeper trenches or “creavasses” 

causing an enlargement of the surface area. Although these values are smaller than 

that reported by Gebhardt et al. [28] for electrodes made from thicker layers of Pt and 

Ni (150 µm Ni on top of a 100 µm thick Pt foil) annealed at 1450oC, it is clear that the 

surface topography of the electrode scales with the thickness of the material used. 

Candidate’s contribution: Original idea, design of setup, all experimental work, and 

main author. 

4.2. Performance 

4.2.1. Thin film nanoporous electrodes for the selective catalysis of 

oxygen in abiotically catalysed micro glucose fuel cells (Article I) 

This article presents the development of nanoporous electrodes for oxygen reduction 

in the presence of glucose, and which were later used as the cathode in the fuel cell 

assembly. The fabrication was carried out during a summer intern placement at the 

University of California at Berkeley under the supervision of Prof. Michele Maharbiz. 

The samples were then brought home for subsequent characterization in the labs of 

USN. The results from the experimental approach of tilting a rotating sample with 

respect to the deposition source were partial successful in that it permitted Pd to be 

deposited inside the rim of the pore. However, the clustered appearance revealed that 

this material had most likely no direct electrical connection to the uniform layer at the 

top surface, and would thus not contribute in the oxygen removal process (Figure 4-5). 
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The metal catalyst deposition also provided means of reducing the pore size if 

required. The exchange current density was found from a simple Butler-Volmer 

analysis (Tafel slope of - 60 mV dec-1) extracted from the polarization curves. This 

paper also introduced the concept of effective exchange current density based on the 

intrinsic exchange current density and the contribution from the real surface area 

represented by the roughness factor fr (section 4.1.2). Thus, the measured exchange 

current density of 2.9 x 10-3 ± 0.5 x 10-3 A cm-2 for the Pd electrodes would in fact be 

the effective exchange current density with the real (intrinsic) current density being a 

factor smaller scaled with the fr. The electrode potential was also recorded with 

respect to the concentration of DO and glucose concluding with longevity tests 

showing a reduction in the electrode operational potential of only -0.13 mV h-1 under a 

load current density of 4.4 A cm-2. This reduction in the electrode potential could 

come from the adsorption of glucose and reaction intermediates which gradually 

deactivates the catalytic surface. It also could result from the degradation of the 

electrical contact which was made by attaching copper wires directly on the top metal 

surface of the porous AAO membrane with silver epoxy and covered by silicone. The 

potential reduction would affect the long-term performance of the electrodes if there 

is no improvement in the electrical contact as well as in the removing of adsorbed 

substances covering the catalyst surface which is one avenue of future work to be 

explored as a result of this project. The area specific resistance (ASR) ranged from 

224.8 ± 13.2 to 249.9 ± 4.1  cm2 with the Pd electrodes with the largest surface area 

(AAO substrates with 100 nm pores) having the lowest resistance. This result is in 

contrast to classical macro fuel cell electrodes based on, for example, carbon cloth [38] 

where the electrolyte resistance dominates.  

Considering the electrode potential under load, comparable literature values show 

that these are approx. 50 mV higher [131]. The reason could come from the 

morphology of the electrode surface and the adsorption of glucose on the electrode 

surface. The Pd-based electrodes with a roughness factor between 83 to 103 are not 

as rough as the electrodes found in literature with a roughness factor between 135 to 

149, and which results in potentially fewer active reaction sites [131]. This will reduce 
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the positive electrode potential under comparable current loads. The number of 

reaction sites could also reduce more if the glucose adsorption on the electrode 

surface is higher on the Pd electrodes made in this project. The adsorption properties 

of glucose change along with the morphology of the electrodes, where the adsorption 

increases more on smooth, plane electrode surfaces compared to rough surfaces 

[160].  

With respect to the question if the Pd catalyst is truly selective towards oxygen 

reduction, or just resistant (less sensitive) to mixed potentials in the presence of 

glucose, so is it clear that the electrode potential was reduced when 5 mM glucose was 

added.  

With the presence of 5 mM glucose, the observed reduction of electrode potential 

could be caused by adsorption of glucose as neutral molecules at the active electrode 

surface which decreases the number of reaction sites. The glucose sensitivity of the 

Pd-based cathodes under load and at open circuit is rather low compared to literature 

[131]. In the presence of both oxygen and glucose, the negative potential created by 

the glucose oxidation will reduce the electrode potential compared to that created by 

the oxygen reduction in the PBS without glucose present. This shows evidence of a 

mixed potential formation. The higher selectivity towards oxygen reduction and the 

lower selectivity towards glucose oxidation shown by the Pd catalyst reduces the 

mixed potential formation in the presence of glucose. Hence the underlying 

mechanisms could either be the adsorption of glucose at the active surface of the 

electrodes (blocking active sites), the higher selectivity towards oxygen reduction and 

the lower selectivity towards glucose oxidation of Pd (mixed potentials). 

Candidate’s contribution: Original idea, design of experimental setup, all experimental 

work, and main author. 
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Figure 4-5: Deposition of metal clusters inside the pore rim of the AAO membrane 
substrate (arrows) with 200 nm pore size for (a) 100 nm thick Ag and (b) 200 nm thick 
Pd. The Ag was used as a test material before choosing Au and later Pd as the catalyst. 

 

(a)  

 

(b) 
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4.2.2. Raney-platinum thin film electrodes for the catalysis of glucose 

in abiotically catalysed micro-glucose fuel cells (Article III) 

This article presents the development of a thin film platinum (Pt) and nickel (Ni) alloy 

designed as an anode for glucose catalysis in the fuel cell assembly at the neutral pH. 

These alloys, also known as Raney-platinum alloys, have previously been made using 

thicker electroplated films in contrast to evaporated thin films that were explored in 

this project.  Thin films are defined as those with a thickness of 1 m or below [24]  

which will limit the potential of creating 3D structures (and thus a corresponding 

increase in the real surface area) compared to those deposited using electroplated or 

screen printed thick film technologies. The rationale behind using thin film 

technologies, beyond that of being adopted from and thereby compatible with 

standard CMOS processing methodologies, is a net reduction in usage of the expensive 

metal used. The combination of high temperature annealing and electrochemical 

etching in the hot H2SO4 solution resulted in a grainy appearance that increased the 

surface area by almost 500 times (section 4.1.3) compared to the geometrical surface 

area (Figure 4-6). A direct calculation of the exchange current density from a simplified 

Butler-Volmer analysis was not possible since the catalysis from glucose to the 

expected product (gluconic acid) would be a multiple electron transfer process. 

Instead, the individual Tafel slopes were identified (249 - 266 mV dec-1) and compared 

to the open circuit potential of the electrode annealed at 800C. This enabled a 

relative comparison between the two electrodes to be made related to the surface 

roughness even though the exact exchange current density could not be found (the j0 

of the electrode annealed at 800C being twice that of the electrode annealed at 

650C). Running under an extended testing regime for 72 hours in the presence of 5 

mM glucose dissolved in air saturated PBS at a load current density of 2 A cm-2 

revealed an increase in the electrode potential of only 23 V h-1. The ASR ranged from 

only 3.9 ± 0.8  cm2 (for the electrode annealed at 800C) to 4.1 ± 0.7  cm2 (for the 

electrode annealed at 650C). This was considerably lower than that recorded for the 
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nanoporous cathodes (~225-250  cm2). These results suggest that the nanoporous 

Pt–Ni alloy anodes offer an improved catalytic stability with time and should be a 

viable candidate for use in abiotic catalysed glucose fuel cell systems operating under 

physiological conditions. 

The more negative potential of the Pt-Zn electrodes compared to the Pt-Ni could come 

from the higher roughness factor of the Pt-Zn electrodes (1889 ± 155 and 2668 ± 179 

[137])  compared to that of the Pt-Ni electrodes (235 ± 44 and 492 ± 32 [26]). The 

lower roughness factor or the lower real surface area of the Pt-Ni electrodes reduces 

the number of reaction sites which will reduce the negative potential generated. The 

main reason comes from the thinner catalyst film used in Pt-Ni electrodes (100 nm Pt 

film, 300 nm Ni) compared to the Pt-Zn electrodes (50 µm Pt, 30 µm Zn, [137] ). 

It was also found that the stabilities of Pt-Ni electrodes developed in this study and the 

Pt-Zn electrodes taken from literature [27] were similar under load (considering an 

experimental period of 80 hours). The degradation rates of the Pt-Zn electrodes were 

measured over a longer time period and thus appeared as being larger. 

Candidate’s contribution: Original idea, design of experimental setup, all experimental 

work, and main author. 

 

Figure 4-6: Surface architecture of the thin film Raney-Platinum alloy after fabrication 

annealed at (a) 650C and (b) 800C. The inserts show the EDS for the respective 
electrode surfaces. 

(b

) 
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4.2.3. A micro fuel cell for abiotical catalysis of glucose (Article IV) 

This study presents the combination and assembly of the two electrode systems 

developed in Article I and Article III into a complete fuel cell device. In addition, a 

simulation study was performed seeking to relate the current densities with respect to 

the reagent flux and concentration as a function of pore size and catalyst thickness of 

the cathode. A dummy setup was made from a U-tube assembly in which the two 

electrodes were immersed in separate compartments connected through a porous 

glass frit. The use of separate compartments enabled control of the electrolyte 

composition and concentration of the individual reactants. In an ideal setting, the 

separation of the reactants could be simulated removing any tendency of the 

electrode to react with the wrong fuel, whereas a worst-case scenario would simulate 

the in vivo body conditions in which the reactants were fully mixed at both 

compartments. Any net current output here would be due to the catalytic differences 

of the two electrodes handling glucose catalysis and the oxygen reduction reaction, 

and if any cross reactions occur, the net power output would be smaller than in the 

idealized case. Finally, a stacked version of the fuel cell was made and compared to the 

conditions created in the U-tube experiment. If all the oxygen were consumed at the 

cathodic interface, and that the transport of glucose was similar to the ideal U-tube 

experiment, the power output should have been similar, and if the attempt to 

separate the reagents failed the power output would have been the same as for the 

worst case of U-tube experiment. As it happened, the power output was somewhere 

in between (Figure 4-7) with the cell being able to maintain 2.33 ± 0.11 µW cm-2 at a 

current density of 7.7 µA cm-2 and a cell potential of 0.30 ± 0.01 V. This was 80% of the 

power obtained in the ideal experiment.  

This demonstrates the proof-of-concept of using a porous cathode with a Pd catalyst at 

the top surface to remove (part of) the DO and at the same time permitting a flux of 

glucose to the anode surface. The results were also favourable compared to the half-

cell potentials and polarization curves taken from Article I and Article III respectively. 
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These differences could be attributed to changes in the electrode arrangement 

(omitting the counter and reference electrodes in the fuel cell assembly) as well as the 

implementation of a cleaning protocol using CV scans that would remove any surface 

oxide prior to the measurements. 

Candidate’s contribution: Original idea, design of experimental setup, all experimental 

work, simulation, and main author. 

  

Figure 4-7: Polarization curves obtained from the fuel cell representing (a) the best 
scenario with separate fuels at the anode and cathode; (b) the worst scenario in which 
both reagents are mixed, and (c) using a stacked fuel cell assembly attempting a 
separation of the fuels in a mixed fuel environment. The error bars correspond to ± 1 
std dev, n = 3 number of measurements. 
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5. Conclusion and future work 

5.1. Conclusion 

Energy harvesting within the body may provide the solution for powering long term 

medical implants, especially considering abiotical µGFC which utilize the same energy 

supply as the living cells, tissue and organs in which the implant resides. Thus, 

investing time and effort into developing such chemical harvesters would be beneficial 

if implantable micro devices become mainstreams with the large economic and 

societal impact that will follow.  

This work details the development of a µGFC in which the design and materials were 

selected from the intended purpose of use as an implantable device in a mixed fuel 

environment. The results shows that one can make a porous cathode from a thin film 

Pd catalyst if this is combined with a porous substrate offering a rough surface 

facilitating an increase in the effective surface area reminiscent of a much thicker 

(screen printed or electroplated) catalyst layer. In this manner the use of expensive 

catalyst is reduced at the same time as the process can be tailored a microfabrication 

schedule with massive parallel processing resulting in a reduced cost per unit. 

However, the results are restricted to the narrow pore range explored (100 and 200 

nm base diameter), as well as the anode being the limiting catalytic factor in the design 

resulting in oxygen escaping through the outer barrier created by the cathode and into 

the electrolyte separating the anode below. Also, the µGFC design relied on the 

conduction of protons through the pores of the Pd catalyst which would increase the 

internal resistance of the cell limiting the peak current generated.  

The results also show that thin film Pt-Ni anodes could be generated with a reasonable 

catalytic activity by increasing its effective surface area. The benefit from the alloying 

process was exploited by removing unalloyed Ni with selective etching leaving the 

alloyed metal behind. Since the diffusion of Ni into Pt is not uniform following grain 



Uyen P. Do: Glucose energy harvester ...  

 

___ 

66   

 

boundaries at different coefficients, the result was a 3D structure that enhanced the 

surface area by close to 500 times.  

As originally intended, a question was raised if a stacked design of the chosen 

electrodes and electrolyte system would yield the desired benefits from reagent 

separation. Combining the electrodes into a µGFC provided the possibility to test that 

hypothesis. In order to do this, a reference test setup consisting of a standard U-cell 

with a porous glass frit enabling two separate compartments to be in ionic contact, 

was created. The U-cell was intended to test the performance from the electrode 

system subject to both separate and a mixed fuel environment.  By comparing the 

stacked design with the reference tests, it was shown that a separation of glucose and 

oxygen from the mixture was achievable (at least partially). This acted as a proof-of-

concept study showing that a stacked design with a nanoporous oxygen selective 

cathode, containing Pd catalyst films at the top surface, was able to generate a power 

density of 2.33 ± 0.11 µW cm-2. This was found to be 1.45 times higher than that of the 

cell with separated electrodes operating in a mixed fuel environment and close to 80% 

of the cell working with separate reactants.  

The determination of the real surface area plays an important role in quantifying 

parameters related to the electrochemical properties of the catalytic surface. During 

characterizing the electrochemical properties of the Pd cathodes, we realised that 

there were no universal methods available to estimate the real surface area in 

literature, especially for the Pd and Au electrodes. This was in spite of several available 

experimental methods, used mostly for Pt. Therefore, a spin off project arose to 

determine which experimental methods that were available in our lab (as well as most 

other micro-fab labs) would be suitable for assessing Pd and Au electrodes. We started 

off with some popularly known surface characterization methods and evolved into a 

comparative study between chosen ex situ and in situ models. The ex situ methods of 

using SEM and AFM, are universally applicable to most solid surfaces, both conducting 

and non-conducting. They provide structural information about the surface 

architecture and geometry, but only to the point of resolution of the instrumentation 
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used. The SEM is not good in determining the 3D topography, whereas the resolution 

of the AFM in the lateral dimension is limited to the tip radius and structure of the 

needle. The in situ methods or electrochemical measurements require electrically 

conducting surfaces. Both iodine adsorption and electrocatalysis of the 

Hexacyanoferrate (II/III) redox couple gave larger surface area ratios than the ex situ 

methods. The iodine was shown to remodel the surface and hence topography, 

whereas the Hexacyanoferrate (II/III) redox couple were limited to diffusional 

transport of reactants – masking away any topographies below the thickness of this 

diffusion layer. The largest values were achieved from the oxide formation and the 

double layer capacitance measurement, which corroborated nicely against each other 

confirming that these two methods yield similar results and thus may be the most 

accurate. The choice of chemistries is also important as some materials may react with 

the surface (form irreversible bond, absorption) and hence mask away the value (e.g. 

current, charge, potential) obtained as a function of the surface area. This is an area in 

which the choice of method may be obvious for the chemist, but maybe not for 

scientists working in the different field of microfabrication, and from which 

miniaturized electrochemical instrumentation is developed. Hopefully this study was 

able clarify this message.  

5.2. Future work 

A special challenge of the µGFC will be to predict its long term in vivo performance 

based on the short term lab based in vitro evaluations. Simulating in vivo conditions, in 

vitro can be done by making a blood like solution in which the µGFC resides by mixing 

the physiological buffer used in this project with albumin and amino acids that may 

absorb on to the surface of the fuel cell (potentially blocking catalytic sites). This can 

be extended to blood plasma studies that include coagulation factors, as well as whole 

blood with cells etc (potentially blocking the porous cathode). These interfering 

species may significantly affect the performance, the stability as well as the longevity 

of the µGFC. It has been shown that anodes working under load in an artificial tissue 
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fluid experience a quick positive shift of the anode potential [137] which a subsequent 

reduction in the cell potential generated. Therefore, a protective membrane should be 

used as an external barrier between the devices and the biological fluids of the body. A 

protective membrane with a special design in the mesh size or charge could block 

interfering molecules from coming into contact with the electrodes and thereby 

prevent deactivation or degradation of the catalysts (biofouling). The protective 

membranes should be biocompatible as well as permeable to permit reactants and 

products to pass through. Several materials such as alginate, cellulose, cuprophane, 

dialysis tube, cation exchange hydrogels of poly(vinyl alcohol)-poly(acrylic acid), 

glycolmethancrylate, polyethersulfone, silicone rubber or PTFE membranes could be 

viable candidates as a protective membrane [19, 86, 88, 141] [115-116]. Hence future 

studies should be taken to develop and implement a protective membrane covering 

the porous cathode based on the results achieved in vitro. 

Future work will also focus on the optimization of long-term stability (from the current 

values -0.13 mV h-1 for the cathode and +23 V h-1 for the anode) as well as reducing 

the internal electrical resistance by exploring a method in which the porous cathodes 

will be facing down towards the separator membranes inside the cells. This may 

reduce the flux rate of DO, but will be a compromise worth exploring as long as the 

anodes represent the limiting factor of the generated current density. Mass-transfer 

limitations can be enhanced by increasing the porosity of the cathodes and the active 

area available for substrate diffusion, but at the same time restricting the pore 

diameter at the catalyst interphase to prevent DO escaping into the separator cavity 

and down to the anode surface. Once confident, the operating ability of the glucose 

fuel cell should be explored in an endogenous environment inside the body by focusing 

on the biocompatibility and the effect of the tissue restructuring with time around the 

fuel cell implant. 

An enhancement of the real surface area of the anode may also be attempted through 

the use of carbon nanotubes (CNT’s), silicon grass, or other ways of modifying a planar 

substrate to a 3D structure prior to the deposition of the catalyst. In this manner, one 
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may enhance the catalytic properties of the anode to better match that of the 

cathode.   
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